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INTRODUCTION

Il principio dominante nel cosmo è la cecità. Proprio essa

rende possibile la presenza, l’una accanto all’altra, di tante

cose che non potrebbero coesistere se si potessero vedere

reciprocamente.

Auto da fé - Elias Canetti

While there is strong astrophysical and cosmological evidence for dark matter

(DM), its precise nature is one of the most significant open questions in mod-

ern physics. Weakly interacting massive particles (WIMPs) are a particularly

compelling class of dark matter candidates with masses up to about 10 TeV and

couplings to ordinary matter at the weak scale. Direct detection experiments are

aiming to observe the low energy (<150 keV) scattering of dark matter off normal

matter. No conclusive signal has yet been observed.

The DarkSide Program aims at direct WIMP dark matter detection using

dual-phase (liquid and vapor) Liquid Argon Time Projection Chambers (LAr

TPCs). The program is staged with detectors of increasing mass and sensibil-

ity, installed at Laboratori Nazionali del Gran Sasso (LNGS) in Italy. Inside the

DarkSide program the DarkSide-50 experiment is currently operating with an

active mass of about 50 kg of Underground Argon (UAr), which is greatly re-

duced in radioactive 39Ar. From the analysis of DarkSide-50 data, the DarkSide

Collaboration, among others, has published background-free WIMP search re-

sults, that is less than 0.1 background events expected and no one observed in the
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search region. This leads to the expectation that a result free from instrumental

background could be obtained from a much larger exposure with a multi-tonne

detector. The next step in this program is then the DarkSide-20k experiment,

with a fiducial mass of 20 t for a total exposure of 100 t yr to be accumulated in

a run of 5 yr. With this exposure and beyond, at which the onset of ν-induced

nuclear recoils have to be considered, sensitivity to the direction of the nuclear

recoils originating from WIMP scatter would be a very highly desirable capability

for a direct dark matter detection experiment.

Inside DarkSide Program the Recoil Directionality (ReD) experiment first

aims to reveal directionality signature in energy nuclear recoils of the order of

expected WIMP-Ar scattering recoils. Also, a more systematic study on nuclear

recoil is needed down to very low energy recoil (∼ O(1 keVNR)). In order to

have directional experiment with controlled recoil energy, it is necessary the use

of low energy and as mono-energetic as possible neutrons in a closed kinematics

approach. To this purpose ReD is now installed (at the moment of writing even

running) at Laboratori Nazionali del Sud (LNS) in Catania, Italy, where neutrons

are produced via p(7Li,n)7Be reaction using their Tandem accelerator. More-

over, in the ReD experiment more potential DarkSide-20k future solutions are

implemented, so that ReD is also part of DarkSide-20k R&D specific program.

In the first part of this work, after an introduction on the importance to

study and observe Dark Matter to explain some cosmological phenomena that vice

versa would remain without explanation, a description on LAr TPCs operating

principle is delineated, together with a short description on the DarkSide program.

Particular attention is reserved to argon physics in those parts that have impact

on TPCs technology or potentially on ReD experimental results.
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ReD is an ongoing experiment, more in the commissioning than in the data

taking phase. Or, as we could better say, we can say in the transition phase be-

tween the two phases. Like in each R&D activity on small experiments, I had the

opportunity to face almost every aspect of this research, from alternative exper-

imental setup studies, to the hardware, going through Monte Carlo simulations

and finally to the data analysis. In this thesis, I decided to focus the attention on

the last experimental configuration used, although some details on the alterna-

tive ones are also reported. Therefore, in the second part of this work I describe

in detail the ReD experiment and all its constituents in the LNS configuration.

Finally, in the last chapter, I report some preliminary results on the data taken

during the first two technical beam times, in June and July, 2018. At the time of

writing (September, 2018) a third data taking is ongoing, and the results will be

soon available.
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1. THE WIMP SOLUTION TO THE DARK MATTER’S PUZZLE

The Dark Matter (DM) puzzle can be traced back to at least the 1930s, when the

astronomer Fritz Zwicky found the velocity dispersion of members of the Coma

cluster of galaxies to be so high that, to keep the system stable, the average mass

density in the system would have to be much higher than that deduced from

observed visible matter; he attributed this behavior to the presence of dark mat-

ter [1]. Early candidates for dark matter were baryonic in form. Non-luminous

stellar remnants such as white dwarfs and neutron stars, often referred to as MAs-

sive Compact Halo Objects (MACHOs), were proposed to populate galactic halos

[2]. These objects can just be searched for via microlensing observations (see sec-

tion 1.1.2), where the dark object passes in the line of sight of a distant luminous

background object, inducing a transient change in brightness due to gravitational

lensing. The microlensing results indicate that MACHOs can account for no more

than 20% of what would be needed to account for all dark matter in the galactic

halo [3].

Today the existence of Dark Matter is widely accepted and confirmed also on

the cosmological scale. At the moment the most precise measurement of the Cos-

mic Microwave Background (CMB), combined with the results from large-scale

structure observations, indicates that dark matter and dark energy contribute re-

spectively to 26.2% and 68.9% of the mass/energy density of the Universe leaving
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only 4.9% to the ordinary matter [4, Planck 2018 results]1.

Among a wide range of possible theories and dark matter candidates one of

the most popular hypothesis is that the galactic halo could be permeated of so

called Weakly Interactive Massive Particles (WIMP), that broadly speaking is a

new -yet undiscovered- big-bang relic particle that interacts via gravity and any

other force, possibly also not included in the Standard Model (SM), which is as

weak or weaker than the weak nuclear SM force. WIMPs could in principle be

detected through their collisions with ordinary nuclei in an instrumented target,

producing low-energy nuclear recoils with very low interaction rates [7]. Then to

directly detect WIMPs, target masses up to several tons may be required, and

ultra-low background must be achieved by a combination of methods, including

cosmic ray suppression by locating the experiments deep underground, selection of

materials for low radioactivity, and detector technologies that can reject residual

radioactive backgrounds in favor of nuclear recoil events.

