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Abstract

Rare-event searches such as the direct detection of dark matter require very low

backgrounds, as well as large volumes of material because of the low rate of signal.

Scintillators are an excellent particle detector candidate for such searches because of

the flexibility in material choice for the selection of different signals, as well as the

possibility of purification to remove backgrounds. Cryogenic scintillation detectors

employ further background discrimination by utilizing the signal of heat input when

a particle interacts in the material. The ratio of light emitted to detected heat can

be used as a selection criteria to remove backgrounds such as γ radiation.

DAMA/LIBRA is a dark matter direct detection experiment that claims the de-

tection of an annual modulation signal using thallium-doped sodium iodide (NaI(Tl))

scintillating crystals that is consistent with a dark matter hypothesis. Many other

dark matter direct detection experiments have failed to verify this signal using other

materials. One popular idea is to try to verify this signal using the same or similar

materials to DAMA/LIBRA, such as alkali halide scintillators to remove any material-

dependent assumptions. Several collaborations, such as SABRE and COSINUS, are

currently developing experiments using NaI and NaI(Tl) to test DAMA/LIBRA in

the near future.
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This dissertation will present the ability of a small detector with background dis-

crimination, such as a cryogenic scintillation detector, to detect a modulating signal.

These simulations indicate that even a relatively small exposure could investigate an

annual modulation signal if the background was reduced.

Towards the development of such a detector, this dissertation will also present

measurements done using an optical cryostat at Queen’s University to characterize the

light emission characteristics of alkali halide crystals, including cesium iodide (CsI),

NaI, and NaI(Tl) at low temperatures. Light yields and scintillation time constants

are reported, as well as the ratio of light emission between α and γ excitations as

a function of temperature, a measurement available to our experiment because of a

high light collection efficiency and novel data processing. It shows that CsI, NaI,

and NaI(Tl) have sufficient light yield at low temperatures for use in a cryogenic

scintillation detector to further understand the DAMA/LIBRA modulation claim.
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Chapter 1

Introduction

In this chapter, I will introduce the evidence for the existence of dark matter, the

methods being employed to search for and identify particle dark matter, and the

DAMA/LIBRA dark matter claim in Section 1.1. I will then introduce scintillation

mechanisms in inorganic scintillators in Section 1.2, and in particular the application

of cryogenic scintillator detectors in Section 1.3. Finally I describe the organization

of the rest of the thesis in Section 1.4.

1.1 Dark Matter

The observation of so-called “dark matter” was first made by Fritz Zwicky [61] from

a measurement of the radial velocities of galaxies within the Coma cluster. Using

the Virial theorem, which relates total kinetic energy to potential energy present in

a system, Zwicky determined the total amount of mass present within the cluster

must be much higher than the expected mass from the observed luminosity of the

galaxies [45]. In the following years, many more observations of galaxy clusters, as

well as rotational velocities of individual galaxies have indicated that the luminous

matter in these structures cannot, within normal Newtonian dynamics, account for
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the gravitational effects present [53].

More recently, there have also been observations of effects such as weak gravita-

tional lensing and anisotropies in the cosmic microwave background that give addi-

tional evidence to the existence of dark matter [53]. These measurements describe

the conditions of the early universe, and are well described by what is known as the

standard model of cosmology, the Lambda Cold Dark Matter (ΛCDM) model [23].

According to ΛCDM, 26% of the energy density in the universe consists of dark mat-

ter, with velocities that are low compared to the speed of light (known as ’cold’ dark

matter), to be able to gather gravitationally and form the types of clustering of galax-

ies that we see in the universe today. Using measurements of the Milky way [44], the

local density of dark matter ican be estimated to be between 0.3-0.6 GeV/cm3, with

velocities below 600 km/s, the escape velocity of the Milky Way.

1.1.1 Dark matter candidates and direct detection

There are several possible explanations that have been considered to explain the

observation of extra mass. Firstly, a modification of gravitational laws, usually known

as Modified Newtonian Dynamics (MOND) [53] could compensate for the observations

of extra mass in galaxies and clusters. Additionally, there could be dark astronomical

objects such as brown dwarfs, white dwarfs and black holes that are not observable but

still contribute to the mass of galaxies. There have been searches for these Massive

Compact Halo Objects (MACHOs) [3] using gravitational microlensing that have

ruled out MACHOs making up all of the observed dark matter at the 95% confidence

level. Finally, the dark matter could be composed of particles beyond the standard

model within the galaxy.
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Possible candidate particles for the composition of dark matter must satisfy spe-

cific conditions. The particle must have a mass and interact gravitationally, to pro-

duce the observed effects. The particle must interact feebly, if at all, with the electro-

magnetic force, corresponding to its status as ‘dark’ matter. The particle must also

have a sufficiently low velocity to qualify as cold dark matter. Several theoretical par-

ticles are considered as dark matter candidates at this time, including axions, sterile

neutrinos, dark photons and dark atoms [34], though the most commonly searched-

for candidate is known as the Weakly Interacting Massive Particle, or WIMP [53],

primarily theorized by supersymmetric extensions to the standard model.

The search for dark matter is being carried out through multiple channels by

many experimental collaborations. A simple diagram of the typical detection regimes

is shown in Figure 1.1 [53] with reference to the interaction of a dark matter particle

(χ) with a particle of regular matter (P). Particle colliders can search for signatures of

the production of exotic particles when colliding particles of regular matter together,

such as proton-proton collisions at the LHC (pp → χχ). For a full review of dark

matter search results from the LHC, see [32].

Indirect detection experiments look for standard model particles being produced

by the annihilation of two dark matter particles with each other. These signals are

typically seen as high energy neutrinos, gamma rays, and cosmic rays originating from

areas where the dark matter density is the highest, such as the center of galaxies or

dense galaxy clusters [53]. Experiments such as IceCUBE [2], Fermi/LAT [11], and

AMS-02 [5] are operating both on the surface of the earth as well as above the atmo-

sphere to detect these particles. For a full review of indirect detection experiments

and results, see [28].
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Figure 1.1: Three different mechanisms to search for signatures of dark matter parti-
cles (χ) through their interactions with regular matter (P). Particle col-
liders search for the direct production of dark matter through collisions
of regular matter. Indirect detection experiments look for the production
of matter through annihilation of dark matter. Direct detection experi-
ments search for energy signal from the collision of a dark matter particle
with regular matter. From [53].

Direct detection experiments look to observe the rare collision between dark mat-

ter particles and regular matter. These experiments require a large active mass and

a long observation period to ensure such a collision takes place because of the low

interaction cross-section of the dark matter particles. A very low background is also

required so that the desired signal is not flooded by extraneous events.

In the simplest assumptions, a dark matter particle of mass mχ will elastically

scatter off of a standard model particle with mass mp, imparting some energy to that

particle proportional to the reduced mass µ:

µ =
mχmp

mχ +mp

, (1.1)



1.1. DARK MATTER 5

the angle of the scatter which is assumed to be isotropic, and the kinetic energy of the

dark matter particle. Since the velocities of the dark matter particles are distributed

Maxwellian, the resulting energy spectrum will be an exponential decay [53]. A

typical GeV scale WIMP will mainly be detectable by coherent scattering with the

nucleus, as µ in that case is the highest, though there are certain theories that could

support electron interactions [15]. For this reason, many dark matter direct detection

experiments look for nuclear recoil signals.

Many different technologies are utilized by different experiments to detect the en-

ergy deposited by a particle collision. These technologies include solid scintillators

(e.g. ANAIS [4], COSINE [1], COSINUS [7], CRESST [6], DAMA/LIBRA [14],

PICO-LON [27], SABRE [51]), semiconductor detectors (e.g. SuperCDMS [52],

EDELWEISS [9]), scintillating noble liquid detectors (e.g. DEAP [35], LUX [37],

XENON [60]), spherical proportional counters (e.g. NEWS-G [29]) and super-heated

fluid (e.g. PICO [47]). For a comprehensive summary of current direct detection

experiments and results, see [45].

1.1.2 DAMA/LIBRA claim

The DAMA/LIBRA collaboration is currently the only remaining experiment that

reports a positive detection result [14]. DAMA/LIBRA is a scintillation detector

experiment comprised of roughly 250 kg of NaI(Tl) scintillator crystals located at the

Gran Sasso Laboratory in Italy. DAMA/LIBRA observes an annual modulation signal

that is consistent with the model of a WIMP halo within the galaxy. As the solar

system travels through the galaxy, it sees a flux of WIMPs proportional to its velocity

through the galaxy. As the Earth orbits around the Sun, the WIMP flux on Earth
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Figure 1.2: A diagram of the origin of the annual modulation signal in WIMP interac-
tions. As the Earth orbits around the Sun, the flux of WIMPs increases
when the Earth’s velocity is in the same direction as that of the Sun
through the WIMP halo, and decreases when the Earth’s velocity is in
the opposite direction six months later. From [26].

will show a sinusoidal modulation as the velocity through the WIMP halo changes.

A simple diagram of this mechanism is shown in Figure 1.2 [26]. DAMA/LIBRA’s

observation is consistent in phase and period with the WIMP halo hypothesis, but no

other experiment has observed such a signal. Even further, many experiments exclude

the corresponding phase space of WIMP mass vs. interaction cross-section under

standard assumptions on the WIMP distribution and interaction with matter [45].

Towards understanding the DAMA/LIBRA claim, one idea is to conduct an ex-

periment using the same target material to remove any dependence on particle in-

teraction assumptions. Several experiments such as SABRE, COSINE, PICO-LON
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and ANAIS are preparing to take data with NaI(Tl) in various locations around the

globe to make a direct comparison with DAMA/LIBRA. Of particular interest for

this dissertation, the COSINUS collaboration are planning on using NaI at low tem-

peratures to be able to use cryogenic scintillator technology to improve background

rejection [7].

1.2 Scintillation

Scintillators are materials that convert energy input by ionizing radiation into visible

light. Scintillators are commonly utilized as particle detectors in many applications

including security, medical imaging, particle accelerators, and rare-event searches.

Each application values a different set of properties for the optimal scintillating ma-

terial, so it is important to characterize and identify many different scintillators in

different environments to allow for the use of the best material for the job. Scintillat-

ing materials can be in solid, liquid, or gas phase, though I will be focusing on solid

phase inorganic crystal scintillators in particular.

The process leading to the production of light in inorganic crystals is shown in

Figure 1.3, and can be separated into three main steps [17]:

1. Absorption/Multiplication: The absorption of energy from an ionizing particle

leads to the generation of a high-energy electron in the conduction band and a

hole in the valence band of the crystal. The electron and hole multiply into many

lower energy electrons and holes through collisions, Auger processes, and X-ray

radiative decays. These particles will thermalize, losing energy to the crystal

lattice and producing phonons. This results in a set of electrons and holes at the

bottom of the conduction band and top of the valence band respectively, which
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can remain free, or combine into excitons. If an exciton exerts a sufficient force

on the crystal lattice that it becomes immobile, it is known as a self-trapped

exciton, and can itself act as a luminescence center.

2. Migration: In most crystals, the band-gap energy is too great to produce a

visible photon. The electrons and holes must migrate to a luminescence center,

a location where the gap is smaller, so that they can recombine to release a

visible photon. This center can be a defect in the crystal structure, a dopant

atom, or a self-trapped exciton. During this process, some of the electrons and

holes will recombine non-radiatively or fall into lower energy traps from which

they cannot recombine, resulting in some loss of efficiency in converting the

deposited energy into light.

3. Relaxation/Emission: An electron and hole pair are captured either separately

or as an exciton, exciting the luminescence center. This center relaxes by emit-

ting a visible photon or by non-radiative process. The photon emitted will be of

lower energy of than the excitation of the luminescence center due to the Stokes

shift, since the excited center will relax vibrationally before emitting [16]. This

reduces the chance that the photon will be reabsorbed by the crystal.

The scintillation yield (Y ) of this process is defined as the number of photons,

Nph, that are released for a given amount of energy deposited Edep:

Y =
Nph

Edep
=
NehSQ

Edep
=
SQ

Eeh
, (1.2)

where Neh = Edep/Eeh is the number of electron-hole pairs produced per unit energy,

S is the efficiency of migration to a luminescence center, and Q is the quantum
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Figure 1.3: The scintillation process, illustrated by the movement of electrons and
holes within the band structure of a crystal. From [17].

efficiency of the specific luminescence center. The energy required to produce each

electron-hole pair Eeh = βEg is usually proportional to the bandgap of the crystal

Eg, with the proportionality constant β measured to be between 2 and 3, depending

on the crystal [17].

After an excitation, the probability that an excited luminescence center relaxes

will be constant per unit time. This means that after an initial rise of intensity while

electrons and holes are migrating, the number of photons emitted per unit time I(t)

will follow an exponential decay model with some decay time τ , such that

I(t) = A exp(t/τ) (1.3)

for some amplitude A that satisfies

Y =

∫ ∞

0

A exp(t/τ)dt. (1.4)
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τ is characteristic of the specific luminescence center, as well as the temperature of

the scintillator [16]. If there are multiple possible centers in the crystal the emission

will be a sum of multiple exponentials, each with a different τ . This is the simplest

case, as more complicated features can exist through the re-absorption of emitted

photons, or slow meta-stable traps [36].

The light yield will also depend on the temperature, as thermal quenching com-

petes with the radiative decay of the luminescence centers. The quantum efficiency

Q of the center depends on the relative probabilities of radiative emission (pr) and

non-radiative relaxation (pn) as

Q =
pr

pr + pn
. (1.5)

With an energy gap Ec at the luminescence center, the probability of non-radiative

relaxation will be proportional to exp(−Ec/kBT ), with kB being Boltzmann’s con-

stant [16]. This indicates the quantum efficiency of a given center should follow the

relation

Q =
pr

pr + a exp(−Ec/kBT )
, (1.6)

so as T decreases, assuming pr is constant, the light yield will increase. Additionally,

below a temperature T = Ec/kB, pn will not contribute greatly and the light yield

will only vary slightly with T.

In addition to the light yield of a given center changing, the number of scintillation

centers could also change, affecting the light yield of the crystal. This could occur from

the introduction of defects within the crystal structure, which can act as luminescence

centers [36]. Three kinds of defects are generally considered in inorganic scintillating
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crystals: point defects such as ion vacancies, linear defects such as dislocations in

the crystal lattice, and three-dimensional defects such as voids, foreign phases, or

aggregates of point and linear defects. Point defects and dislocations are considered

to have the largest impact on the scintillation light yield, as they serve to collect and

trap electrons and holes [36]. These defects can also create new absorption bands,

which could reduce the light yield by absorbing the scintillation light.

1.3 Cryogenic scintillator detectors

A cryogenic scintillator detector, also referred to as a cryogenic phonon scintillation

detector or scintillating calorimeter, consists of a scintillating crystal at very low tem-

perature (< 50 mK) that is instrumented with both a light detector and a thermal

sensor for simultaneous readout of both scintillation light and heat from a particle

interaction [38]. When a particle interacts with the detector, vibrations will be pro-

duced in the crystal lattice, dissipating the input energy. These vibrations are known

as phonons. The detector is held at such low temperature to reduce the heat capac-

ity of the absorber, increasing the temperature change from a small input of energy,

thus improving the sensitivity and threshold of the heat detectors. A fraction of the

energy transferred to the lattice through relaxation can also lead to the production of

scintillation photons as described in Section 1.2. The combination of scintillation and

phonon signals allows for discrimination between electron recoils, which are generally

a result of electromagnetic background, and nuclear recoils from WIMP interactions.

A typical cryogenic scintillator detector is made up of two cryogenic sub-detectors [39].



1.3. CRYOGENIC SCINTILLATOR DETECTORS 12

Figure 1.4: A simple example of a cryogenic scintillator detector. The main crystal
scintillator and the light detector are both instrumented with thermal
sensors to detect particle interactions. From [42].

The first is the target scintillator instrumented with heat sensors which can be high-

impedance such as neutron-transmutation doped germanium sensors (NTD), or low-

impedance sensors such as superconducting transmission edge sensors (TES) [53].

The other cryogenic component acts as the light detector and is similarly instru-

mented with heat sensors to detect phonons, in this case generated by the absorption

of the scintillation photons emitted from the primary scintillator. A simple diagram

of a cryogenic scintillation detector [42] is shown in Figure 1.4. This technique was

pioneered by the CRESST [38] and ROSEBUD [20] collaborations, but is now used

or planned to be used for several rare event searches including neutrino-less dou-

ble beta decay with molybdate crystals (CLYMENE [19]) and other WIMP searches

(COSINUS [7]).

The discrimination power of such a detector relies on the difference in the ioniza-

tion density between nuclear and electron recoils. A nuclear recoil will transfer its



1.3. CRYOGENIC SCINTILLATOR DETECTORS 13

Figure 1.5: An example of the data used to discriminate between nuclear and electron
recoils on an event by event basis from the CRESST experiment [6]. Elec-
tron recoils have a higher typical light yield compared to an equivalent
energy deposit for nuclear recoils.

energy mainly to the electrons directly around it, and thus creating a high ioniza-

tion density, which reduces the efficiency of producing scintillations [36]. In contrast,

an electron recoil will produce a single energetic electron, which can travel a much

larger distance through the crystal structure and share its energy with other electrons.

Thus, it is expected that the relative scintillation yield will be higher for electron re-

coils than for nuclear recoils. An example of a discrimination plot from CRESST [6]

of a cryogenic CaWO4 detector is shown in Figure 1.5. The energy detected by the

phonon signal is plotted on the x-axis while the relative light signal, known as the

light yield, is plotted on the y-axis. The electron recoil band around light yield of 1

is seen well separated from the nuclear recoil band, and thus can be removed from

the dataset when looking for possible dark matter candidate events.

Many different crystals have been employed by experiments that have used or are

planning on using cryogenic scintillator detectors. Sapphire [20], calcium tungstate [6],
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lithium molybdate [19], and sodium iodide [7] have all been proposed or used in the

past. As discussed in Section 1.2, the properties of scintillators such as light yield

and decay times will change as a function of temperature, so it is not trivial to know

whether a material will be a useful scintillator at cryogenic temperatures. For this

reason, it is important to characterize different scintillators at low temperatures to

identify relevant target materials.

1.4 Organization of Thesis

Simulations that I have done to evaluate the sensitivity of a detector with background

discrimination to an annual modulation signal are summarized in Chapter 2. In

Chapter 3, I have written a brief description of the experimental apparatus that we

have at Queen’s to measure the light output of scintillators at cryogenic temperatures,

as well as the upgrades that I personally carried out on the off-line analysis of the

data. Chapter 4 is composed mainly of a publication on our measurements of pure

CsI [21], along with some appendices. Chapter 5 contains the analysis and results

from our studies of NaI and NaI(Tl) crystals grown by the SABRE collaboration. The

studies of NaI and NaI(Tl) are planned to be put into a manuscript for publication

in the near future.
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Chapter 2

Expected sensitivity of a cryogenic alkali halide

detector to dark matter

We would like to determine through simulation if a small cryogenic alkali halide de-

tector can perform as well as a larger room temperature one. Such a detector would

be able to have stronger background discrimination power than typical room temper-

ature alkali halide detectors, but still be sensitive to the same signals. Using results

from DAMA/LIBRA [14], we can simulate the signal that could be expected in our

hypothetical detector, and apply a likelihood ratio test to determine the level of con-

fidence we could detect a dark matter signal. These simulations, which I performed,

along with demonstrations of the possible background discrimination that could be

achieved with such a detector, have been published in Astroparticle Physics [43].

2.1 DAMA/LIBRA parameters

As discussed in Section 1.1.2, DAMA/LIBRA observed a statistically significant mod-

ulation signal with phase and period consistent with a WIMP halo hypothesis. The

observed modulation residuals as a function of time are shown in Figure 2.1, and the
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Figure 2.1: The modulation signal from DAMA/LIBRA phase 1 [14] in the 2−6 keVee
region observed over 6 years, with a 1.04 ton×yr exposure.

parameters of this modulation reported for phase 1 [14] are shown in Table 2.1. This

modulation is observed in addition to a time-independent background rate [13], the

spectrum of which can be seen in Figure 2.2. Fitting this spectrum to a representa-

tive function f of a combination of exponential decay, Gaussian peak and constant

background:

f = Ae exp

(
E

τ

)
+ Ag exp

(
−(E2 − µ)

σ2

)
+ C, (2.1)

the integral in the 2-6 keVee region is found to be 4.1 cpd/kg. An illustration of this

fit is shown in Figure 2.3. For this analysis, we have used the results from phase 1

of DAMA/LIBRA. More recent results have recently been shown of DAMA/LIBRA

phase 2 [12] with a higher exposure, but the modulation still remains significant and

the parameters of the modulation do not change appreciably.

2.2 Simulations of a modulation signal

Our goal is to determine the required exposure (detector mass and time) for a hy-

pothetical cryogenic alkali halide detector to reach a desired confidence in detecting
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Parameter Value
Phase (t0) 144±7 days
Period (T ) 364.3±0.7 days
Amplitude (A) 0.0448±0.0048 cpd/kg

Table 2.1: The parameters from DAMA/LIBRA phase 1 [14] for a cosine signal in
the 2− 6 keVee range.

Figure 2.2: The DAMA/LIBRA time-independent rate spectrum [13] for an exposure
of 0.53 ton×yrs.

the signal seen by DAMA/LIBRA. This detector will have increased background re-

jection compared to the original DAMA/LIBRA experiment, but if the modulation

signal is assumed to be completely from WIMP interactions, it should be of the same

amplitude. To this end, we simulated the number of events seen in our hypothetical

detector within the 2-6 keVee region as a function of time for a number of different

detector masses. The energy of these events are not important in these simulations,

as we are simply interested in the rate. We assume that the observed energy of the

nuclear recoil events in this detector can be corrected with the nuclear quenching

factor so as to correspond to the 2-6 keVee region probed by DAMA/LIBRA.

We use the parameters from Table 2.1 to generate a sinusoidal probability density
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Figure 2.3: A simple fit of Equation 2.1 to the reported DAMA/LIBRA background
spectrum for the purposes of calculating the integral.

function of the modulating signal in time,

Pmod(t)[cpd/kg] = A cos

(
2π
t− t0
T

)
, (2.2)

which is combined with a constant rate B to represent the full rate of interactions:

R(t)[cpd/kg] = B + Pmod(t). (2.3)

B will be simulated at different levels, representing different levels of background



2.3. MAXIMUM LIKELIHOOD RATIO TEST 19

discrimination of our detector, with the maximum of B being the constant rate seen

by DAMA/LIBRA (4.1 cpd/kg) assuming the crystals are of equivalent purity to

DAMA/LIBRA crystals. This assumes that the full amplitude of the modulation

observed by DAMA/LIBRA is due to the annual modulation of the WIMP signal,

and thus will remain constant at all levels of background discrimination. Equation 2.3

can then be used to draw a number of events µ to represent interactions in the

detector, the total number of which will be the integral of R(t) over the time τ in

which we observed. An example of such a simulation is shown in Figure 2.4 for a

10 kg detector over a full year of observing, with B chosen to be equal to ten times

A for this specific simulation. Simulations were done for multiple levels of B and for

many different exposures to explore a wide range of possible experimental conditions.

2.3 Maximum likelihood ratio test

To evaluate our ability to detect a modulation signal, we applied a maximum likeli-

hood ratio test to each of our simulated signals. We will compare our dataset to a

slightly modified version of Equation 2.3:

f(t, B, α, T, t0) = B

(
1 + α cos

(
2π
t− t0
T

))
, (2.4)

imposing the restrictions B > 0 and 0 < α < 1 to prevent the un-physical situation

of f(t) < 0 at any time. We define our un-binned likelihood function [45] for a set of

n event times ti to be

L(θ) =
µn

n!
e−µ

n∏

i=1

g(ti; θ), (2.5)
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Figure 2.4: Sample simulation of a modulation over time in the 2-6 keVee energy
region, with a a constant rate B (described as “DC” in this plot) ten
times greater than the modulation amplitude A (“AC”). The energies of
the events was not simulated, as we are only concerned with the rate.
Each bin represents 3.65 days, for 100 bins over the year.

where θ is the set of parameters over which we will maximize the likelihood, µ is

the expected number of counts in time τ , and g(ti; θ) = f(ti,θ)
µ

is the probability

density function of f . Since we have access to the powerful minimization routine

MINUIT [31], we transform this function into the negative log likelihood function

(nLL),

nLL(θ) = − ln(L(θ)) = µ− ln

(
µn

n!

)
−

n∑

i=1

ln(f(ti, θ)), (2.6)
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such that minimization of nLL is equivalent to maximizing L, as well as requiring

the computation of the sum instead of the product to reduce the size of the values

involved.

To perform the likelihood ratio test, we compare the minimized value of nLL for

a null hypothesis, where α = 0, to the value for the modulating hypothesis. If the

data is truly distributed according to the null hypothesis, this likelihood ratio should

follow a χ2 distribution with a number of degrees of freedom equal to the difference

in number of parameters between the null hypothesis and the modulating hypothesis

(this is also known as Wilks’ Theorem [58]). I have confirmed this in Figure 2.5, where

the likelihood ratio test has been performed on a set of 5000 simulations according to

the null hypothesis (uniformly distributed events in time). For our modulation hy-

pothesis, θ = [B,α, 365, t0], keeping T constant at 365 days because we are looking for

annual modulations. The null hypothesis is simply θ = [B, 0,−,−], so the difference

in number of floating parameters is 2. The distribution of the likelihood ratio follows

very well the χ2 distribution with 2 degrees of freedom. Knowing the distribution of

the null hypothesis allows us to determine the confidence level of which we are sure

we do not observe the null hypothesis. The probability that an observed likelihood

ratio x corresponds to a null hypothesis will be the probability that a null hypothesis

might produce a likelihood ratio of x or higher. This is known as the p-value, defined

as

p =

∫ ∞

x

χ2(u, 2)du, (2.7)

where χ2(u, 2) is the χ2 distribution with 2 degrees of freedom. Our confidence level
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Figure 2.5: The distribution of likelihood ratios for a set of null hypothesis simu-
lations. The distribution follows a χ2 distribution with two degrees of
freedom, as is expected by Wilks’ theorem.

Q that the data do not correspond to the null hypothesis will be

Q = 1− p. (2.8)

The likelihood ratio test was performed on many simulations of different constant

levels, detector mass and time. An example of a fit to a modulating simulation is

shown in Figure 2.6. For this particular simulation, a 10 kg detector was simulated

for 365 days, with B = 0.4 cpd/kg and the modulation parameters equal to those
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Figure 2.6: An example likelihood fit to a set of modulating data, shown with the null
hypothesis and modulating hypothesis fits. This particular simulation
is for a 10 kg detector for 1 year, with constant rate and modulation
parameters equivalent to those reported by DAMA/LIBRA [13].

found by DAMA/LIBRA (Table 2.1). The resulting best-fit function is shown in red

for the modulating hypothesis and black for the null hypothesis.

The results of the likelihood ratio tests are shown in Figure 2.7 for several detector

masses and background discrimination levels. Note that the modulation amplitude A

was not changed in these simulations, but the constant level was varied to correspond

with a level of B = A/α. The dark lines show the median value of p found for a given

experiment time and simulated mass and constant level, and the coloured bands show
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the 10th to 90th percentile in the simulations. Since Q = 1−p is the confidence level in

our detection, lines drawn at p = 0.1 and p = 0.01 indicate 90% and 99% confidence

level respectively. Figure 2.7(a) shows, for a given constant level of B = A/α =

10A, the dependence on detector mass the observed outcomes for the likelihood ratio

test for times up to 3 years, or 1095 days. In DAMA/LIBRA, B=4.1 cpd/kg and

A=0.0448 cpd/kg, so the value of α in DAMA/LIBRA was α=0.01. A value of

α = 0.1 corresponds roughly to a 90% background discrimination power, leaving only

10% of the constant rate, assuming the minimal constant signal. With this level of

background, a 5 kg detector has a 50% chance of reaching 99% confidence in detecting

a modulation within 2 years, which can be seen by the point at which the red line

crosses the p = 0.01 line. A 10 kg detector reaches the same confidence level within

1 year, which indicates that an exposure of 5 kg×yr is the necessary exposure for 99%

confidence, as long as at least a full year of modulation is observed.

Figure 2.7(b) shows the effect that background discrimination will have on the

possible confidence levels over time. The case where α = 0.01 corresponds with the

observed DAMA/LIBRA background, so with no background discrimination, this

5 kg detector could detect the modulation at 90% confidence 50% of the time. With

even a factor of 5 reduction in the background level, a confidence level of 99% could

be achieved in the same amount of time. The case where α = 0.5 shows the extreme

where the constant rate is equal to twice the modulation amplitude, thus with a

background level equal to the minimal constant signal rate, and the modulation is

visible at extremely high confidence very quickly. This shows that increasing the level

of background discrimination can increase the confidence at which we can detect the

modulation, and decrease the exposure required to make a meaningful observation.



2.3. MAXIMUM LIKELIHOOD RATIO TEST 25

Figure 2.7: The results of likelihood ratio tests to annual modulation simulations.
From [43]. a) Simulations with a set background discrimination power,
but with different detector masses. b) Simulations with a set detector
mass, but with different background discrimination power.



2.3. MAXIMUM LIKELIHOOD RATIO TEST 26

These simulations have shown that a relatively small cryogenic detector with back-

ground discrimination (5 kg vs. DAMA/LIBRA’s 250 kg) with can observe the same

modulation within just a few years. This is important because a cryogenic detector

will be more difficult to scale because of the corresponding technology and equipment

required to maintain the temperature of the crystal.
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Chapter 3

Experimental overview

In this chapter, I will discuss the experimental apparatus that our group has used to

carry out experiments on scintillator at low temperatures, as well as improvements

and studies that I have carried out during my time at Queen’s. Section 3.1 describes

the experimental apparatus and Section 3.2 describes the data acquisition system

in general terms. Section 3.2.1 describes the upgrades to the data acquisition that

I designed to facilitate the measurements of alkali halide scintillation. Section 3.3

details studies of the PMTs that we used at Queen’s to relate our digital measurements

directly to photoelectrons observed, to allow for a better understanding of the data.