1.1 The Dark Matter’s puzzle

Although dark matter has not been directly detected, its existence is supported by

macroscopic evidence from its gravitational influence on luminous astrophysical

matter; these evidences can be classified into three different classes: Kinematics

of Clusters and Galaxies - Gravitational Lensing - Cosmological evidence.
1 The possibility that observations can be explained by a modified law of gravity (MOdified

Newtonian Dynamics - MOND) was first considered by Milgrom [5], however relativistic ex-
tensions of MOND still do not reproduce the features of large scale structure, CMB and more
importantly the Bullet Cluster behaviour [sec. 1.1.2] with the same success as ΛCDM [6] [sec.
1.1.3].
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1.1.1 Kinematics of Clusters and Galaxies

The first evidence for a missing matter component in the universe comes from

Fritz Zwicky[8], who in the 1930s, calculated the velocity dispersion of galaxies

in the Coma cluster by measuring their red shift and applied the virial theorem

to estimate the average mass of each galaxy. Combining his results with average

luminosity measurements gave a mass-to-luminosity ratio M/L (normalized to

solar mass and solar luminosity) several hundred times larger than the expectation

of order 1. Despite the initial skepticism, further studies revealed that the Coma

cluster was not unusual.

In the 1970s Vera Rubin et al. [9] firmly established the need for a dark matter

component when she measured the rotation curves of a host of galaxies. Rubin

measured rotation curves by selecting edge-on galaxies and comparing the redshift

of the 21 cm line from stars on opposite sides (approaching and receding). From

Newtonian dynamics, one expects that the velocity of stars and gas in circular

orbit should follow v(r) ∝
√
M(r)/r, where M(r) is the mass internal to radius r

from the galactic center. Beyond the optical disk, where the bulk of the luminous

matter of the galaxy resides, v(r) should have a 1/
√
r dependence.

Instead Rubin found that the rotation curves were constant well beyond the

optical disk for many galaxies, suggesting a spherical dark matter halo with mass

density ρ(r) ∝ 1/r2, Fig 1.1. The density will have to fall off faster at some point

in order to keep the total mass of the galaxy finite, and the extent of the dark

matter halo is still not well known, but the constant profile of rotation curves

remains among the strongest evidence for the existence of dark matter.
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Fig. 1.1: Rotation curve for galaxy NGC 3198 with the individual contributions from
luminous components and dark matter halo. From Ref. [10].

1.1.2 Gravitational Lensing

Gravitational lensing provides another powerful tool for establishing the existence

of dark matter. One of the consequences of General Relativity is that massive

objects, such as galaxies or galaxy clusters, distort their surrounding space-time.

In gravitational lensing, light from a distant source object behind the massive

object is bent, or lensed, on its way to Earth. The image of the source object

can be multiplied, amplified, and distorted into arcs or rings. Survey telescopes

have observed lensed objects around numerous galaxies and galaxy clusters and

the inferred masses have consistently indicated that the M/L values are large, 10

to 20 for galaxies and 100 to 300 for galaxy clusters [11] and require the existence

of large amounts of matter in non luminous form.

Lensing has also been used to study the properties of dark matter itself, mean-

ing that it cannot be accounted for by ordinary baryonic matter. This can be

achieved observing the so-called Bullet Cluster (1E0657−558), a system of two

galaxy clusters that recently (on cosmological time-scale) collided [12]. An X-ray

and optical (visible) light picture of such an event is shown in Fig. 1.2. The major-



1. The WIMP solution to the Dark Matter’s puzzle 5

Fig. 1.2: Left : A image from the Magellan images of the merging cluster 1E0657−558
(white bar 200 kpc at the distance of the cluster). Righ: A 500 ks Chandra-X image.
Green contours the weak lensing reconstruction. From Ref. [13]

ity of the light coming from the Bullet Cluster comes from hot X-ray emitting gas:

during the collision the baryonic gas particles interact with each other through

both gravity and electrostatic forces, slowing and shocking one another. The dark

matter particles, however, only interact through gravity (and/or through a weak

force) and can pass through each other unimpeded by electrostatic interactions.

So the X-ray emitting gas lags behind the dark matter as the two clusters escape

the collision, causing the observed offset in the mass distribution which is a very

strong indication for the presence of a far more weakly interacting form of matter

than baryonic matter.

1.1.3 Cosmological evidence

Dark matter evidences are such that the most recognized model that summarizes

our understanding about the origin of the Universe -the Lambda Cold Dark Matter

(ΛCDM) model- includes dark matter as a key component, where Λ refers to the

cosmological constant (i.e. the energy density or Dark Energy of the vacuum) and

"Cold Dark Matter" stands for slowly moving particles that account for the variety

of cosmological observations that imply the presence of missing mass. Developed

in the late 1990s, this model is the simplest parametrization of the Big Bang

cosmological model that is broadly consistent with several observations, namely
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the existence and properties of the Cosmic Microwave Background (CMB), the

large-scale structure in the distribution of galaxies, the abundances of hydrogen

(including deuterium), helium, and lithium and the accelerating expansion of the

universe observed in the light from distant galaxies and supernovae.

According to this model, the structures that emerged in the early Universe

are caused by the clustering of a non-interacting, slow moving and yet unde-

tected matter component [14], usually referred to as Cold Dark Matter. The fact

that DM interacts only gravitationally (or very weakly) means that it begins to

collapse gravitationally earlier in cosmic time than baryonic matter. After decou-

pling, baryons then fall into the gravitational wells produced by the infalling DM

structures. Without DM, the baryonic matter in the Universe could not have had

enough time to collapse to form the range of gravitationally bound structures we

see today [15, 14].

A particularly sensitive probe for determining the dark matter contribution

to the energy budget of the Universe is the measurement of the temperature

anisotropies of CMB photons (the electromagnetic radiation left over from an

early stage of the universe in Big Bang cosmology),observed today with a mean

temperature of 2.726±0.010 K. While the CMB is mostly isotropic, showing that

the universe is largely homogeneous, small anisotropies are present due almost

entirely to the temperature fluctuations in the early universe that were caused by

the under- and over-densities in different regions as particles began to freeze out

at different times. The intensity and size of these fluctuations depend entirely

on the different components and species present at the time, making the CMB

sensitive to the amount of dark matter present in the early universe. The Planck

experiment measured the angular power spectrum of these CMB temperature
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Fig. 1.3: Left: Angular power spectrum of CMB temperature anisotropies as measured
by the Planck satellite (2018). Data are shown as blue points with the best fit ΛCDM cos-
mological model shown as a red line. Right: Cosmic Microwave Background as observed
by the Planck satellite. Figures from Ref. [4] and references therein.

anisotropies: the amplitude of the power spectrum at various values of l, the

angular size (π/l) of a given spherical harmonic, gives a quantitative measurement

of the anisotropies in the CMB, which allows to determine the relative abundance

of different kinds of particles in the universe after the freeze out, as well as many

other properties (figure 1.3 shows the last -2018- results of these measurements,

as well as the best fit using the six parameters ΛCDM model while in Tab. 1.1

the obtained Cosmological parameters - see Ref. [4, Planck 2018 results]).

Parameter 68% limits

H0[ km s−1Mpc−1] 67.66 ± 0.42
ΩΛ 0.6889 ± 0.0056
Ωm 0.3111 ± 0.0056

Ωbh
2 0.02242 ± 0.00014

Ωch
2 0.11933 ± 0.00091

Tab. 1.1: Density parameters (Ω−) of dark energy/cosmological constant (Λ), bary-
onic (b) and cold dark matter (c) components with Hubble parameter as h =
H0/(100 km s−1Mpc−1); Planck Collaboration (2018 results) [4, Table 2.].

The success of the ΛCDM paradigm is also due to the results coming from

so-called N-body simulations, computer simulations that involve a large number

of particles interacting according to basic physical laws and are used to track the

evolution of structure in the Universe: millions of particles are configured accord-
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ing to an initial density distribution and are allowed to interact following the laws

of gravity. The simulation can track the growth of structures in the model sys-

tem. Depending on the initial density distribution and cosmological parameters

selected, different structures appear at different stages of evolution. Consistent

picture has emerged from several N-body simulations: galaxies distribution ob-

served in large scale structures matches that predicted by N-body simulations

over a huge range of distance scales [16]. In addition, simulations have begun

to accurately reproduce the observed populations of elliptical and spiral galaxies

[17], as well as obtaining Milky Way-like simulated galaxies [18]. This ability of

simulations containing DM to reproduce structures observed in the Universe is a

further strong evidence in support of the DM paradigm.

While not a measurement of the dark matter density, Big Bang Nucleosynthe-

sis (BBN) provides further incontrovertible evidence that baryonic matter consti-

tutes only ∼ 5% of the Universe. BBN describes the production of light nuclei in

the first few minutes after the Big Bang. By solving a set of coupled Boltzmann

equations describing the nuclear reactions of protons, neutrons and light nuclei,

we can obtain the primordial abundances of these light nuclei and compare them

with the found values [19]. Significantly, these abundances depend strongly on

the baryon to photon ratio η and therefore the total baryon density. Fits to data

lead to the result Ωbh
2 = 0.017 − 0.024 [20], independent of the value obtained

from CMB measurements (Table 1.1). Thus, the baryonic matter can make up

only a fraction of the total matter density of the Universe. This provides further

evidence that particle dark matter must consist of some non-baryonic particle.

The results of BBN are also very sensitive to light new species, which can alter

the number of relativistic degrees of freedom in the early Universe and therefore
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affect the expansion rate. These include, for example, gravitinos [21] and right-

handed neutrinos [22]. BBN therefore provides strong constraints on models in

which these particles play the role of DM. In addition, the decay of dark mat-

ter particles into electromagnetic or hadronic showers during nucleosynthesis can

drastically change the primordial abundances of the light elements. BBN can

therefore be used to constrain models in which dark matter decays promptly (or

in which dark matter is produced by the decays of heavier particles) [23].

1.2 The WIMP solution

The most popular class of dark matter candidates is the Weakly Interacting Mas-

sive Particle (χ). They are just as the name describes: massive particles, typically

in the GeV to TeV range, that interact with ordinary matter at the weak scale

or below. WIMPs are particularly interesting because they arise naturally in a

variety of beyond-Standard-Model theories and they naturally have the correct

relic density to account for all the dark matter in the universe.

These particles would have been produced like other particles in thermal equi-

librium in the Big Bang, and their abundance today would be determined by

their annihilation cross-section to SM quark and lepton pairs, e.g. χχ → qq.

The standard scenario for the production of dark matter is referred to as thermal

freeze-out [14], in which scenario DM particles remain in kinetic and chemical

equilibrium with SM particles in the very early Universe through scattering and

annihilation processes. Their number density n follows a Maxwell-Boltzmann

distribution

n ∼ (Mχ/T )3/2 exp(−Mχ/T ) , (1.1)

for a particle massMχ and temperature T . As the Universe expands the particles
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become diluted, reducing the interaction rate until eventually the DM particles

become decoupled from the SM particles and are “frozen-out”. They are then left

with the abundance they had when they decoupled, which is further diluted by

the expansion of the Universe to become the abundance we have today. The exact

relic abundance depends on 〈σannv〉, the average annihilation cross section of the

DM particles weighted by the DM relative speed. The resulting relic abundance

for GeV-scale DM is given approximately by [14]:

Ωch
2 ≈ 3× 10−27 cm3 s−1

〈σannv〉
. (1.2)

This leads to a canonical value of around 〈σannv〉 ≈ 3 × 10−26 cm3 s−1 for the

annihilation cross section. This coincides well with the value expected for particles

with SM weak-scale interactions, leading to refer to this argument as the WIMP

miracle. So Big Bang relic population of weakly interacting particles, with mass

in the 10− 103 GeV range, would naturally have the correct present density.