3.1 Optical cryostat at Queen’s

My studies of the properties of scintillators at cryogenic temperatures have been

carried out in Philippe Di Stefano’s lab using an optical cryostat. This cryostat has

been described previously [56, 25, 42], but a short summary will be presented here.

The cryostat is based off of a closed-cycle Gifford-McMahon cryocooler to cool a gold-

plated copper cold finger. The temperature of the tip of the cold finger is measured

by a diode thermometer within the cold finger and can be stabilized using a resistive
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heater at any value between 325 K and the lowest base temperature of 3.4 K. A

specially designed gold-plated copper sample holder attaches a scintillating crystal

sample and optionally an α-particle emitting source to the cold finger. A photograph

of the sample holder without the α-source is shown in Figure 3.2. This sample can be

observed from the outside through two sets of fused silica windows, which have good

transmission over a wide range of wavelengths and temperatures [25]. The windows

cover about 40% of the total solid angle around the crystal. A crystal sample (NaI in

this case) can be seen mounted in the cryostat with the α-source as viewed through

the front window in Figure 3.3.

The cryostat is also constructed into an acrylic glove box to allow for the con-

trol of the atmosphere around the cryostat. Pure nitrogen or extra dry air can be

circulated through the glove box using Swagelok connection to reduce the humidity

of the atmosphere in the glove box, to allow for the manipulation and mounting of

humidity sensitive crystals such as NaI. Desiccant is also typically placed inside the

glove box to further ensure the humidity remains low throughout the experiment. A

photograph of the cryostat and the glove box is shown in Figure 3.1.

The scintillating crystals are typically excited using the internal α-source or an

external γ-source mounted to the outside of the cryostat. To observe the scintillation

light emitted by the crystal from an excitation, photomultiplier tubes (PMTs) are

typically mounted onto the front and back windows. These PMTs are outside of the

cryostat and thus are kept at room temperature regardless of the temperature of the

sample. The use of two PMTs allows us to trigger on coincidences, which drastically

reduces noise from dark counts. During my PhD, I have performed several studies to

characterize the signals that we receive from the PMTs during experiments, and these



3.1. OPTICAL CRYOSTAT AT QUEEN’S 29

Figure 3.1: A photo of the optical cryostat. It is mounted in an acrylic glove box
designed to control the atmosphere when dealing with humidity sensitive
crystals.

will be described in Section 3.3. We have also used instruments such as a spectrometer

and a web-cam with time-lapse functionality to perform different measurements, such

as to measure the emission spectrum of a material or to monitor the quality of a sample

over time as it is being cooled or warmed.

A diagram of the cryostat setup can be seen in Figure 3.4, including the data

acquisition system that will be described in Section 3.2.
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Figure 3.2: A photo of the gold-plated copper sample holder mounted onto the cold-
finger of the cryostat. The sample holder is held in thermal contact with
the bottom of the cold finger by two brass screws. A copper pillar extends
below, with a small shelf to allow the crystal to rest. A circular opening
is cut into the copper pillar to allow light from the crystal to travel in
both directions.

Figure 3.3: A photo of a NaI crystal mounted inside the cryostat, as seen through
the front window. The gold-plated copper holder as well as the internal
α-source can also be seen.
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Figure 3.4: A diagram of the usual experimental setup including data acquisition [42].
The signals from the PMTs are delivered to the digitizer through a Fan-
in/Fan-out module, and also used to create a coincidence for triggering.

3.2 Data Acquisition System

When we perform a scintillation measurement, the light emitted from the sample

induces a signal in the PMT, and this signal is sent into a series of Phillips Scientific

Nuclear Instrumentation Modules (NIM) to perform reduction and triggering, as well

as into a digitizer to record the data. The data acquisition chain can be seen in the

lower half of Figure 3.4 and has been described previously [42]. Each PMT is first

connected to a Fan-in/Fan-out (NIM Model 740), which duplicates the signal so that

it can be distributed to the other modules and to the digitizer without changing the
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shape of the signal. One output from the Fan-out is then passed to a discrimina-

tor (NIM Model 705), which will output a logic pulse if the signal exceeds a given

threshold. This logic pulse is then passed to a coincidence module (NIM Model 752),

that will output its own logic pulse if it receives the signal from the discriminators of

both PMTs within a given time window of 30 ns. Finally, the coincidence signal is

used as the trigger for the digitizer, alerting it to begin recording data. The digitizer

(either a National Instruments PXI-5154, 1 GHz, 8-bit, 2-channel or more recently a

PXIe-5162, 5 GHz, 10-bit, 2-channel) records outputs from the Fan-out of one or both

of the PMTs, depending on the desired data. The digitizer is constantly streaming

to a circular buffer, but only saves data to disk when it receives the trigger signal.

Experimental parameters and settings are controlled by a custom LabVIEW front-

end developed by Philippe Di Stefano’s group. When triggered, an acquisition window

is opened to record the data. The size of this window is set by the user and depends

on the desired measurement, but can be anywhere from 1 µs to 1 ms. A fraction of

the window, typically around 5-10%, comes before the time that the trigger signal

was received and is known as the ‘pre-trigger’. The LabVIEW program uses this

pre-trigger region to calculate the baseline level and standard deviation of the event.

Several options exist for recording the data within the acquisition window. The full

trace of the signal can be recorded in either binary or ASCII format which preserves all

information, but takes up a considerable amount of disk space. A ‘zero-suppression’

technique can also be used to only save the signal that exceeds a given threshold,

reducing the disk space required greatly but can possibly lose information. A simple

diagram of how this technique works is shown in Figure 3.5 for a small pulse, from a

single photon on each PMT. It can be seen on the red curve that a small feature is
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Figure 3.5: An example of the zero-suppression technique. Only samples above a
threshold are recorded, which greatly reduces the amount of disk space
required, but has the possibility of missing features that lie below the
threshold. This can be seen in the red curve, where a small shoulder is
not recorded in the final green data because of the threshold.

lost on the right side of the pulse, as it fell entirely below the threshold. To recover

such features, we have been changing and improving the way that we perform this

zero-suppression, which will be described in Section 3.2.1

To evaluate if a given run is usable, we need to evaluate the stability of the run over

its runtime to be sure that all events are comparable with each other. If something

strange happens to our data acquisition halfway through a run, there is no telling

whether the data is valid or not. Figure 3.6 shows a plot of several parameters from

a run as a function of event number, for an example run (NaI(Tl) at 300 K). Noting

that the baseline as well as the reduced integral is consistent throughout the run with

no strange features tells us that this dataset can be trusted.

Once a run is determined as stable and usable data, we perform several quality

cuts to remove problem events, such as noise or pile-up. These cuts include a cut

on the first photon time, requiring that the first recorded photon in an event be

within the 30 ns coincidence window of the trigger. This ensures that the photons
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Figure 3.6: A plot used to evaluate the stability of a run at a given temperature.
Baseline, baseline standard deviation, integral, and reduced integral are
plotted as a function of event number to look for any shifts as the run
progressed. This particular plot shows a stable run.
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that we measure come from the event that we expect, and there isn’t long timescale

light bleeding into the event. We also perform a cut on the mean arrival time of the

photons in the event. This ensures that there is no extra particle events happening

within the acquisition window, as this would cause the mean arrival time to be much

later than expected. Finally, we perform a cut on the integral of the events, to select

for a given particle interaction. An example of these cuts performed on the a dataset

taken with NaI(Tl) at 300 K is shown in Figure 3.7. More details on the cuts can be

found in the PhD thesis of Patrick Nadeau [42].

During my time at Queen’s, I have participated in several different experiments

using the optical cryostat and acquisition system as described above. I worked with

former PhD student Patrick Nadeau to measure the scintillation of undoped sodium

iodide (NaI), thallium-doped sodium iodide (NaI(Tl)), and cesium iodide (CsI). These

studies of NaI and NaI(Tl) are described in Patrick’s dissertation [42], and the CsI

results were later published in Nuclear Instruments and Measurements [21] with ad-

ditional information in this dissertation in Chapter 4. Myself and visiting student

Maelis Piquemal carried out an experimental campaign with two calcium tungstate

(CaWO4) crystals for our collaborator Moritz von Sivers, and the results of this study

were published in the Journal of Applied Physics [54]. For all future studies, we will

be incorporating the improvements that are described in the next section.

3.2.1 Upgrades to data acquisition

Since I started my work at Queen’s, I have carried out some upgrades to our data

acquisition system to improve the quality and accuracy of the data that we collect. In
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(a)

(b)

Figure 3.7: An example of the data clean-up cuts that we performed on a given
dataset, in this example a run with NaI(Tl) at 300 K. Blue indicates
the full data set with no cuts applied. Red indicates the events that pass
the first photon time cut and the mean photon arrival time cut. Green
indicates the events that pass those cuts as well as a cut on the total
photon integral to select on a certain particle interaction. (a) The distri-
bution of first photon times, and the events remaining after cuts. (b) The
distribution of the mean photon arrival times plotted against the photon
integral of the events. The cuts were performed to select on α events.
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2014, a National Instruments PXIe-5162 digitizer was purchased to replace the PXI-

5154 that we were using to collect data. This improved our vertical precision from

8-bits to 10-bits, and also increased the maximum possible sampling rate from 1 GHz

to 5 GHz for a single channel, or 2.5 GHz for both channels. To further increase

the dynamic range of the digitizer, I developed the so-called ‘remixer’ technique, to

digitize the signal from one PMT in both channels of the digitizer with different

vertical ranges. Also, to address the loss of information from the use of the zero-

suppression I developed my own zero-suppression program that can be used on the

raw binary data, recovering some information for experiments where binary files exist.

This method will later be implemented into the on-line LabVIEW analysis to remove

the need to save the raw traces.

Remixer off-line analysis

The ‘remixer’ analysis was developed to increase the dynamic range of our digi-

tizer, being able to capture large signal amplitudes without saturating but still being

sensitive to much smaller signals, all within the same acquisition window. This is

important for our measurements because we would like to be sensitive to the PMT

response of a single photon to be sure that we are recording as much of the signal

as possible. However, if the scintillator has a high light yield or a short scintillation

decay time constant (10s of ns), it is likely that many photons arrive within a short

time window, causing their signals to pile-up on each other and make a single large

voltage spike. Scintillators can also have both short and long decay time constants,

so there is the possibility that there is a significant amount of time where photons

will arrive resolved in time, constituting a large percentage of the total light yield. If
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the digitizer range is chosen such that we have the vertical resolution to resolve and

detect the single photon pulses, it is likely that this pile-up signal will saturate that

channel and information will be lost. Conversely, if we expand the vertical range to

accept the full pile-up signal, the single photons will be lost in the noise.

To resolve this, we use the Fan-out module to split the signal from a single PMT,

typically on the front window where it has the best view of the crystal, and pass the

copies of the signal into both channels of the digitizer with different dynamic ranges.

This can be seen in the bottom half of Figure 3.4, where the signal from the Fan-out

is fed into one channel (Ch0) with a 5 V range and the other channel (Ch1) with

a 0.5 V range. In this configuration, the large pile-up signal will saturate Ch1, but

will be clearly visible in Ch0. In the regime where single photons are resolved in

time, they will not be visible in Ch0 but are clearly resolved in Ch1 because of the

increased resolution that comes from a smaller vertical range. This can be seen for

an example event in Figure 3.8, where different features are visible in each channel.

The two channels are then recombined off-line to create a single data trace with all

features. This is done by using the small range channel (Ch1 in this case) as a base,

and replacing all saturated samples with the corresponding sample from the large

range channel (Ch0), properly scaled to represent the actual voltage value measured

on this range.

To facilitate this analysis, some changes were made to the way that the zero-

suppressed data was saved. Initially, the LabVIEW program would note all samples

between the times that it exceeds the given threshold until it drops back below the

threshold and group them into a single ‘pulse.’ The integral above the baseline for this

pulse was calculated on-line, and only the time and integral of each pulse was recorded.
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Figure 3.8: An example event acquired for use with the remixer technique. The large
signal at the start of the event, indicative of many photons arriving in a
short time window, is fully visible in Ch0, but is saturated in Ch1. On
the other hand, small structures after this initial pulse are invisible in
Ch0 but clearly resolved in Ch1.
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This was sufficient to determine the light yield of the sample and the scintillation time

constants when it is likely that each pulse represents a single photon, but with large

pile-up, more information is required. Access to the individual samples in each pulse

was needed to determine which ones are saturated, so the LabVIEW program was

altered to include this information in the zero-suppressed data.

To properly combine the two channels, a scaling factor between the ranges was

required. We expected that since the nominal vertical ranges on the digitizer were

5 V and 0.5 V, the scaling should be close to a factor of 10, but it was measured

nonetheless to ensure that the scaling was correct. A sinusoidal wave from a function

generator was attached to the Fan-out where the PMT signal is usually received, and

passed through our LabVIEW acquisition. The sine wave in each channel can be

seen in Figure 3.9. The digitized values were then compared against each other, and

a linear fit was performed as seen in Figure 3.10. The slope was found to be 9.98,

very close to the factor of 10 expected, but there was also an offset found which was

needed to properly combine the two channels. The result of the combined sine wave

is seen in Figure 3.11. The sine wave shape is preserved through the process, and

the lower values of voltage have an enhanced vertical resolution as compared to only

using the large range channel.

With the remixing parameters found, the scintillation data could now be remixed

into a single complete channel. The event from Figure 3.8 is shown after remixing in

Figure 3.12, and both the large pulse at the beginning of the event and small signals

later on are visible. For any combination of digitizer ranges, the remixing parameters

can be found again for a given experiment using the same sinusoidal wave method.

This remixing was used primarily in measurements in the optical cryostat of alkali
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Figure 3.9: A sinusoidal wave input into the two different ranges to determine remix-
ing parameters.
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Figure 3.10: Values of the sine wave seen in Figure 3.9 compared against each other,
with a linear fit to the points. The slope and intercept of this linear
fit are used to transform amplitude values from Ch0 to its equivalent in
Ch1.
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Figure 3.11: The sinusoidal wave after remixing. Note the difference in vertical den-
sity of points when transitioning between the original Ch1 data and the
remixed Ch0 data.

halides at low temperatures [43, 42, 21] which have a combination of fast and slow

decay time constants.

Off-line zero-suppression

When analyzing our measurements of cesium iodide [21], we discovered that our use of

zero-suppression could be introducing a systematic bias of our measurements of light

yield. An explanation of this effect is shown in Figure 3.13 [21]. Figure 3.13i shows

the average shape of the PMT response to a single photon when measured using full

traces, and the possible effect of applying a threshold. To determine the light yield we

measure the integral of the voltage signal from the PMT, which is proportional to the

charge produced in the PMT, which is itself proportional to the number of photons

observed. The integral of the pulse as measured by our zero-suppression technique
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Figure 3.12: The same event shown in two channels in Figure 3.8 after remixing into
one channel. Amplitudes after remixing are shown in red, with the
original Ch1 amplitudes in blue.

is shown in blue, since only samples that exceed the threshold are saved. Recording

the full traces has shown that there is a significant portion of the distribution that is

lost underneath the threshold, seen in diagonal cross-hatching. If all photons arrived

sufficiently spaced out in time, as shown in Figure 3.13ii, this would not be a problem

as each photon will lose an equal amount of charge, and the resulting integral will

still be proportional to the number of photons. However, if photons arrive within

a short time and pile-up on each other as in Figure 3.13iii, the efficiency of the

measurement will increase as more of the curve will exceed the threshold. This is

especially important when trying to compare light yield at different temperatures or

from different excitations, as there can be significant differences in decay times and

numbers of photons that will drastically change the amount of pile-up in a given

event.