1.2.1 WIMPs’s detection strategies

We observe DM through its gravitational effects, but how can we search for

WIMPs other than through their gravitational interactions? There are gener-

ally three different approaches: collider searches, indirect detection, and direct

detection [Fig. 1.4]. In collider searches, one tries to produce dark matter by col-

Fig. 1.4: Schematic diagram of different strategies to detect dark matter particles χ (P
particle of ordinary matter).
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liding Standard Model particles together at very high energy in such accelerators

as the Large Hadron Collider (LHC). Dark matter will be produced in particle-

antiparticle pairs which will escape detection. The signature for dark matter in

collider searches is missing energy/momentum.

In indirect detection, one looks for Standard Model particles as products of

WIMP annihilation. The exact annihilation process depends on the specifics of the

dark matter model, but in many theories WIMPs are Majorana particles and will

therefore annihilate with each other. Frequently, experiments look for annihilation

products such as gamma rays, neutrinos, and antimatter. The signature for dark

matter in indirect detection is an excess of Standard Model particles.

The DarkSide Program is based on direct detection, so below a dedicate section

on this topic.

1.3 WIMPs Direct Detection

The idea that particle DM may be observed in terrestrial detectors via direct

detection was first proposed by Goodman and Witten in 1985 [24] and by Drukier,

Freese and Spergel in 1986 [25]: if DM can interact with particles of the SM, the

flux and the interaction cross section of DM from the halo of the Milky Way may

be large enough to cause measurable scattering from nuclei. So in direct detection

experiments the aim is to detect -or set limits on -nuclear recoils produced by the

collisions between WIMPs and detector target nuclei 2.

In the standard hypothesis the WIMP-nucleus interaction is modeled as a non

relativistic elastic scatter, so the energy ER of the recoiling nucleus of mass mA

2 Recently some experiments are looking for WIMP interactions with electrons as target
too. DarkSide Collaboration has just published a work on constraints on sub-GeV dark-matter
particles, looking in recoil spectra for dark matter-electron scattering in argon. Ref.[26].
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from a WIMP of mass mχ is given by:

ER = 4
mχmA

(mχ +mA)2

mχv
2

2
cos2 θr (1.3)

where v is the speed of the WIMP relative to the nucleus and θr is the nucleus

recoiling angle in the laboratory frame with respect to the incident direction of

the WIMP3.

It is immediate to see that for WIMP mass in (1−103) GeV range, and velocity

v ∼ 10−3 c (expected mean WIMP-velocity), the recoil energy is in the (10−2 −

102) keV range (mA ∼ 102 GeV). These are relatively low energy deposits that

WIMP direct detection experiments, which are based on ionization, scintillation,

low temperature phonon techniques (see sec. 1.3.2), must be able to observe.

1.3.1 Event rate

Due to the expected low cross section for such interactions, the predicted rate

in direct detection is very small and depends on several factors: the local dark

matter halo density and velocity distribution, the WIMP mass, and obviously the

cross section on the target nuclei. The differential recoil rate per unit detector

mass, typically given in units of counts/kg/day/keV, can be written as [27]:

dR

dE
(E, t) =

ρ0

mχmA

∫
vf(v, t)

dσ

dE
(E, v) d3v, (1.5)

where dσ
dE (E, v) is the differential cross-section, ρ0 is the local dark matter density

and f(v, t) accounts for the WIMP velocity distribution in the detector reference
3 It is usually reported in terms of the WIMP’s scattering angle in the center of mass frame φ∗,

where eq. 1.3 becomes

ER = 4
mχmA

(mχ +mA)2
mχv

2

2

(1− cosφ∗)

2
(1.4)
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frame, which is time dependent due to the revolution of the Earth around the

Sun; this modulation is expected to be a percent-level effect (see below) and we

consider for now only the time averaged distribution. The lower limit of the

integration over WIMP speeds is given by the minimum WIMP speed which can

cause a recoil of energy ER:, from eq. 1.3: vmin =
√

(mAER)/(2µ2
(χ;A))

4. The

upper limit is formally infinite, however it must be considered the local escape

speed vesc, the maximum speed in the Galactic rest frame for WIMPs which are

gravitationally bound to the Milky Way.

In the Standard Halo Model (SHM) local dark matter density is conventionally

set at ρ0 ' 0.3GeV/cm3, however depending on the profile model used for the

halo, a density range (0.2 − 0.6)GeV/cm3 can be derived (see Refs. [28, 29]

and references therein). Moreover in the SHM WIMPs are considered to be an

isothermal sphere with an isotropic, Maxwellian velocity distribution

f(v) =
1

(2πσ2)3/2
· exp

(
− |v|

2

2σ2

)
, (1.6)

truncated at velocities exceeding vesc. Here, the dispersion velocity σ is related

to the circular speed, the sun’s speed around the center of the Milky Way vc, via

σ =
√

3/2 vc. A standard value of vc = 220 km/s is used for the local circular

speed. This value results from an average of values found in different analyses [30].

More recent studies using additional data and/or different methods, find velocities

ranging from (200± 20) km/s to (279± 33) km/s [31]. The escape velocity defines

a cut-off in the description of the standard halo profile. The commonly used

value of 544 km/s is the likelihood median calculated using data from the RAVE
4 In general µ(1;2) refers to the reduced mass among m1 and m2: in this case

µ(χ;A) :=
mχmA

(mχ+mA)
.
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survey [32]. The 90% confidence interval contains velocities from 498 km/s to

608 km/s.