To combat this problem, we decided for our measurements of SABRE NaI crystals
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Figure 3.13: Figure taken from [21]. i) The average single photon shape, as measured
using full traces. When the on-line threshold is applied, only samples
in the blue region are recorded, and all samples within the diagonally
hatched region are lost. If photon arrive relatively separated in time (as
in ii)), the blue region will be proportional to the number of photons. If
some photons arrive close together (as in iii)), the blue region is enhanced
through pile-up and a different efficiency is observed.
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to record the full traces in binary form to be sure that we capture all of the information

as discussed further in Chapter 5. An example of a fully digitized event is shown in

Figure 3.14, with the samples above threshold also shown as red circles. A small

amount of additional structure can be seen in the blue curve that was not visible in

the on-line zero-suppressed data.

Unfortunately recording the raw traces created a problem of volume, as a mea-

surement at each temperature produced a 45 GB data file, for a total of 3 TB of data.

To analyze this data and extract the desired information would take a very long time

and processing power. In addition, because of our long acquisition windows, the

inclusion of the full trace adds a large amount of noise to our measurement of the

integral. A comparison of our alpha peak is shown in Figure 3.15 for both the on-line

zero-suppressed data and the raw binary data. Since we use such a large acquisition

window, when the pulse is short, including all samples adds a very large amount of

noise to the integral of the full event, and effectively destroys the measurement, as

the width of the distribution is much larger than its amplitude.

To combat these problems, I developed an off-line version of the zero-suppression

that we could perform on the full traces to produce workable files, but also adjust

settings such that we can reduce the bias demonstrated in Figure 3.13. My solution

was to use the same threshold to determine which samples to save into the zero-

suppressed data, but to also save a number of samples from before the signal exceeded

the threshold, and a number after it drops back below the threshold in hopes of

capturing the rest of the single photon distribution that we were missing. As a

default, I chose 5 samples on either side, which appears to be enough to cover the full

single photon pulse in Figure 3.13i. This process does take some time as it needs to
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Figure 3.14: Example of a scintillation event plotted with the raw trace in red, on-
line zero-suppression in blue, and off-line zero-suppression in black. It
can be seen that there is much more information in the off-line zero-
suppression than the on-line, but still removing the baseline and reducing
data volume.

Figure 3.15: Alpha peak in zero-suppressed vs. binary data. The binary data is so
noisy that there is no visible peak, since it includes all the integral of
the noisy baseline. The off-line versus on-line zero-suppression has only
a small effect on the peak.
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process through the full 3 TB of binary data, but once completed all other analysis

steps can be performed much faster.

3.3 Characterization of PMTs

To properly understand the information that we receive from our scintillation exper-

iments, we must understand the properties of the light detectors that we are using.

Since the windows on the cryostat are roughly 30 mm in diameter, we use 25 mm

diameter PMTs to capture the light from the crystal. For measurements of alkali

halides we typically use the Hamamatsu R7056 because of a good agreement between

its quantum efficiency and the typical emission spectrum of such crystals, which can

be seen in Figure 3.16 from the Hamamatsu data sheet for the R7056. The data sheet

also shows a plot of the typical shape of a single photon pulse, which I have included

in Figure 3.17.

3.3.1 Response to single photons

As described in Section 3.2, we measure the light output of a crystal in units of

integrated digitizer traces (adu×µs for example) because this is proportional to the

charge generated by the photo cathode, and thus proportional to the number of

photons received by the PMT. To convert this into the physically relevant value of

number of photons received, we must know the typical integral of a single photon.

The distribution of integrals for a single photon interaction on the photocathode is

expected to be a Polya (or Gamma) distribution [48]:

P1(x;µ, b) =
1

(bµ) Γ
(
1
b
− 1
)
(
x

bµ

) 1
b
−1
e−

x
bµ (3.1)
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Figure 3.16: The quantum efficiency of the Hamamatsu R7056, shown as the dotted
line, from the Hamamatsu data sheet.

Figure 3.17: Single photon response of the Hamamatsu R7056 PMT, from the Hama-
matsu data sheet.
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where µ is the mean of the distribution, b is a shape parameter and Γ(x) is the Gamma

function. The average µ is our estimate for the integral of a single photon pulse. To

determine µ, we have collected spectra of single photons using two methods:

• A dedicated experiment using a source that only produces a small number of

photons at a time, such that if we do observe a signal on the PMT we are

confident that the signal represents one or a few photons, and

• Observing pulses from the long tails of scintillation events captured during one

of our normal cryogenic scintillation experiments. This has the advantage of not

requiring any extra experiments, as well as being sure that the PMT conditions

are identical to the experiment that we take the sample from.

Once we have acquired a spectrum that contains pulses originating from one pho-

ton each, we can fit Equation 3.1 to the data to determine the mean. Since in reality

there is the possibility of more than one photon arriving at the PMT within our

acquisition window, we can fit a sum of Polya distributions [48]:

Psum(x;µ, b) =
n∑

i=1

Pi

(
x; iµ,

b

i

)
, (3.2)

with each Pi representing the distribution of charge for i photons.

Dedicated single-photon experiment

To be able to have as pure of a single-photon distribution as possible, myself and

visiting student Maelis Piquemal used a very low-light source consisting of a small

amount of strontium-90 (Sr-90), a β-particle emitter, sandwiched between two pieces

of acrylic [18]. The β particles are released moving faster than the speed of light in
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Figure 3.18: Integral spectra from Cerenkov source measurement for the Hamamatsu
R7056 PMT.

acrylic, and thus give off Cerenkov radiation as they travel through the material. This

radiation is of visible wavelength, of very low intensity, and resolved in a short amount

of time for each decay, which makes it well-suited to a single-photon measurement.

The emission is also isotropic, as the Sr-90 does not have a preferred direction for β-

emission. The source was placed at various distances away from the R7056 PMT, and

an integral spectrum was captured at each distance using our typical experimental

settings.

The captured spectra can be seen in Figure 3.18. It can be seen that as the source

is moved closer to the PMT, from 18 cm to 0 cm, the likelihood of receiving more

than one photon in the acquisition window increases and the distribution is skewed

towards higher integrals. This is expected, as the PMT will cover a larger solid angle

from the source and is more likely to accept more photons.
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Figure 3.19: Polya distribution fit to spectra from Cerenkov source.

The distributions were then fit to Equation 3.2 for up to n = 3 photons to be

sure that we account for the whole distribution. To get the most statistics from our

data, the experiments from each distance were summed together. The fit to this

summed data set can be seen in Figure 3.19. From this fit, we get a mean integral

of a single photon to be 5.588 ± 0.010 aduµs for this particular PMT high voltage

and digitizer settings. The results of this experiment were used in a published study

of the wavelength shifter 1,1,4,4-tetraphenyl-1,3-butadiene at cryogenic temperatures

for the DEAP collaboration [55] and for our study of cesium iodide [21].
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Single photons from scintillation event tails

For later experiments, we decided to use pulses from the long tails of scintillation

events directly from our scintillator experiments. This allows us to have a single-

photon dataset with the relevant PMT high voltage and digitizer settings for each

experiment that we perform, without having to carry out a dedicated experiment for

each setting.

When performing a cryogenic scintillator experiment, we typically use a very long

acquisition window (at least 500 µs) to be certain that we capture the scintillation

pulse from a particle interaction at all temperatures. This window is typically much

longer than the time constant of the sample at room temperature, because the scin-

tillation dynamics will get much slower as the temperature decreases. At these tem-

peratures, we can use the ends of the events, when it is unlikely to see large numbers

of photons, to populate our single-photon distribution with late emitted photons or

even dark counts from the PMT.

The single photon spectrum acquired for Run 84 is shown in Figure 3.20. These

photons were found in the last 50% (300 µs) of the acquisition window for all events in

the 300 K dataset. To improve the statistics of our distribution, we can acquire many

more single-photon pulses from all of the different temperatures at which we acquired

data. We can then perform a fit to this summed spectrum using Equation 3.2 as

previously, and the result of this fit is shown in Figure 3.21. This particular result

was used in our analysis of the SABRE NaI and NaI(Tl) crystals (Chapter 5).
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Figure 3.20: An example integral spectra from late tails of events. These photon
pulses are taken from the last 300 µs of all events at 300 K in Run 84.
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Figure 3.21: Polya distribution fit to spectrum from late tails of events, Run 84. The
spectrum has been expanded from the one in Figure 3.20 by adding data
from all temperatures in Run 84.
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Chapter 4

Cesium iodide study

Our group at Queen’s performed an experimental study of the scintillation properties

of cesium iodide (CsI) in December, 2012. The sample preparation and data tak-

ing were performed by myself and former PhD student Patrick Nadeau, and some

preliminary analysis of the data was performed and reported by Patrick in his dis-

sertation [42]. The light yield of CsI at our lowest temperature was also used as a

parameter in a publication assessing the feasibility of alkali halide cryogenic scintil-

lator detectors [43]. I performed a detailed analysis of the light yield, scintillation

time constants and α/γ-ratio of CsI as a function of temperature, and authored a

manuscript which has been published recently [21]. In this analysis, we found that

the α/γ-ratio for CsI changes as a function of temperature, by up to a factor of 4

greater than the value at room temperature, which is a new result. Additionally,

the α/γ-ratio reaches values greater than 1 at some temperatures between 10 and

100 K, which is unexpected due to the difference in ionization density for α and γ

interactions.

The full accepted manuscript follows in the next section, and some additional

information is included in this chapter on the analysis methods that were used.
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1. Introduction27

Solid-state scintillators are widely used as particle detectors at room tem-28

perature, in fields as diverse as national security, medicine, and particle physics.29

The light they emit when a particle interacts in them is a proxy for the energy30

deposited by the particle. Compared to other types of particle detectors, scin-31

tillators offer a wide range of target nuclei, and for some materials, very fast32

response. In addition, in certain cases, the quantity of emitted light (light yield,33

or LY) or its timing, can also provide information on the nature of the interact-34

ing particle. CsI, pure or doped, is a frequently used scintillator, for instance35

in neutrino physics [1], or in searches for hypothetical dark matter particles [2]36

that could account for most of the matter in our Universe [3]. There has been37

recent interest in the use of CsI as a cryogenic scintillating calorimeter for the38

detection of direct dark matter interactions with regular matter [4–8]. CsI is an39

appealing target for such a detector because of its high LY at low temperature40

and the possibility of probing new WIMP interaction parameter space [6]. As an41

alkali halide material, it could also help to shed some light on the long-standing42

DAMA/LIBRA detection claim [9, 10], by performing a dark matter experiment43

with a similar material.44

In comparison to the simple scintillation detectors used by DAMA, which are45

incapable of event-by-event background discrimination, scintillating calorime-46

ters can provide more insight into the nature of the interacting particle. A47

scintillating calorimeter is a particle detector consisting of a scintillating crystal48

held at cryogenic temperatures (. 50 mK) as the target medium, read-out by49

a light detector and thermal sensors, such that, for a given particle interaction,50

both scintillation and phonon signals can be observed [3]. The phonon signal51

is a good proxy for the energy deposited by the particle. For a given energy52

deposit, ionizing radiation in the form of alphas (α), gammas (γ), and betas (β)53

will produce different amounts of scintillation light compared to the nuclear re-54

coils expected to be caused by dark matter particles and neutrons, and possibly55

compared to one another. This process, known as quenching, allows for very56
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powerful discrimination against background events. The CRESST experiment,57

for example, uses an array of scintillating calorimeters to detect nuclear recoils58

from dark matter particles [11]. The possible sensitivity of such an alkali halide59

detector has been explored in simulations [12] and by the COSINUS experi-60

ment [13], which is planning on using cryogenic undoped NaI to evaluate the61

DAMA/LIBRA claim [14]. This approach is complementary to larger, room-62

temperature searches, including ANAIS [15], COSINE [16, 17], PICO-LON [18],63

and SABRE [19].64

The scintillation of CsI (with and without doping) has been studied over a65

range of temperatures [5, 20–25]. The LY tends to increase as the temperature66

of the scintillator decreases. The ratio between α and γ light emission is an67

interesting value to probe as it can allow for particle discrimination between α68

and γ interactions. The difference in the ionization density between these two69

particles can affect the portion of deposited energy that is converted to light in70

the scintillator.71

In the following, we report on our time-resolved measurements of the light72

yield of CsI between 300–3.4 K, under both α and γ excitations for the first73

time, and over an unexplored time window [12]. We use a novel zero-suppression74

data-acquisition technique enabling a large acquisition window of 1 millisecond75

to fully resolve the decays and reduce bias from losing light from the end of76

the window. Our simultaneous measurement of α and γ light from undoped77

CsI provides a determination of the ratio of light emission between α and γ78

excitations, hereafter referred to as the α/γ ratio (Rα/γ), over this temperature79

range. Our measurements are motivated by the possible use of CsI in rare-event80

searches at cryogenic temperatures.81
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2. Experimental setup and sample preparation82

An optical cryostat produced by ColdEdge Technologies1 is used to cool the83

samples to any temperature down to 3.4 K, as has been described in previous84

publications [26–29]. The crystal sample is mounted inside the cryostat and85

excited by α particles and γ 60 keV quanta from an internal collimated 241Am86

source mounted to the sample holder. An external 57Co source can also be used87

to test γ energies of 122 keV. The 241Am α source used in this work was adapted88

from a common smoke detector where a protective film covers the radioactive89

material. Using a silicon detector, we have measured the degraded mean energy90

of the α particles coming from the source to be 4.7 MeV [30].91

In order to facilitate our study of hygroscopic crystals we have built a glove92

box around the cryostat that was constantly flushed with compressed “extra93

dry” air (< 10 ppm H2O) and contained several bags of desiccant. A photograph94

of the cryostat and glove box setup is shown in Figure 1. The nominally pure95

CsI crystal samples studied in this work were purchased from Hilger Crystals296

and have square cuboid geometries with dimensions 5 × 5 × 2 mm3 and all97

sides polished. The samples were adhered to a custom-made sample holder98

using silver paint instead of being mechanically held in place since the alkali99

halides are slightly brittle. We determined the optimal amount of adhesive to100

avoid cracking the crystal through trial and error on other samples, as there is101

differential contraction between the sample and holder during thermal cycling.102

The sample and holder were then moved into the glove box, installed onto the103

cold finger of the cryostat, and put under vacuum as quickly as possible. No104

changes in the optical quality of the sample were observed by eye during this105

procedure.106

As illustrated in Fig. 2, the crystal sample was at an angle of 30◦ with107

respect to the 241Am source so that the emitted α particles are incident with108

one of the smooth, large faces of the sample. At the same time, this face is109

1Cold Edge Technologies, Allentown PA, www.coldedgetech.com
2www.hilgercrystals.co.uk
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Figure 1: The optical cryostat and glove box.