These large ranges of possible values for the dark matter density, circular speed

and escape velocity illustrate that the uncertainties in the halo modelling are sig-

nificant [29]. Nevertheless direct detection experiments, for reasons of simplicity

and uniformity in confronting different experimental exclusion curves, generally

use the common assumption of an isotropic Maxwell-Boltzmann distribution, us-

ing values for astrophysical parameters as introduced above.

Accordingly the differential recoil rate eq. 1.5 can be written as (Ref. [7]):

dR

dER
=

σ(q)ρχ
2µ2

(χ;A)mχ

∫ vesc

vmin

f(v)

v
dv (1.7)

where q =
√

2mAER is the nuclear recoil momentum and σ(q) is the WIMP-nucleus

interaction cross section. The cross section can be factored as

σ(q) = σ0F
2(q) (1.8)

where σ0 is the cross section at zero momentum transfer and F (q) is the nuclear

form factor, which accounts for the finite size of the target nucleus, depends prin-

cipally on the nuclear radius and recoil energy, and may differ for spin-dependent

and spin-independent interactions. The cross section depends on the number of

protons and neutrons in the nucleus [33]:

σ0 = σN

(
Z
fp
fn

+ (A− Z)

)2 µ2
(χ;A)

µ2
(χ;N)

, (1.9)

where σN is the WIMP-Nucleon cross section, Z is the number of protons, A is
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the atomic mass number, fp and fn are the WIMP couplings to the proton and

neutron, and µ(χ;N) is the WIMP-Nucleon reduced mass (treating the neutron

and proton masses as equal). Furthermore it is typical to assume that WIMP

couplings to proton and neutrons are the same5, so taking fp = fn and putting

together equations 1.7, 1.8, 1.9 we finally obtain

dR

dER
=

σNρχ
2µ2

Nmχ
A2F 2(q)

∫ vesc

vmin=
√

(mAER)/(2µ2
(χ;A)

)

f(v)

v
dv (1.10)

Eqn. 1.10 has an A2 dependence which means, neglecting dependence on the

nuclear form factor F (q), that heavier elements can expect higher event rates, at

least in the low-recoil-energy regime where scattering is coherent.

According to Lewin and Smith [7], the velocity integral can be worked out and

eq. 1.10 can be approximated by:

dR

dER
(ER) ≈

(
dR

dE

)
0

F 2(ER) exp

(
−ER
Ec

)
(1.11)

where
(
dR
dE

)
0
is the event rate at zero momentum transfer and Ec is a constant

parameterizing a characteristic energy scale which depends on the dark matter

mass and target nucleus. Hence, the signal is dominated at low recoil energies by

the exponential function. The most common approach in direct detection exper-

iments is the attempt to measure the exponential decreasing energy dependence

of dark matter interactions. Figure 1.5 shows scattering rates above detection

threshold for several noble gas elements and for germanium, a competitive cryo-

genic bolometer material.

Calculations must take into account the weak nuclear form factor, which de-
5 i.e. isospin conservation - see Ref. [34] for a recent isospin-violating dark matter study.
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Fig. 1.5: Predicted integral spectra for WIMP elastic scattering for Xe, Ge, Ar and Ne
(in order of decreasing rate at zero threshold). Plot assume perfect energy resolution.
Dark matter rates are for a 100 GeV/c2 WIMP with 10−45cm2 interaction cross section
per nucleon; the markers indicate typical WIMP-search thresholds for each technology
(From [35]).

creases with transferred momentum much more rapidly for xenon than for argon.

The Xe form factor drops practically to zero for recoil energies of 100 keV, while

it is still ≈0.5 for argon recoils of that energy; this behavior is apparent in Fig-

ure 1.5, where the full calculations following Lewin and Smith [7] are presented.

Such low scattering rates justify why dark matter search experiments require large

detector masses, with tonne-scale experiments being built at present. Moreover

rates mentioned above are scattering rates. Actual detection rates will also depend

on detector efficiency (and energy resolution) as a function of recoil energy.

A possible different dark matter signature is the so-called “annual modulation”.

As a consequence of the Earth rotation around the Sun, the speed of the dark

matter particles in the Milky Way halo relative to the Earth is largest around
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Fig. 1.6: Schematic diagram to explain the annual modulation of dark matter direct
detection signal.

June 2nd and smallest in December, Fig. 1.6. Consequently, the amount of

particles able to produce nuclear recoils above the detectors energy threshold

is also largest in June [36]. As the amplitude of the variation is expected to

be small, the temporal variation of the differential event rate can be written,

followingFreese, Lisanti, and Savage [37], as:


dR
dE (E, t) ≈ S0(E) + Sm(E) · cos

(
2π(t−t0)

T

)

Sm(E)� S0(E)

(1.12)

where t0 is the phase which is expected at about 150 days and T is the expected

period of one year. The time-averaged event rate is denoted by S0, whereas the

modulation amplitude is given by Sm. A rate modulation would, in principle,

enhance the ability to discriminate against background and help to confirm a

dark matter detection. The DAMA/LIBRA experiment [38] operating at the

Laboratori Nazionali del Gran Sasso (LNGS) laboratory in Italy, for two decades
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has been reporting to see an annually modulated DM-like signal, which currently

has a significance at the level of 9.5σ in the energy region (1-6) keV, up to 12.9σ

in the energy region (2-6) keV [39].

Directionality is another dark-matter signature which can be employed for

detection as the direction of the nuclear recoils resulting from WIMP interactions

has a strong angular dependence [40]. This dependence can be seen in the dif-

ferential rate equation when it is explicitly written as a function of the angle γ,

defined by the direction of the nuclear recoil relative to the mean direction of the

solar motion

dR

dE d cos γ
∝ exp

[
−[(vE + v�) cos γ − vmin]2

v2
c

]
. (1.13)

In equation 1.13, vE represents the Earth’s motion, v� the velocity of the Sun

around the galactic centre and vc the halo circular velocity vc =
√

3/2v�. The

integrated rate of events scattering in the forward direction will, therefore, exceed

the rate for backwards scattering events by an order of magnitude [40]. An oscil-

lation of the mean direction of recoils over a sidereal day is also expected due to
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the rotation of the Earth and if the detector is placed at an appropriate latitude,

Fig 1.7.

This directional signature allows to discriminate potential backgrounds [41]. A

detector able to determine the direction of the WIMP-induced nuclear recoil would

provide a powerful tool to confirm the measurement of dark matter particles. In

this context the Recoil Directionally -ReD- experiment founded its motivations.

1.3.2 Detection methods

Scatterings of DM particles off nuclei can be detected via produced light (scintilla-

tion photons from excitation and later de-excitation of nuclei), charge (ionization

of atoms in a target material) or heat (phonons in crystal detectors); see Fig. 1.8

for a summary scheme.

In direct detection methods electron recoils constitute the prime background of

an experiment and can come from e.g.γ-radiation from natural radioactivity or β-

decays, that take place in the detector surrounding materials, on its surface or even
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inside the detector. Using one or a combination of two above mentioned techniques

is now often employed to disentangle potential often employed to disentangle

nuclear recoils (potential generated by WIMPs) from background electron-like

recoils. This is possible due to usually different signals behaviors between nuclear

recoils and electron-like recoils.

Other sources of background, e.g.neutrons or α-decays, may produce nuclear

recoils so mimic the WIMP signal. Therefore they need to be either screened out

or rejected at the level of signal analysis (e.g. for α-decays from wall materials

using cuts in interacting positions, as in dual-phase TPC technology). As pointed

out by Freedman [42] a particularly challenging type of such a background that

will be very important for future detectors, especially for DM mass below 10 GeV,

comes from coherent elastic neutrino-nucleus scatterings, the so-called coherent

neutrino background [43, 44].

Depending on the choice of signal detection technique a variety of target ma-

terials can be employed in DD searches. Light signal from DM-nucleus scattering

can be collected, e.g., by using scintillating crystals. Crystal scintillator exper-

iments such as DAMA/LIBRA [38, 45] use crystals of Thallium-doped Sodium

Iodide, NaI(Tl), while KIMS [46] uses Thallium-doped Cesium Iodide, CsI(Tl),

as the detector material. In the case of DAMA/LIBRA, electron-nuclear recoil

discrimination is not employed. In other cases, such as NAIAD [47], pulse shape

discrimination has been used to distinguish nuclear and electron recoils.

Cryogenic experiments, such as CDMS [49], CRESST [50], CoGeNT [51, 52]

and EDELWEISS [53], use cryogenic crystals of materials such as germanium or

silicon as target materials. When a WIMP recoils from a target nucleus, phonons

are generated in the crystal along with ionization signal. Noble liquid experiments



1. The WIMP solution to the Dark Matter’s puzzle 21

]2 [GeV/cχ M
10 210 310 410

]
2

 
[
c
m

σ
 

50−10

49−10

48−10

47−10

46−10

45−10

44−10

43−10

42−10

41−10

DarkS
ide-5

0 (20
15)

DarkS
ide-5

0 (3 
yr pr

oj.)

Coherent neutrino-nucleus scattering floor

WARP 
(2007

)

Panda
X-II 

(2016
)

XENON
100 (

2012)

LUX (
2016)

CDMS
(2015)

PICO 
(2015

)

XENON-1T (2017)
DarkS

ide-2
0k (1

00 t 
yr pr

oj.)

DarkS
ide-2

0k (2
00 t 

yr pr
oj.)

Argo 
(1000

 t yr
 proj

.)-induced 
NRν1 

Fig. 1.9: Current results of direct dark matter search experiments, adapted to include the
most recent results from references cited elsewhere in this section. The mean exclusion
sensitivities for the full exposure of DarkSide-50, for DarkSide-20k, and for Argo are
shown (see sec. 2.1 for more details). For comparison, the mean exclusion sensitivity for
a generic argon-based experiment with a 30 keV threshold, 100% acceptance for nuclear
recoils, and expectation of one coherent ν-nucleus scatter during the lifetime of the
experiment is also shown (“1ν-induced NR”). The grey shaded region is bounded from
above by the “coherent neutrino-nucleus scattering floor”, the ultimate experimental reach
for a xenon based experiment with arbitrary exposure, see ref. [44]. Fig. from [48].

use liquid (or dual-phase) noble elements such as xenon and argon as target ma-

terials. Completed or operational xenon detectors include XENON1T [54], LUX

[55] and PandaX-II [56]. In dual-phase xenon/argon time projection chambers a

fiducial volume can be defined, so only events inside this volume are considered in

data analysis. This allows liquid noble detectors to be self-shielding; the fiducial

volume is in fact shielded by the remaining detector volume. The xenon technol-

ogy has been used earlier in comparing to that of argon, on the other hands argon

have a more powerful discrimination of electron-like vs nuclear-like events. The

pioneer experiment utilizing argon has been the WARP experiment [57]. Within

the DarkSide Program the DarkSide-50 experiment, at LNGS, is currently oper-

ating as a dual-phase Liquid Argon Time Projection Chamber (LAr TPC) using

timing of the scintillation signal (pulse shape discrimination) as a discriminant
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against background from electron recoils.

DM-nuclei scatterings also can be detected via thermodynamics micro-transitions

in experiments based on superheated fluids used as a target material. DM particle

passing through a detector can then be visualized thanks to an initiated process of

bubble creation. Superheated liquid detectors such as COUPP [58], SIMPLE [59]

and PICASSO [60] use a detector volume filled with droplets of superheated liquid

such as C4F10. Due to the light targets such as fluorine used by these experiments,

they are typically more sensitive to light WIMPs with SD interactions.

Recent results from some of these experiment are shown in Fig 1.9.