well exposed to a 28 mm diameter PMT (Hamamatsu R7056) through a fused110

quartz window, with a second exposed to the rear face, partially obstructed111

by the sample holder. These PMTs have sensitivity to wavelengths down to112

185 nm (the emission spectrum of CsI [21] is known to have UV components)113

and a maximum quantum efficiency of 25% at 420 nm. The PMT that is in view114

of the unobstructed face of the sample is used as the primary PMT for data115

acquisition, while the other is used to assist triggering. Based on the solid angle116

of the crystal exposed to the primary PMT and transmittance of the windows,117

we expect a light collection efficiency of roughly 10% [12]. Note that no optical118

filters were used, so all light within the sensitivity of the PMT contributed to119

the light yield, as is standard in particle detection.120

3. Data acquisition121

Data acquisition is based on the multiple photon counting coincidence tech-122

nique (MPCC), where the trigger for acquisition is produced when both PMTs123

detect photons within a given coincidence time window, allowing the measure-124

ment of both the light yield and the decay time constants of a scintillator [31].125

We have previously adapted this technique to the study of bismuth germanate126
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Figure 2: A schematic of the setup for scintillation studies. A 5×5×2 mm3 sample is secured at
the centre of the cryostat optical chamber on a holder, and is observed by two photomultiplier
tubes (PMT). The volume of the optical cryostat is held at vacuum throughout the experiment
whereas the glove box is filled with dessicated air. The measurement of α particles (dotted
arrow) and γ quanta (incoming wavy arrows) is achieved using an internally mounted 241Am
source. Optionally, other γ sources can be mounted to the outside of the cryostat. The
coincidence of the two PMTs provides a trigger for a digitizer that records photon signals
from the PMT that is in view of the completely uncovered side of the crystal (the other PMT
is partially masked by the holder).
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(BGO) [27] and ZnWO4 [28, 32]. Signals from the PMTs pass through a se-127

ries of Phillips Scientific Nuclear Instrumentation Modules (NIM) to produce a128

trigger pulse for the digitizer: first, a fan-out module to copy the signal; then,129

a discriminator to discard any low amplitude events below a given threshold,130

producing a flat logic pulse with length equal to the desired coincidence time131

window; and finally, a logic module that performs an AND operation on the132

incoming logic pulses on both channels and accepts any events where the pulses133

overlap, thus creating the coincidence condition. The logic module provides the134

trigger pulse to an 8-bit National Instruments digitizer (PXI-5154), which then135

records the incoming pulses from the PMTs at a 1 GHz sampling rate. The full136

setup is described in Fig. 2.137

The coincidence window was set to 30 ns and an acquisition window of138

1 ms (50 µs pre-trigger and 950 µs post-trigger) was used for all events at all139

temperatures. A long acquisition window was chosen so that we are sure that140

the full scintillation pulse could be observed at all temperatures. To deal with141

the large amounts of data, a custom-made LabVIEW interface records only142

samples of the incoming signals that exceed a certain threshold to save hard-143

disk space and analysis time. This introduces a light-yield and time-constant144

dependent bias on the estimation of the light yield which has been corrected.145

This correction is described in detail in Section 4. This is particularly important146

to ensure an unbiased comparison between α and γ interactions.147

The scintillation pulses from CsI have been characterized to have at least148

one very prominent fast decay time (∼10-100 ns) [21, 22] and other slower149

decay times (>1 µs) [22]. At the start of a high light-yield scintillation event,150

many photons arrive at the PMTs faster than can be resolved individually; as151

a result, the PMTs output a high amplitude spike several µs wide (“pile-up”152

or analog regime). By contrast, the slow component is slow enough such that153

single photons can be resolved easily by the PMTs (counting regime). Due to154

the vertical resolution of our digitizer, we therefore cannot use the technique155

we have developed based on a streaming time-to-digital converter to measure156

these pulses, since it depends on being able to resolve individual photons [32].157
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In order to measure the full pulse (fast + slow components) with our digitizer,158

two copies of the signal from the primary PMT (facing the unobstructed side of159

the sample) are obtained from the Fan-Out module, as shown in Figure 2. The160

signals are then sent to separate channels on the digitizer, where one channel is161

set to the maximum vertical range (5 V) so that the full amplitude of the initial162

fast spike can be measured without saturation, and the other channel is set to a163

low vertical range (0.5 V) in order to resolve the slow, individual photoelectrons164

that follow.165

Data from both digitizer channels are recorded and then combined off-line166

to reconstruct the full pulse by replacing all of the saturated samples on the167

low range channel with their corresponding unsaturated samples on the high168

range channel after applying the scaling factor and offset. This results in a169

single channel of data with complete, unsaturated, reconstructed pulses with170

a larger dynamic range than possible with a single channel. An example of a171

single pulse reconstruction is shown in Figure 3. The reconstructed data are172

saved in an ASCII file as arrays of time and amplitude for each digitizer sample173

above the LabVIEW threshold in each triggered scintillation event.174

4. Data analysis methods175

The standard MPCC technique determines the light yield and the decay time176

components based on the number of photons in a given event and the known177

arrival time of each photon [31]. A set of cuts are applied to the data in order to178

reject spurious events such as events where multiple scintillations occur in the179

acquisition window, and events where photons from a previous event straggle180

into the pre-trigger. Events with more than a single scintillation will have more181

photons in the later part of the time window, and thus can be identified by182

comparing the mean arrival time of the photons in a given scintillation event to183

the distribution of the mean arrival time of all the events. Events with photons184

in the pre-trigger region can be rejected using the distribution of the first photon185

in each event.186
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Figure 3: Demonstration of pulse reconstruction. Two channels with different ranges are
used to record the same pulse, and are later combined through software (red line). Saturation
in the low-range channel (blue dot) is fixed using properly scaled values from the high-range
channel (black cross), and pulses below precision in the high-range are still caught in the
low-range channel. Pulse begins after a 50 µs pre-trigger and continues until 1 ms, though
only the first 5 µs are shown here.
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In the standard MPCC technique, the spectrum from a given source is ob-187

tained from the histogram of the number of photons in each event; after cutting188

the spectrum on a particle type and energy, the histogram of all photons with189

respect to their arrival time gives an average pulse shape [31]. We have adapted190

this technique to account for the early burst of unresolvable photons in the alkali191

halide pulses by building a histogram of the total charge in each event, instead192

of the arrival time of each photon, to produce the spectra shown in Figure 4.193

A fit to the peak in the spectrum from a given particle at a given energy pro-194

vides a measurement of the light yield (LY) of the scintillator as described in195

Section 4.1. A secondary cut is applied to the data set on the total charge to196

separate the events that are a result of α or γ interactions. We use ± 1-σ from197

the mean of each spectrum to determine where these cuts will be placed.198

We can also reconstruct the average pulse for an α or γ interaction by com-199

bining the charge vs. time of all pulses that are within the corresponding200

spectrum. This allows us to determine the scintillation decay time constants201

separately for excitations from the different particles. The combined pulse is202

then fit with a series of exponentials to extract the expected exponential decay203

time constants. This process is described in Section 4.2.204

4.1. Light Yield205

Thanks to our cryostat and our new data treatment, we are simultaneously206

sensitive to both α and γ interactions at all temperatures, even with their large207

energy difference as illustrated in Figure 4. It allows us to measure charge over208

a large spread of particles (60 keV–4700 keV) and different temperatures. The209

charge detected for a given particle varies by two orders of magnitude over the210

temperature range.211

We note that at temperatures for which the LY enables sufficient resolution,212

an asymmetry in the α line becomes evident as a secondary peak that appears213

15% lower than the main peak. We have verified with a Si detector that it does214

not come from the source, and we attribute the shape to small scratches on the215

polished surface, visible under microscope, changing the energy deposition of the216
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Figure 4: Example of a spectrum of detected photons, here obtained at 77 K from the αs, γs
and X-rays of 241Am and 57Co.

α particles, which interact primarily with the surface of the crystal (interaction217

depth 24 µm [33]). The γ LY is unaffected by the surface condition, as 60 keV218

γs have a mean free path of 280 µm [34] We have therefore modeled the α line219

by two gaussians with fixed ratios of amplitudes, means and widths based on a220

free fit at the temperature with the greatest light yield (60 K). For the α-event221

selection cuts, we consider the higher peak to be representative of the α LY.222

As mentioned in Section 3, we use an on-line threshold to reduce the amount223

of data that we are required to read and save to disk by excluding all voltage224

data below the threshold. We found, however, that doing so affected our mea-225

surement efficiency differently for different LYs. Figure 5a-i shows the single226

photon response of the PMTs used, determined from a dedicated experiment227

without the use of the threshold. When the threshold is applied, we lose a small228

amount of charge on each side of the distribution. If photons arrive sufficiently229

spaced out in time as in Figure 5a-ii, the same portion of the response will be230

lost for each photon. However, if several photons arrive in quick succession the231

responses can pile-up on each other, allowing the charge to exceed the threshold232
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and be measured (as shown in Figure 5a-iii), which would increase the efficiency233

of that measurement. The likelihood that photons will pile-up on each other234

depends on both the LY of the interaction as well as the decay constant of the235

scintillation, both of which change as a function of temperature. We correct for236

this effect for each particle interaction and each temperature point to be able237

to globally relate the LY of these interactions.238

We define Qtotal as the real total amount of charge that the scintillation239

event has induced in the PMT. This is the value that we want to have access240

to in order to compare the LY under αs and γs at all temperatures. Qmeas241

is defined as our actual measured charge. The efficiency of a measurement242

ε = Qmeas/Qtotal will change at each temperature and for each type of particle243

interaction. Since Qtotal is inaccessible, we define ρ = Qabove/Qmeas, the ratio244

of the integral above the threshold Qabove to the total measured integral Qmeas,245

as a proxy for the efficiency ε. In Figure 5b, we plot the variable ρ against246

Qmeas which is representative of the emitted light, for an example temperature.247

α interactions can be seen in the top right of the plot, with high emitted light248

and high ρ. γ interactions are seen in the middle of the plot, with a lower ρ249

and lower emitted light. From this plot, we can see that the efficiencies for α250

and γ interactions are systematically different because of the very different LY251

causing differing amounts of pile-up between photons.252

We carried out simulations to relate ρ to the efficiency ε. In the simulations,253

we used different numbers of photons distributed in time by an exponential254

distribution with varying decay time constants to produce different values of255

ρ. Determining the relationship between these two variables in simulated data256

allows us to make an estimate on the efficiency in our recorded data. The rela-257

tionship between ρ and ε is shown in Figure 5c, allowing us to make corrections258

to our LY and ratio Rα/γ .259

4.2. Time Structure260

Our data acquisition system is able to sample the charge induced in the261

PMTs at a sampling rate of 1 ns. Using this time-resolved data, we are able262
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Figure 5: Effect of threshold on measured LY. Fig. 5a-i shows that a portion of a single
photoelectron charge is lost because the amplitudes are below the detection threshold. Qmeas,
shaded in blue, is the amount of charge that we record for a given event. Qabove, vertical
cross-hatched, is the area under the curve but above the threshold. This allows us to create
the variable ρ = Qabove/Qmeas, the ratio of charge above threshold, to estimate the fraction
of lost charge, as described in Section 4.1. If multiple photons are resolved in time as in
Fig. 5a-ii, the fraction of lost charge is the same as for the single photoelectron. If there is
pileup of the photoelectrons as in Fig. 5a-iii, the fraction of lost charge is smaller. At a given
temperature, the data presented in Fig. 5b of ρ vs. Qmeas show that the effect is detrimental
to the pulses from γs compared to αs, since the former emit fewer photons. Fig. 5c shows
simulations (blue spots) allowing to reconstruct the actual LY from the measured one using
the median (black line); error bars are taken from spread of points.
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to create an “average pulse” by combining the charge vs. time data for a set263

of individual traces that correspond to the α or γ population. We chose to use264

the coincidence trigger time as the beginning of each pulse; because we are only265

recording the signal from one PMT, and the trigger is set by a 30 ns coincidence266

window, the actual first pulse recorded may be anywhere from 0-30 ns before267

the trigger time. Thus, we do not expect to be sensitive to time structure below268

this order of magnitude.269

For each population, the average pulse histogram is fit to five exponential270

decays plus a constant background to model the scintillation decay and back-271

ground noise. We use the same functional fit for all temperatures to fit all pulses272

in the same unbiased way. We expect at least three exponential decay compo-273

nents [5] at low temperature, and additional exponentials allow for a good fit of274

extra-slow components, though we don’t attempt to interpret them.275

As mentioned in Section 3, the application of a threshold changes the effi-276

ciency of detection for individual photons versus pile-up photons. This has an277

effect on the average pulse shape separate from the measurement of LY. The278

effect can be seen in Figure 6a as a kink in the pulse, at a time where the likeli-279

hood of a photon arriving at the PMT decreases to a point where pile-up is no280

longer likely (see Figure 5). We have confirmed through simulation, shown in281

Figure 6b, that the change in efficiency due to photons piling-up only impacts282

the pulse in this transition region. Before and after, the shape of the pulse fol-283

lows the underlying distribution. To deal with this in the fit of exponentials, the284

kink time section has been excluded, and the fit keeps the same time constant285

before and after the kink time. Lastly, since the pulse shape spans multiple or-286

ders of magnitude, non-uniform binning has been utilized to reduce bin-to-bin287

statistical fluctuations in the late portion of the pulse.288
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Figure 6: a) Example of average α pulses for different temperatures (note irregular binning).
At least two exponential decays are evident for each temperature, spanning nearly 6 orders of
magnitude in intensity. Kink in pulse, caused by variable charge-reconstruction efficiency, is
visible at 60 K between 52–56 µs. b) Simulations of the kink (Sec. 4.2). Simulated data for
a single time constant with no threshold applied (blue circles); the threshold applied to the
total pulse, with photons piling up on each other, as done in the real data (green triangles);
and the threshold applied to every arriving photon as if they arrived separately (red squares).
Kink occurs in transition between regions where photoelectrons pile up and where they don’t,
but does not affect time constant on either side of transition.