A final class of direct detection experiments are known as “directional” direct

detection experiments. These aim to measure not only the energy deposited by

WIMP scattering events but also the direction of the nuclear recoils. It is hoped

that a recoil spectrum peaked in the direction opposite to the Earth’s motion

will provide strong evidence for a DM origin for the recoils. One possibility

for this is the use of specialized gas Time Projection Chambers (TPCs), which

allow measurable track lengths from which the recoil direction can be determined.

Unfortunately, this kind of detectors are limited in mass, so in exposure. Another

possibility is to exploit the so-called columnar recombination effect [61] in dual-

phase liquid noble TPC, which is the principal motivation for ReD experiment,

exactly based on a LAr dual-phase TPC detector.



2. THE DARKSIDE PROGRAM: DUAL-PHASE LIQUID ARGON

TPCS WIMP’S DETECTORS

2.1 The DarkSide Program

The DarkSide Program aims at direct dark matter detection using dual phase (liq-

uid and vapor) Argon TPCs. The program is staged, with detectors of increasing

mass and sensibility, and installed at LNGS. The 1400 metre-rock thickness above

the laboratory, corresponding to 3800 m.w.e., represents a natural coverage that

provides a cosmic ray flux reduction by ∼ 106 times with an effective muon flux

of the order of 1.1 muons/(m2hr) [62]; moreover, the flux of radiogenic neutrons

in the underground halls is about ∼ 103 times less than on the surface due to the

very small amount of uranium and thorium of the Dolomite calcareous rock of

the mountain.

Among the variety of detector technologies, the DarkSide Program opted for

liquid argon (LAr) dual-phase TPCs which, detecting both the scintillation light

and the ionization electrons produced by impinging radiation (see sec. 2.2), have

significant advantages for direct dark matter searches. This technology ensures the

precise determination of event positions in all three dimensions inside the active

volume of the TPC. A fiducial volume can be defined within the detector so that

only events inside this volume can be considered in data analysis. Moreover, for

LAr the powerful discrimination against background using the time-development

of the primary scintillation signal (pulse-shape discrimination or PSD), and the
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effectiveness of chemical and cryogenic purification have all been demonstrated

(see Refs. [63, 64] and references cited therein).

The first step of DarkSide Program consisted of a 10 kg active mass prototype

detector, DarkSide-10, which allowed for optimization of the scintillation light

yield, a critically important parameter for such devices[63]. The second step,

DarkSide-50 now running at LNGS, has an active mass of about 50 kg now of

Underground Argon (UAr), instead of Atmospheric Argon (AAr) initially used, to

reduce up to 1.4× 103 the β/γ background from 39Ar β decay. From the analysis

af DarkSide-50 data the DarkSide Collaboration has published background-free

WIMP search results (< 0.1 events of background expected and no observed events

in the search region) first from an exposure of 1422± 67 kg day with atmospheric

argon (AAr) [64], and then from a exposure of 16 660± 270 kg day with under-

ground argon (UAr) [65].

The combined result of the AAr and UAr data analysis leads to the expectation

that a result free from instrumental background can also be obtained from a much

larger exposure with a multi-tonne detector. For the direct-detection searches, the

ability to build experiments able to operate in a background-free mode will be

crucial for a possible discovery of dark matter.

In December 2015, the DarkSide Collaboration submitted a proposal to Isti-

tuto Nazionale di Fisica Nucleare (INFN) and to the National Science Founda-

tion (NSF) for the funding of the DarkSide-20k experiment aiming at a signifi-

cant improvement in the sensitivity for the direct detection of WIMPs, reaching

1.2× 10−47 cm2 for WIMPs of 1TeV c−2 mass. It is proposed to achieve this goal

with a LAr TPC experiment with an fiducial mass of 20 t, for a total exposure

of 100 t yr to be accumulated in a run of 5 yr. Thanks to its exceptionally low
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instrumental background, DarkSide-20k could extend its operation to a decade,

increasing the exposure to 200 t yr and reaching a sensitivity of 7.4× 10−48 cm2.

It should be noted here that if it is defined the “one neutrino isoevent curve”

for argon as the mean exclusion sensitivity for a generic argon-based experiment

with a 30 keV threshold (100% acceptance for nuclear recoils), and expectation of

one coherent ν-nucleus scatter during the lifetime of the experiment, ν-induced

background is expected even for the DarkSide-20k 5 yr run time planned exposure,

as shown in Fig 1.9 (more in [66]). So all future LAr based DM search experiment

will have to take into account the ν-induced background1.

In the longer term, the plan of the DarkSide collaboration is to develop a

path towards a dark matter experiment, called Argo, conceived to accumulate

an exposure of 1000 t yr, free of background other than that induced by coherent

scattering of neutrinos.

With dark matter interactions very rare and the onset of ν-induced nuclear

recoils for exposures of 100 t yr and beyond, sensitivity to the direction of the

nuclear recoils originating from WIMP scatters would be a very highly desirable

capability for a direct dark matter detection experiment. A directional detector

would have the capacity of breaking through the neutrino background and, if DM

in form of WIMPs will be discovered, begin the era of “WIMP astronomy" (see

[67] and references therein).

ReD experiment first aim to reveals directionality signature in energy nuclear

recoils of the order of expected WIMP-Ar scattering recoils.

In the next sections a summary of the fundamental properties of liquid argon

as radiation detection medium and dual-phase TPC’s principles are presented.
1 Also for xenon, even if with a different behavior versus WIMP mass.
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Property Value

Atomic number Z 18

Mean atomic weight 39.948± 0.001 u

Isotopes of interest ([68])

36Ar(0.34%), Stable
37Ar(Trace), EC - t1\2 35 d

38Ar(0.06%), Stable
39Ar(Trace), β− - t1\2 269 yr

40Ar(99.6%), Stable
Boiling point at 1 atm abs, Tb 87.26 K

Density ρliquid = 1399 kg · m−3 at Tb
ρgas = 1.761 kg · m−3 at 273 K, 1 atm

Dielectric constant εliquid = 1.53 at Tb [69]
εgas = 1.00 at 273 K, 1 atm [70]

Tab. 2.1: Some physical Properties of Argon (Atmospheric Argon)

2.2 Argon properties for particle detection

An important feature of LAr (in Tab. 2.1 some useful properties) is the production

of both charge carriers and prompt scintillation photons in response to radiation

(as well as heat).