5. Results and discussions289

5.1. Light yield and α/γ ratio290

The temperature response curves for the LY of CsI under α and γ excitation291

were measured for several stabilized temperatures while cooling from 300 K to292

3.4 K. Our method allows us to measure LY without the use of a shaping time,293

making the measurement independent of any changes in decay time constant vs.294

temperature. As a proxy for the number of emitted photons, we take the number295

of photons detected in the front PMT. This number of photons is determined296

from the charge detected by the PMT thanks to a separate measurement with297

a low-light source providing the average charge induced in the PMT by a single298

photon.299

Ideally, these results would take into account possible temperature-dependent300

shifts of the emission spectra relative to the fixed quantum efficiency of the301

PMTs. Comparing emission spectra at low temperatures with the quantum ef-302
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ficiency of our PMT, we estimate that, relative to room temperature, our detec-303

tion efficiency changes by at most 10% over the entire temperature range [5, 23].304

The number of detected photons for the various particles and energies are305

shown as a function of temperature in Figure 7. Except for γs at temperatures306

above 200 K, at least 10 photons are detected per event. The temperature307

dependence of the number of detected photons over energy, a proxy for LY, is308

also shown in Figure 7b. This LY has been corrected for efficiency as described309

in Section 4.1 We see the α LY increase by a factor of 100 from 300 K to 30 K,310

and decrease to a factor of 30 above 300 K at 3.4 K, our lowest temperature.311

The γ LY for both 60 keV and 122 keV does not see as much of an increase as for312

the αs, rising by a factor 20-30 above that at 300 K below 100 K. The increase313

in LY is consistent between the two different γ energies, within uncertainty.314

Overall, the LY is relatively constant at temperatures below 7 K. We assume it315

remains so at even lower temperatures.316

Though comparison is difficult because of uncertainties in our light collection317

efficiency and quantum efficiency of the PMTs, previous results of the absolute318

LY of CsI by Amsler et al. [24] give 50 ± 5 ph/keV at 80 K under γ excitation.319

Another measurement under γ excitation by Moszynski et al. [35] gives 107 ±320

10 ph/keV for undoped CsI at 77 K. At 77 K, we detect 83 ± 5 photons from a321

60 keV γ-excitation. Assuming an efficiency of ∼ 10% due to numerical aperture322

and reflection of windows [26], and a PMT quantum efficiency of ∼ 15% at the323

mean emission of CsI, this gives a rough estimate of 90 ph/keV for the LY ,324

which is compatible with the result from Amsler et al. More recently, Schäffner325

et al. [36] quote an absolute detected energy of 7.1% from undoped CsI at 10 mK.326

Using the mean energy of an emitted photon from CsI (3.9 eV [12]), and taking327

the light collection efficiency of the CRESST type light detectors to be 31% [37],328

this would imply an absolute LY of 60 ph/keV. At our lowest temperature, using329

the same method as above, we estimate the LY of CsI to be roughly 65 ph/keV330

at 3.4 K, which appears to be compatible with the result from Schäffner et al.331

The agreement of estimated LY values with previous measurements indicates332

that the corrections described in Section 4.1 are performing correctly.333
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To compare with recent results from Mikhailik et al. [5] and Gridin et al. [38],334

we have scaled their reported LY values to ours at 77 K. Although Gridin et335

al. do not report time-resolved LY, we believe that our results are comparable336

because of our long acquisition window capturing full scintillation events. We see337

the same general trend of LY increase as previous measurements, but different338

relative LY at high temperatures; this could be due to a difference in incidental339

Tl impurities in the crystals. The light emission from Tl can be seen in the room340

temperature spectra of Mikhailik et al., but disappears at lower temperature;341

this could increase the LY preferentially at high temperatures in a crystal with342

a larger amount of Tl.343

As our setup allows the measurement of the lines from α particles and γ344

quanta emitted by 241Am, we can determine the α/γ ratio, Rα/γ , defined by345

the ratio of LY for αs over the LY for γs at a given energy E:346

Rα/γ(E) =
LYα(E)

LYγ(E)
=
µα(E)/E

µγ(E)/E
=
µα(E)

µγ(E)
, (1)

where µi(E) is the measured response to particles of type i depositing energy347

E. Rα/γ quantifies the relative difference in light produced by both types of348

interactions for an equivalent energy deposit, and thus is independent of our349

overall light collection efficiency barring effects related to the interaction depth350

of the particle.351

The temperature dependence of Rα/γ is shown in Figure 7c, as determined352

using the 60 keV γ and 4.7 MeV degraded α from 241Am. Remarkably in our353

data, Rα/γ becomes greater than 1 for temperatures between 10-100 K. A value354

of Rα/γ greater than 1 is unexpected in general because of the higher ionization355

density of α particles leading to a higher probability of non-radiative recombina-356

tion of electrons and holes before formation of self-trapped excitons [39], though357

this behavior has previously been observed in alkali halide crystals grown by the358

Kyropoulos method [40], and in pure or doped ZnSe [39, 41–43]. Watts et al. [44]359

observed an anomalous value of the α/β ratio (which should be equivalent to360

Rα/γ) of 3.5 ± 0.3 at 77 K and 4 K for a single CsI crystal, that was not repro-361
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duced in other crystals, though they presented no explanation.362

Birks suggests that a large temperature dependence in Rα/γ is associated363

with a high defect density, as the lower ionization density of γ-excitation allows364

electrons and holes to drift and become trapped in defects instead of forming365

self-trapped excitons [40]. There is evidence for this in ZnSe, where thermal366

treatment has been seen to affect Rα/γ [43]. Another hypothesis is that there367

are significant excitation-dependent changes in the emission spectra, causing our368

detection efficiency to change between particles at various temperatures. Lastly,369

there are three effects that could be considered, though they are unlikely because370

they would have to be strongly temperature dependent to explain the data:371

the first being that the light collection efficiency differs significantly between372

the surface and the bulk of the sample, the second being that the scintillation373

properties of the surface differ from those of the bulk, and the third being the374

non-proportionality of the LY.375

Since in practice our measurement involves α and γ interactions of different376

energies (4.7 MeV and 60 keV respectively), the non-proportionality (NP ) of377

the scintillation response could also have an affect on our measured light ratio:378

Rα/γ(4.7 MeV) =
LYα(4.7 MeV)

LYγ(4.7 MeV)
=

LYγ(60 keV)

LYγ(4.7 MeV)︸ ︷︷ ︸
NP

LYα(4.7 MeV)

LYγ(60 keV)︸ ︷︷ ︸
measurement

(2)

There is some evidence that the non-proportionality of the LY in pure CsI379

depends on temperature. Lu et al [45] report that at 295 K, the LY of a 60 keV380

γ-interaction is greater than that of a 1 MeV γ by approximately 15%, whereas381

at 100 K there is almost no difference. It is unlikely the observed changes in382

Rα/γ can be explained by this effect alone, however, as Rα/γ varies by a factor383

of 4 over the measured temperature range. Additionally, to be consistent with384

a value of Rα/γ < 1 at all temperatures, the non-proportionality would have385

to decrease an additional 20% between 100 K and 30 K. We are not aware of386

any experimental data at other temperatures for pure CsI, or for γ-interactions387

higher than ∼ 2 MeV.388
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Figure 7: a) Detected photons as a function of temperature, for 4.7 MeV αs (circles) and γs
(60 keV: squares; 122 keV: triangles). A correction has been applied (original: light ; corrected:
solid) to compensate for the loss in charge detected from our threshold (see Sec. 4 for details).
b) Detected photons (corrected) per unit deposited energy as a function of temperature for
αs and γs, showing results for 60 keV and 122 keV γs are consistent within errorbars. Results
of α-excitation from Mikhailik et al. [5] are shown by the dashed red and of γ-excitation from
Gridin et al. [38] are shown by the solid green line, scaled to be equal to our result at 77 K. c)
α/γ ratio (corrected) as a function of temperature, showing a factor 4 variation and reaching
values greater than 1. In a) and b), conversion of detected photons to emitted ones requires
a multiplication by roughly 70, though this does not affect ratio in c).
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5.2. Time Structure389

The results of the time constant fits mentioned in Section 4.2 are summarized390

in Figure 8. Time constants from the fits that contribute at least 10% of the391

total LY at that temperature are plotted in Figure 8a for α excitation, and392

Figure 8b for γ excitation. The area of the marker represents the contribution393

of that time constant to the total integral of the pulse, the largest points showing394

the most prominent time constant at a given temperature.395

First, for α excitation, above 100 K there appears to be two prominent time396

constants, both shorter than 1 µs. As the temperature decreases, the main time397

constant increases from 0.4 µs at 300 K to 1 µs at 100 K, where it becomes398

the only important time constant. We also see a fast component that begins399

at 0.01 µs at 300 K, increasing in length to 0.1 µs at 150 K. This behaviour is400

consistent with the measurements of Amsler et al. [24] from 100-300 K.401

From 100 K to 10 K, there remains only one time constant at around 1 µs.402

This component is consistent with previous measurements of undoped CsI scin-403

tillation at low temperature [5, 44] Below 10 K, the structure becomes more404

complicated, with several components contributing equal amounts of light to405

the pulse. We see a short component of the order 100 ns from both αs and γs,406

consistent with the 290 nm emission, and a long component that is consistent407

with the 338 nm emission, which are described by previous studies as a system408

of three excitonic absorption bands [20, 38]. There are several very long time409

constants present at high temperatures that seem to hold a constant value of410

10 µs and 100 µs, which could be attributed to coincidence within our acquisi-411

tion window of α and γ events. Alternatively, these could be attributed to the412

presence of shallow traps or defects.413

For the γ excitation, the main time constants show a very similar pattern to414

the α excitation data. This indicates that the same light production mechanism415

is being excited by the two different radiation sources, which has also been seen416

previously with αs and X-rays [5]. Long time constants visible by α excitation417

are absent in the γ excitation data, which could indicate a larger concentration418

of defects near the surface of the crystal, as expected [23].419
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We have compared our results to the results of fits to a model of various STE420

decays by Nishimura et al. [23] in Figure 8. For both α and γ excitation, the data421

corresponds well with the model at low temperatures. At high temperatures, two422

exponential components are seen in α excitation, corresponding to the singlet423

and triplet STE states [23] seen as the solid red lines in Figure 8. At low424

temperature, the evolution of the two decay rates of the off-center STE, seen as425

the dotted black lines, follow the same trend in our data. The on-center STE426

decay rate can also be seen as the dashed black line in Figure 8, which we also427

see because of our lack of spectral discrimination between the two states.428

6. Conclusion429

We present the first measurement of the scintillation properties of undoped430

CsI over a wide range of temperature under both α and γ excitation using a431

time-resolved zero-suppression measurement technique. For the first time to432

our knowledge in CsI, a long measurement time window was used to capture433

the full scintillation event at each trigger, removing any bias from long or short434

scintillation times.435

The LY under α excitation increases by nearly two orders of magnitude from436

300–30 K, to a maximum value of roughly 120 ph/keV. At the lowest measured437

temperature of 3.4 K, the LY remains a factor 30 above the level at room tem-438

perature. Under γ excitation, a factor 20 increase in LY is observed below 100 K439

when compared with the room temperature yield, with a maximum at roughly440

90 ph/keV. The ratio between α and γ excitations fluctuates significantly over441

the temperature range, and was found to be greater than one for temperatures442

between 10–100 K, which could be an indicator of a large amount of defects443

in the crystal. It also may be an artifact of particle specific emission changes444

as the temperature decreases. Measurements of the time constants for both αs445

and γs agree with previous measurements, and follow previous models of STE446

decay [23].447

These measurements further establish undoped CsI as an effective cryogenic448
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Figure 8: Evolution of time constants with temperature. At a given temperature, only time
constants composing at least 10% of LY are shown. Marker size at a given temperature is
proportional to the contribution of that time constant to the total LY at that temperature.
Models of STE decay from Nishimura et al. [23] are shown for the off-center STE state (dotted
black line), on-centre STE state (dashed black line), and singlet and triplet STE state at high
temperatures (solid red line). a) Time constants from α excitation b) Time constants from γ
excitation

22



scintillator with a high light yield at low temperatures. With such a light449

yield, above that of most other cryogenic scintillators [46], low thresholds can450

be reached in experimental applications that require it, such as searches for dark451

matter. In such searches, the high α/γ ratio at low temperatures indicates that452

the α background should remain separated from the nuclear recoil signal region453

due to the low nuclear recoil quenching factor of 0.1 for Cs and I [13]. More454

generally, light yield and α/γ ratio are high at liquid nitrogen temperatures,455

conditions that lend themselves well to practical applications.456

7. Acknowledgements457

This work has been funded in Canada by NSERC (Grant SAPIN 386432),458

CFI-LOF and ORF-SIF (project 24536).459

8. References460

[1] D. Akimov, J. B. Albert, P. An, C. Awe, P. S. Barbeau, B. Becker, et al.,461

Observation of coherent elastic neutrino-nucleus scattering, Science 357462

(2017) 1123–1126.463

[2] S. C. Kim, H. Bhang, J. H. Choi, W. G. Kang, B. H. Kim, H. J. Kim, et al.,464

New limits on interactions between weakly interacting massive particles465

and nucleons obtained with CsI(Tl) crystal detectors, Phys. Rev. Lett. 108466

(2012) 181301.467

[3] R. W. Schnee, Introduction to dark matter experiments, in: C. Csaki,468

S. Dodelson (Eds.), Physics of the Large and the Small, 2012, pp. 775–829.469

[4] S. Derenzo, R. Essig, A. Massari, A. Soto, T.-T. Yu, Direct detection of470

sub-GeV dark matter with scintillating targets, Phys. Rev. D 96 (2017)471

016026.472

[5] V. B. Mikhailik, V. Kapustyanyk, V. Tsybulskyi, V. Rudyk, H. Kraus, Lu-473

minescence and scintillation properties of CsI: A potential cryogenic scin-474

tillator, Phys. Status Solidi (b) 252 (4) (2015) 804–810.475

23



[6] D. G. Cerdeño, C. Marcos, M. Peiró, M. Fornasa, C. Cuesta, E. Garćıa,476
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4.2 Additional information

In this section, I will provide some additional information of some of the simulations

that I carried out to better understand the effects that our threshold had on our data.

4.2.1 Threshold effect simulations

As was discussed previously in Chapter 3, an on-line zero-suppression was used when

collecting data for this experiment to reduce the amount of data getting stored.

Unfortunately, we found that this had an effect on both the light yield and pulse

shapes of our scintillation events, as described in the publication. I performed some

simple simulations of an exponentially decaying scintillation pulse to evaluate the

effect that threshold could have on our measurement of the light yield and decay

time, and how we could correct for it in the data.

These simulations consisted of pulling a number of times from a decaying exponen-

tial distribution to represent photon arrival times. At each of these times, a voltage

shape characteristic of the PMT response to a single photo-electron was added to

the total curve. Examples of such simulations are shown in Figures 4.1 and 4.2 for

10 photons and 500 photons respectively. In red is the distribution from which pho-

ton arrival times are drawn, in blue is the drawn arrival times, and green shows the

summed PMT response. In these figures, the time scale is arbitrary and the width of a

single photo-electron response is exaggerated to show the shape of the resulting pulse

clearly. In reality, a single photo-electron response is only a few digitizer samples wide

in time, so such a smooth shape is not visible. It can be seen that when more than

one photon arrives within the width of a typical response, the resulting response will

be a shape that is much higher in amplitude than an individual photo-electron. A
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Figure 4.1: Simple scintillation pulse simulation with 10 photons and a 1 µs time
constant. The red line shows the distribution from which photon arrival
times are drawn; the blue circles shows the drawn times; the green line
shows the resulting voltage response from the PMT. The scale on both
axes is arbitrary to illustrate the shape.

threshold similar to the one applied on the real data was then applied to this dataset

in various ways.

Pulse shape

The first noticeable effect of the threshold was seen in the average pulse of events. As

can be seen in Figure 4.3 around 54 µs, the pulse appears to deviate from the expected

shape of a series of decaying exponentials. We believed this to be the result of the

pile-up phenomenon demonstrated in Figure 3.13, where photons that arrive quick

enough to pile-up on each other will not lose as much signal below the threshold

as single photons. The small dip visible around 54 µs in Figure 4.3 occurs in the

transition between a region where photons are likely to pile-up and a region where

photons are more likely to arrive isolated.
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Figure 4.2: Simple scintillation pulse simulation with 500 photons and a 1 µs time
constant. Note that when there are many photons in a short time, the
voltage response is much higher in amplitude than the response to a single
photo-electron.

Figure 4.3: An example average pulse from the CsI run, with a visible deviation from
the expected shape because of the threshold.
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Figure 4.4: The average single photon shape from the raw output of the R7056 PMT.
For our simulation we approximated the shape to be the sum of two
gaussians.

For our simulation of this pulse, we used a simple single gaussian to represent

the voltage response from the PMT to a single photo-electron. This was based on a

dedicated single-photon measurement described in Chapter 3, that yielded a shape

shown in Figure 4.4 when evaluated without the use of a threshold. The amplitude

and width found were used in the simulation of the average pulse to emulate real

data.

Many simulations of a pulse with 2000 photons and a decay time of 1 µs were

performed, and an average pulse was constructed by summing all pulses together,

without any zero-suppression. This average pulse can be seen in blue circles in Fig-

ure 4.5. Then, another average pulse was created but including the zero-suppression
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on each simulation after the photon responses were summed, which is shown in green

triangles. In this pulse, we can see the strange dip in pulse where the transition be-

tween pile-up and individual photons occurs. Finally, we construct an average pulse

but apply the threshold to each individual photon response before summing them to-

gether, which is shown in red squares. This removes the enhancement of the pile-up

region, and gives back the original pulse but at a lower amplitude. These simulations

confirmed our suspicion that the threshold was causing the shape that we saw in our

average pulses. As described in the publication, to rectify this we decided to exclude

the transition region from our fit of the average pulse to a series of exponentials.

Light Yield

As described in the publication, we also used simulations to correct our light yield

measurements for both α and γ excitation to be sure that our α/γ ratio measurements

were valid. These simulations were originally performed using the same gaussian ap-

proximation as above for the single-photon response, but was adjusted to the true

single-photon response once we had recorded the full traces in the SABRE NaI ex-

periments so that we had access to information below the threshold.

We related the true efficiency of our charge measurement (only accessible in the

simulations) to the ratio of the integral above threshold (accessible in both real data

and simulation) so that we could approximate our efficiency for each measurement

of the light yield of a given interaction. The ratio of integral above threshold as a

function of temperature for each excitation is shown in Figure 4.6. This information,

combined with the plot of efficiency vs. ratio in Figure 5c of the publication allows

us to approximate the efficiency at which we measure the light yield, which is shown
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Figure 4.5: From [21]. The effect of the threshold can be clearly seen in the green
triangles, where it effects the pile-up photons and individual photons dif-
ferently. When the threshold is applied before the photons have a chance
to pile-up (red squares), the effect is absent.

in Figure 4.7. These efficiencies are then used to reconfigure the light yields that we

measured and result in the values shown in Figure 7 of the publication.
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Figure 4.6: The ratio of integral above threshold as a function of temperature for
both α and γ excitation.

Figure 4.7: The efficiency as a function of temperature for both α and γ excitation.
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Chapter 5

NaI studies

Though sodium iodide (NaI) and thallium-doped sodium iodide (NaI(Tl)) are well-

established scintillators [16], there has been much interest in using these materials

in dark matter direct detection experiments, primarily as a means to investigate the

DAMA/LIBRA result [12]. As discussed in Chapter 1, there are several experiments

operating or soon to be operating with the material [51, 4, 1], including the COSI-

NUS collaboration planning to use the material as a cryogenic scintillator [7]. The

scintillation properties of NaI and NaI(Tl) at low temperature have been studied for

some time [24, 57], and recently under α excitation down to as low as 1.7 K [49].

In the summer of 2016 we performed measurements of NaI and NaI(Tl) that had

been grown by the SABRE collaboration [51]. The experiment was carried out at

Queen’s by myself, undergraduate student Miaofen Zhang from Queen’s, and Francis

Froborg of the SABRE collaboration from Imperial College London. The goal of these

measurements was to evaluate the performance of the crystals to ensure that they

had been grown correctly, as well as study the scintillation properties of these NaI

and NaI(Tl) crystals as a function of temperature.

Three separate experimental runs were carried out with these crystals, Runs 82,



5.1. EXPERIMENTAL DESCRIPTION 92

83 and 84. Run 82 was planned to be a full temperature sweep from 300 K to

3.4 K with a NaI(Tl) crystal (code NaI-010-1A), but one of the thermometers failed

during the run, causing the temperature stabilization loop to be unable to control

the temperature. This caused wild fluctuations in the temperature, so the run was

halted, and the crystal removed. Run 83 used a different NaI(Tl) crystal (code NaI-

010-1B) and was completed successfully. Run 84 was an equivalent temperature

sweep to Run 83 but using an undoped NaI crystal (code NaI-K001-1B) and was also

completed successfully. The specific experimental parameters used for this experiment

are described in Section 5.1. The analysis methods that were used for the data

acquired are described in Section 5.2, and the results of this analysis are then shown

in Section 5.3.

5.1 Experimental Description

NaI is a highly hygroscopic material, meaning that the crystals will actively absorb

moisture from the air. To transport the crystals safely from the location that they

were produced to Queen’s, they were enclosed in a small plastic container and then

vacuum-sealed in an airtight foil bag. At Queen’s, we were sure to only manipulate

the crystals using the glovebox as described in Section 3.1, with pure N2 gas flow-

ing constantly and desiccant placed inside to ensure that the humidity stayed as low

as possible. A digital hygrometer (General SAM990DW) was used to monitor the

humidity inside the glovebox, and the crystals were only manipulated when the hy-

grometer showed its lowest possible reading of 0.1% relative humidity. The crystals

were mounted inside the cryostat and imaged with a digital camera both before and

after the experiment to be sure that the surface quality did not change. An image of
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Figure 5.1: a) Image of the NaI(Tl) crystal just before Run 83, after being mounted
in the cryostat. This image was taken using a digital camera from the
viewpoint of the front PMT. The faces of the crystal are clear and pol-
ished, and the crystal is well centered in the view of the PMT. b) The
same NaI(Tl) crystal at 3.4 K, after having completed Run 83. There are
a few cracks in the crystal face near the lower left corner, but the majority
of the face is clear. There has been no change in color that might indicate
being submitted to humidity.

the NaI(Tl) crystal before and after Run 83 is shown in Figure 5.1. The crystal seems

to have small cracks in the corner, but the majority of the face is clear and untar-

nished. There is a visible discoloration on the rear window, which we have observed

appears at low temperature, but the cause is unknown. The internal Am-241 source

was used as a source of 4.7 MeV α particles and 60 keV γ rays, and an external Co-57

source was used as a source of 122 keV γ rays at select temperatures to verify our

detection of the 60 keV γ rays by comparison of the peaks. Hamamatsu R7056 PMTs

were used because of their enhanced quantum efficiency in the blue wavelengths where

alkali halides are known to scintillate. These PMTs were operated at a high voltage

of 1300 V as this was previously found to be a good compromise between gain and

dark count rate [42].
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Coincidences between the two PMTs within a coincidence window of 30 ns trig-

gered the acquisition, which then recorded a full 600 µs window at 1.25 GHz. A

total of at least 10000 events were recorded at each temperature, with 15000 events

being taken at temperatures at which we utilized the Co-57 source. Data were taken

in the remixing configuration described in Section 3.2.1, and full binary traces were

recorded to be sure that we could avoid the effects of the threshold that we faced in

our previous data. This resulted in at least 30 GB of data for each temperature run.

The binary traces were then zero-suppressed to reduce the data size as described in

Section 3.2.1, resulting in approximately 100 MB of reduced data.

During Run 83, we encountered saturation of our Fan-In/Fan-Out, producing very

large sinusoidal pulses instead of the sharp scintillation pulses that we were expecting.

This was first observed at 30 K of Run 83, and made the data unusable. To combat

this, we inserted a 10 dB signal attenuator between the PMT and the Fan-In/Fan-Out

module, which solved the problem. This allowed us to reduce the amplitude of the

signal coming from the PMT without changing the high voltage or any other settings

on our data acquisition. Once Run 83 was finished, we took data with and without

the attenuator at room temperature, where we knew that the acquisition system could

handle the non-attenuated signal. A separate single-photon response calibration (as

described in Section 3.3.1) was performed using the attenuated and non-attenuated

data, such that the conversion from digitizer signal to numbers of photons would give

the same result. During Run 84, the attenuator was again used to be sure that we

did not face any problems with saturations. Because we knew we would need it in

advance, we took several comparison runs at temperatures where the attenuator was

not needed, to be sure that we could compare the runs. The results of the run are
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described further in Section 5.3.

5.2 Analysis

To extract scintillation properties of the NaI and NaI(Tl), we handled the data in a

very similar way to the way we handled the CsI data in Chapter 4. We collected the

full binary traces, so we were able to reduce the effect that the threshold had on the

efficiency with which we collect photons. This means that the light yield and average

pulses do not need to be adjusted for the threshold effect as in the CsI data. The

integrals of each event are calculated using the reduced data and the histogram of

integrals is fit to a Gaussian distribution to determine the mean number of detected

photons, from which we can calculate the light yield based on the incident particle’s

energy. A typical α peak from Run 84 can be seen in Figure 5.2, in this case taken at

260 K. The corresponding γ peak for 260 K in Run 84 is shown in Figure 5.3. Am-241

emits several low-energy X-rays as well as the desired 60 keV γ, so the lower part of

this spectrum is excluded from the fit to a Gaussian distribution.

During Run 84, it was noticed that below 60 K, the usual alpha peak had split

into two peaks. This indicates that the α-particle interactions had split into two

populations. The split α peak from 60 K is shown in Figure 5.4. When the crystal

was inspected at the end of the run at 3.4 K, a crack was visible in the center of the

crystal, as seen in Figure 5.5. We believe that this crack led to the difference in light

emitted by the crystal, because of the addition of a reflective face in the center of

the crystal. Since the α source projects a beam of interactions into the crystal, it is

possible that these interactions would happen on either side of the crack, changing the

paths that photons needed to travel to reach the PMT. For this reason, to evaluate
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Figure 5.2: The fit of a Gaussian distribution to the α peak at 260 K from Run 84.
The distribution is well described by the Gaussian fit, and the parameters
can be seen in the plot.

the light yield of α-interactions below 60 K in Run 84, we used the weighted average

of the two peaks to determine the average light detected.

When reviewing the average pulses of the data that we had taken it was discovered

that there was a significant deviation from a monotonically decaying shape, as seen

in Figure 5.6 around 32 µs. This shape can be seen at many different temperatures

in the pulses of both crystals, for both α and γ excitations, so it was suspected that

it was a result of PMT after-pulsing. This shape needed to be dealt with in some

way to be able to extract measurements of the scintillation time constants, as the

usual fit of exponentials would not converge due to this strange shape. The analysis

of the after-pulsing is ongoing, but the current status of this work is described in
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Figure 5.3: The fit of a Gaussian distribution to the α peak at 260 K from Run 84.
The distribution is well described by the Gaussian fit, and the parameters
can be seen in the plot.

Section 5.2.1.

5.2.1 PMT After-pulsing

PMT after-pulsing originates from the presence of gas molecules inside the photomul-

tiplier tube, which ideally should be a vacuum. When a photo-electron is liberated

from the photo-cathode by a photon and drifted towards the dynode, there is a chance

that it can collide with and ionize any gas particles in its path. These now positively-

charged ion will drift back to the photo-cathode, colliding with it and releasing more

electrons. These will act just like the primary photo-electron, ultimately resulting in

another charge pulse at the anode of the PMT slightly later than the first.

Over time as a PMT ages, after-pulsing can become more of an issue, as more gas
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Figure 5.4: The alpha peak split into two Gaussian distributions after cooling to 60 K
in Run 84. To determine the light yield at temperatures below 60 K, the
weighted average was taken.

diffuses into and accumulates in the tube. The Hamamatsu R7056 PMTs that we

used for this test were purchased in January 2012, and thus were approximately 4.5

years old at the time of the experiment. This also explains why the after-pulsing was

not observed in previous measurements with CsI, as the tubes were much newer at

the time.

The exact shape and prevalence of after-pulsing in a signal will be different for

each PMT, so it is important to characterize the after-pulsing for the specific PMTs

that we used. To study and characterize our PMTs performance, we performed some

tests with a fast-pulsed LED and measured the response. A regular red LED was

attached to a fast pulser circuit [33] driven driven by a combination of a function
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Figure 5.5: A photograph of the un-doped NaI crystal after Run 84. A crack can
clearly be seen directly through the center of the crystal. It is suspected
that this is what caused the split in the α peak.

generator and a DC power supply. This was done with several different high voltages

applied to the PMT to see if the timing of the pulses changed with voltage. The

brightness of the LED was adjusted at each PMT voltage to prevent saturation of the

data acquisition. We expect ion-induced after-pulsing to arrive sooner after the main

pulse as the high voltage increases, because higher voltage will drift the ion back to

the photo-cathode faster. It is also important to note that these tests took place 2

years after the measurements of the scintillation of NaI and NaI(Tl), so we expect

there should be an increase in the magnitude of after-pulsing visible, but the relative

shape of the after-pulsing should be the same

The response of the R7056 PMT to the LED flash is shown in Figure 5.7 for
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Figure 5.6: An example average pulse from the NaI run at 300 K, with a visible
deviation from the expected monotonically decreasing shape because of
after-pulsing in the PMT.

three different PMT high voltages. The main pulse arrives at 2.46 µs on this time

scale. Several different after-pulses can be seen at different times, with the most

prominent pulse arriving approximately 300 ns after the main pulse. A closer look at

this prominent after-pulse is shown in Figure 5.8. It is clear that the pulse is moving

closer to the main pulse in time as the high voltage increases, which supports our

hypothesis that it is caused by PMT after-pulsing, as opposed to some feature of

the light source. If we assume that all detected light after the main pulse is due to

after-pulsing (after 2.56 µs in this case), then at the lowest high voltage of 1200 V

the after-pulse magnitude is 1.8% of the light of the main pulse. At the highest PMT

high voltage of 1500 V, the after-pulsing reaches a maximum of 4.1% of the main

pulse.
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Figure 5.7: Response of the R7056 PMT to a fast-pulsed LED at three different PMT
high voltages. Several shapes can be seen, most prominently at 2.7 µs and
4.0 µs.

We do not consider the after-pulsing in the analysis of the light yields as the

contribution is at most 4% of the light recorded by the PMT. Additionally, we are

mainly interested in the evolution of the light yield with temperature, and the rel-

ative difference in light yields will not be affected by the after-pulsing. The PMT

response can be removed from the average pulses through de-convolution to retrieve

a monotonically decreasing signal as we were expecting. Work on this is still ongoing

with visiting student Ilian Moundib.
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Figure 5.8: A closer look at the prominent after-pulse at 2.7 µs. The pulse moves
closer in time to the main pulse as voltage increases, and thus is consistent
with ion-induced after-pulsing in the PMT, rather than some effect of the
light source.

5.3 Results

The results of the light yield as a function of temperature are shown in Figure 5.9 for

un-doped NaI and Figure 5.10 for NaI(Tl), along with a comparison with previous

work from our group [42] and the results from Sailer et al. [49].

Our γ-interaction values are shown in squares for 60 keV and triangles for 122 keV,

with α-interactions shown in circles. The change in colour of the data points indi-

cates the temperature where we added the signal attenuator, with some temperatures

having both an attenuated and non-attenuated dataset. Our results are presented in

terms of photons detected per unit energy, based off of our single-photon calibration
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as described in Section 3.3.1. As both previous measurements are presented as rela-

tive changes in light yield, their results have been normalized such that light yields

are identical at room temperature for each particle interaction.

In the case of undoped NaI (Figure 5.9), the light yield for 60 keV γ-interactions

shows the largest change, increasing by nearly a factor of 30 from 0.04 photons/keV at

300 K to a maximum of 1.15 photons/keV at 67 K, and then flattening out to 0.85 pho-

tons/keV until our lowest temperature of 3.4 K. The α-interactions show an equivalent

increase from 0.02 photons/keV at 300 K to 0.63 photons/keV at 67 K, which remains

relatively consistent until 3.4 K. For both interactions, we see a much larger increase

compared to our room-temperature values than previous measurements. This could

be a result of our normalization, as it is unclear at which temperature we would ex-

pect the light yields to be equivalent. If the light yields are normalized to our base

temperature, for example, it would appear that our light yield at 300 K was much

lower than expected.

NaI(Tl) has a much more constant light yield as temperature decreases, at most

changing by a factor of 30% for γ-interactions. When compared to our previous

measurements, the same general trend can be seen in the γ light yield, as the light yield

dips around 125 K and then remains constant below 40 K. When comparing the α light

yield, our measurement stayed much more constant than the previous measurements.

This could be due to differing concentrations of defects in each individual crystal.

Because of our simultaneous measurement of α and γ interactions, we can also

easily compute the α/γ ratio, or Rα/γ, which is the ratio of the light yields for α

and γ interactions. This property is expected to be less than 1, as the ionization

density of α interactions increases the probability of electrons and holes recombining
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Figure 5.9: Results of our light yield measurements for undoped NaI, as well as com-
parison curves from Nadeau [42] and Sailer et al. [49].

without reaching a luminescence center [16]. Since the two interactions that we are

using to calculate Rα/γ are of different energies, we must also take into account the

non-proportionality of the crystal [46]. We define the α/γ ratio as

Rα/γ(4.7 MeV) =
LYα(4.7 MeV)

LYγ(4.7 MeV)
=

LYγ(60 keV)

LYγ(4.7 MeV)︸ ︷︷ ︸
NP

LYα(4.7 MeV)

LYγ(60 keV)︸ ︷︷ ︸
measurement

(5.1)

as seen in our previous publication [21]. We have calculated the constant NP us-

ing a theory of scintillator non-proportionality and fits to measured data at room-

temperature [46, 42], which are described further in Appendix A. We assume that

NP is constant with temperature for a given crystal. In the case of NaI, this was
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Figure 5.10: Results of our light yield measurements for NaI(Tl), as well as compar-
ison curves from Nadeau [42] and Sailer et al. [49].

calculated to be NPNaI = 1.05 and for NaI(Tl), NPNaI(Tl) = 1.14

The measured α/γ ratios as a function of temperature for NaI and NaI(Tl) are

shown in Figure 5.11 and 5.12 respectively, measured using the light yields of 60 keV

γ interactions and 4.7 MeV α interactions from Am-241. For both crystals, Rα/γ

changes as a function of temperature, though it does appear to remain constant

below 30 K. In other crystals, Rα/γ is not expected to change with temperature [59],

though we have observed it previously with alkali halide crystals [42].

Analysis of the decay time constants of the measured crystals is ongoing due to the

unexpected complication of the after-pulsing response. Work is underway to remove

the response with numerical deconvolution to retrieve the original scintillation curve.
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Figure 5.11: Measurement of α/γ ratio (Rα/γ) as a function of temperature for pure
NaI.

Figure 5.12: Measurement of α/γ ratio (Rα/γ) as a function of temperature for
NaI(Tl).
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5.4 Discussion of Results

Our goal was to present the data of SABRE grown NaI crystals at low-temperature

to evaluate their performance. Though it is difficult to make any conclusions on the

absolute light yield of these crystals because of our apparatus, we do see a large in-

crease in light yield when decreasing in temperature. If we assume the typical light

yield of NaI(Tl) at room temperature to be 38 photons/keV [50], we can estimate

that the SABRE NaI(Tl) crystals will have a light yield of ≈ 30 photons/keV at

cryogenic temperatures for γ interactions, and ≈ 18 photons/keV for α interactions

using our relative measurements. The measured pure NaI crystal will have a light

yield of ≈ 24 photons/keV at cryogenic temperatures. The light yield of CaWO4

at low temperatures is ≈ 29 photons/keV [40], so this indicates that these crys-

tals would be effective materials for use as cryogenic scintillation detectors. The

COSINUS collaboration has also shown that their pure NaI crystals perform well at

low-temperatures [8].

In previous measurements of pure NaI, we observed Rα/γ greater than 1 at tem-

peratures below 100 K [42], which we do not see in Run 84 (Figure 5.11). This could

be related to the difference in surface quality of the crystals, as the previous exper-

iments were performed in a less controlled humidity environment. The range of an

α particle is much shorter than the range of a γ, so the surface quality would have

a much stronger effect on α interactions. Additionally, there could be an effect from

thermal stress in the crystal, which could introduce defects into the crystal structure

which can affect Rα/γ [16]. An excess of defects in the crystal can trap ionization elec-

trons before they can migrate to luminescence centers to produce light, reducing the

light yield. This would have a greater effect on γ interactions because of their lower
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ionization density than α interactions, thus increasing Rα/γ with increasing defects.

During our experiments at low-temperature, defects could be introduced into the

crystal structure through the change in thermal stresses. Thermal stress in the crystal

could increase the density of dislocations within the lattice, which could affect the

light yield in two competing ways. The defects could act as luminescence centers,

increasing the likelihood that a given electron-hole pair arrives at a center before

relaxing non-radiatively [36]. Alternatively, these defects could trap electrons or holes

before they are able to recombine, thus reducing the scintillation efficiency [16]. The

net effect on the light yield will depend on which process dominates over the other,

and that can depend on the specific crystal, the nature of the typical luminescence

centers, and the density of the initial ionization [16].
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Chapter 6

Conclusion

The goal of my work at Queen’s was to perform measurements of scintillating materi-

als using the optical cryostat, motivated by the use of cryogenic scintillation detectors

in rare-event searches such as dark matter direct detection. I carried out simulations

of a small cryogenic alkali halide detector with background detection, to determine

the expected sensitivity to a modulation signal [43, 22] as described in Chapter 2.

These simulations show that in an experiment with background discrimination, such

as in a cryogenic detector, the modulation signal observed by the DAMA/LIBRA col-

laboration could be detected fairly quickly even with a small target mass. Towards

the use of scintillators in cryogenic detectors, I worked with Patrick Nadeau to carry

out cryogenic experiments using alkali halide crystals [42], including making improve-

ments to our data acquisition system as described in Chapter 3. The results of the

measurements of CsI and subsequent analysis were summarized into a manuscript

and published [21]. We were able to observe the temperature dependence of the α/γ

ratio of CsI for the first time, and showed that it could reach values greater than

one at temperatures between 10 K and 100 K. I later had a chance to work with

Francis Froborg and the SABRE collaboration to study NaI crystals that were grown
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by SABRE. The analysis of these results seen in Chapter 5 is to be summarized into a

manuscript to be published in the near future. I also performed the experiments for a

cryogenic study of calcium tungstate for the CRESST collaboration [54] and analysis

for the study of the wavelength shifter TPB for the DEAP collaboration [55].

Alkali halide crystals and their scintillation properties at cryogenic temperatures

have been previously measured, but with our cryostat we are able to measure both

α and γ excitation simultaneously. This allowed us to measure the α/γ ratio of

these crystals at many temperatures, which is important to rare-event searches to

control possible backgrounds. The surprising discovery of an α/γ ratio greater than

unity at some temperatures for cesium iodide is the first measurement of such an

effect for that crystal, which indicates that study of these materials is still useful

to understand how the scintillation mechanism works. Alkali halides are also very

abundant and are currently used in many experiments, so better understanding of

the crystals is important for the future of those experiments. Experiments such as

COSINUS [7] are planning on using cryogenic NaI to test the DAMA/LIBRA claim.

The work in this thesis adds to the knowledge base of the performance and prop-

erties of alkali halide crystals at low temperatures, and their reaction to different

radiations. Through my simulations and work on analyzing our alkali halide low tem-

perature data, we have demonstrated that cryogenic alkali halide detectors have suffi-

cient light yield and could answer long standing questions about the DAMA/LIBRA

dark matter claim. The upgrades that I carried out to the data acquisition and

analysis system for the optical cryostat at Queen’s leave it well-suited to continue

conducting experiments on cryogenic scintillators.
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Possible improvements to the data that we have taken could involve the implanta-

tion of an internal α radiation source into the crystal to remove any possible surface

interaction effects, as the surface quality was a major roadblock in our initial studies

of alkali halides. With our apparatus, in the future we could perform a measurement

of the non-proportionality of scintillation at different temperatures, with different en-

ergy γ sources, or a Compton-scattering experiment. There are also plans to study

the effect of mechanical stress on the light yield and α/γ ratio of CsI to determine the

role of defects on the value of the α/γ ratio. Lastly, the cryostat and data acquisition

system will be used to study other scintillating materials at cryogenic temperatures,

such as potassium strontium iodide and organic scintillators.
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M. Willers, and A. Zöller. Results from 730 kg days of the CRESST-II Dark

Matter search. Eur. Phys. J. C, 72(4):1971, April 2012.



BIBLIOGRAPHY 116

[7] G. Angloher, P. Carniti, L. Cassina, L. Gironi, C. Gotti, A. Gütlein, D. Hauff,

M. Maino, S. S. Nagorny, L. Pagnanini, G. Pessina, F. Petricca, S. Pirro,
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J. Leblanc, P. de Marcillac, A. Morales, J. Morales, A. Ortiz de Solórzano,
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[55] L. M. Veloce, M. Kuźniak, P. C. F. Di Stefano, A. J. Noble, M. G. Boulay,

P. Nadeau, T. Pollmann, M. Clark, M. Piquemal, and K. Schreiner. Temper-

ature dependence of alpha-induced scintillation in the 1,1,4,4-tetraphenyl-1,3-

butadiene wavelength shifter. J. Inst., 11(06):P06003, 2016.



BIBLIOGRAPHY 129

[56] M.-A. Verdier, P. C. F. Di Stefano, F. Bonte, B. Bret, M. De Jésus, G. Marot,

T. Trollier, and S. Vanzetto. A 2.8 K cryogen-free cryostat with compact op-

tical geometry for multiple photon counting. Review of Scientific Instruments,

80(4):046105, April 2009.

[57] J. B. West and A. J. L. Collinson. The low temperature scintillation response

of unactivated sodium iodide to gamma-rays. J. Phys. B: At. Mol. Phys.,

3(10):1363, 1970.

[58] S. S. Wilks. The Large-Sample Distribution of the Likelihood Ratio for Testing

Composite Hypotheses. Ann. Math. Statist., 9(1):60–62, March 1938.

[59] W. Wolszczak and P. Dorenbos. Nonproportional Response of Scintillators to

Alpha Particle Excitation. IEEE Transactions on Nuclear Science, 64(6):1580–

1591, June 2017.

[60] XENON Collaboration, E. Aprile, J. Aalbers, F. Agostini, M. Alfonsi, F. D.

Amaro, M. Anthony, F. Arneodo, P. Barrow, L. Baudis, B. Bauermeister, M. L.

Benabderrahmane, T. Berger, P. A. Breur, A. Brown, A. Brown, E. Brown,

S. Bruenner, G. Bruno, R. Budnik, L. Bütikofer, J. Calvén, J. M. R. Cardoso,
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Appendix A

Non-proportionality of NaI and NaI(Tl)

As described in Chapter 5, in order to calculate the α/γ ratio of our measured crys-

tals it is necessary to compare two particles of very different energies: α-particles of

4.7 MeV and γ-rays of 60 keV. We use the light yield from γ interactions of 60 keV to

infer the equivalent light yield of a γ interaction of 4.7 MeV so that we can directly

compare the two excitations, so it is important to consider the fact that scintillat-

ing crystals are known to have a non-proportional response to particles of different

energy [46].

We use a model of scintillator non-proportionality (η) proposed by Payne et

al. [46]:

η = η0
1− ηEXC exp

(
− dE
dx

dEONS

)

1 +
[
− dE
dx

dEBIRKS

] , (A.1)

where η0 and ηEXC are fit parameters, dEONS and dEBIRKS are the Onsager and

Birks parameters, and dE
dx

represents the linear stopping power of the crystal to the

exciting particle.

To determine the relationship between dE
dx

and the energy of the particle E, we
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Figure A.1: Fit of non-proportionality data for NaI [41] and NaI(Tl) [46].

use a form of the Bethe-Bloch equation in units of [eV/Å] [30, 46]:

dE

dx
=

785ρZ

AE
ln

(
1.166E + kI

I

)
, (A.2)

where ρ is the mass density of the crystal (3.6 g/cm3 for NaI), Z and A are the

total atomic number and atomic mass of the crystal’s chemical formula (64 and 150

respectively for NaI), I is the mean ionization energy (466 eV for NaI [46]), and k is

a fit parameter used to correct for low-energy effects on the stopping power, which

was kept constant at 2.8 [46].

We fit Equation A.1 to γ non-proportionality data for NaI [41] and NaI(Tl) [46].

The data and resulting fits are shown in Figure A.1, and the resulting fit parameters

are summarized in Table A.1. These results were used to determine the expected

light yield of a γ interaction of 4.7 MeV.
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Parameter NaI NaI(Tl)
η0 1.75 1.26
ηEXC 0.45 0.29
dEONS [eV/Å] 0.24 0.11
dEBIRKS [eV/Å] 0.46 2.36

Table A.1: The parameters from DAMA/LIBRA phase 1 [14] for a cosine signal in
the 2− 6 keVee range.
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Appendix B

Work with Queen’s NEWS-G Group

During my time at Queen’s, I also had the chance to work with Gilles Gerbier and

the NEWS-G group [29] at Queen’s between January 2016 and December 2017 to

assist in establishing the lab space and studying the spherical proportional counters

that we had at Queen’s. I participated in the 2016 and 2017 NEWS-G collaboration

meetings by presenting the status of the lab work being done at Queen’s to the rest of

the collaboration, and I am listed as a member of the collaboration on the publication

of the results of the SEDINE detector [10]. My original intentions were to attempt

to observe the scintillation light from the gas inside of the spherical proportional

counter, to act as an additional channel to the typical ionization signal which could

be used in possible background reduction or discrimination techniques.

Unfortunately, though we were able to instrument one of the spherical proportional

counters with a window and a PMT, we were unable to observe any scintillation events

in pure Argon gas, regardless of whether the sphere was operating as a proportional

counter.

My main activities in the group were to aid in setting up and understanding the

operation of a 15 cm spherical proportional counter (known as S15) including the use
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of a nitrogen laser to calibrate the ionization signals, to interface with a manufacturer

in Canada to produce a 30 cm spherical proportional counter with a similar design

to one being used by the collaboration in France (known as S30), and try to setup

a residual gas analyzer (RGA) system to be able to monitor the quality of the gas

inside the sphere.