The "dual-phase" technology has the main advantage to provide simultaneous

access to the ionization and to scintillation signals. The prompt scintillation light

(the so-called S1) is produced by de-excitation of excited dimers formed during the

passage of radiation (see below), while ionization electrons escaping recombination

are collected by applying an electric field (the “drift field”) to the liquid-vapor

interface, where they are extracted into the vapor by a stronger electric field (the

“extraction field”). Once in vapor, electrons are ultimately collected to the anode

and detected by observing the proportional scintillation light (the so-called S2)

produced as they are accelerated through the vapor by a “multiplication field”

(also called “electroluminescence field”). The time delay between S1 and S2, due

to the uniform drift, and the hit pattern of the S2 signal allow for a 3D position
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Fig. 2.1: Cartoon drawing of a double-phase argon TPC working principle. The black
arrow indicates an incoming particle which interaction induces primary scintillation (S1)
and ionization. Ionization electrons are drifted up into a region of vapor argon where
produce a secondary proportional scintillation signal (S2). The two scintillation signals
are detected by photosensor arrays.

determination (In Fig. 2.1 a cartoon drawing of a double-phase TPC working

principle). These charge and light signals are highly complementary and anti-

correlated (more in sec. 2.2.4).

2.2.1 Origin of scintillation

In the so-called recombination scintillation model, the origin of scintillation pro-

duced by radiation in LAr is attributed to the excitons (Ar∗) and electron-ion

pairs (Ar+ + e−) created along the interacting particle track, which in a differ-

ent way first form excited dimers to finally decay radiatively [71]. Free primary

excitons directly form excited dimers (excimers - Ar∗2) through the self-trapping

process within a few picoseconds [72]:

i) Ar∗

Ar∗ + Ar + Ar → Ar∗2 + Ar (Self-trapping) (2.1)



2. The DarkSide Program: dual-phase Liquid Argon TPCs WIMP’s detectors 28

For electron-ion pairs the process is a little more complex: while free ions form

molecular ions Ar+
2 , also within a few picoseconds [72], emitted electrons lose their

kinetic energy through production of excitons and electron-ion pairs till when they

are thermalized through phonon interaction. Therefore a part of the thermalized

electrons and molecular ions recombine and form excimers through deexcitation

processes2:

ii) Ar+

Ar+ + Ar → Ar+
2 ,

Ar+
2 + e− → Ar∗∗ + Ar (Recombination) (2.2)

Ar∗∗ → Ar∗ + heat

Ar∗ + Ar + Ar → Ar∗2 + Ar, (Self-trapping)

where the process “Ar∗∗ → Ar∗ + heat” corresponds to a non-radiative transition.

As mentioned above, excimers then decay radiatively from the lowest-excited

molecular states via:

iii) Ar∗2

Ar∗2 → 2Ar + hν. (2.3)

where hν denotes a single photon.

In LAr emitted photons are in the so called second continuum, the vacuum

ultraviolet (VUV) region with a wavelength peaked around 128 nm and width of

approximately 10 nm3 [75].
2 A recent study has provided evidence of a static recombination, taking place for a limited

fraction of electron-ion pairs on a time scale shorter than that of thermalization [73]. However
this static recombination can be seen as a rescaling of the total initial charge.

3 Some Infra Red (IR) radiation is also emitted [74], with total energy emitted as IR photons
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Fig. 2.2: Emission bands in liquid rare gases, together with solid- and high-pressure gas-
phase spectra (Fig. from [70]).

In low density argon gas (on the order of almost a few mbar, see sec.2.2.7 for

more details), inefficient argon atom collisions in the self-trapping process, which

is a three body process, could lead to photon emission from high vibrational states

of the lowest electronic energy level in diatomic argon molecules, giving rise to

the first continuum with a wavelength around 110nm [76]. In high pressure gas

or in the condensed phases as in vapor (see Fig. 2.2), excited diatomic molecules

quickly relax to the lowest vibrational states and the second continuum dominates

the emission spectrum4.

The lowest electronic energy level of excimer that finally decays radiatively

via (2.3), can have two spin states: a spin singlet state 1Σu and a spin triplet

state 3Σu. The energies of the two states are very close and can not be resolved

in the emitted light. The singlet state (allowed) quickly decays to the ground

state with lifetime ' 7 ns. The decay of the triplet state to the ground state is

nominally “forbidden” by spin selection rules, but can happen at a much larger

estimated in liquid ∼ 0.2 keV/MeV [75], then negligible at least to the first-order.
4 Third continuum emission is also reported in argon gas with wavelength around 200nm and

lifetime from nanoseconds to hundred nanoseconds depending on the gas pressure [77].
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time scale, so the triplet lifetime is found to be ' 1.6µ s in liquid argon, about

three orders of magnitude larger than singlet lifetime. The two decay components

are usually referred to as the prompt component (τp or τS from Singlet) and the

late component (τl or τT from Triplet). It is interesting to note that in LXe the

singlet state has a lifetime τS ' 4 ns while the triplet state lifetime is τT ' 21 ns,

so only one order of magnitude separates them. As will be clarified in section

sec. 2.2.2, this implies a strong difference in the background rejection capability

between LAr and LXe technologies.

Given that primary excitons and electron-ion pairs both form excimers through

different mechanisms, in particular the excited electron from the exciton channel

necessarily has the same spin as the promoted electron, while the recombination

electron will have a spin largely uncorrelated with that of the ionized electron,

both channels form triplet and singlet states with different probabilities. For

example Hitachi et al. [72] reported the intensity ratio IS/IT of the singlet-to-

triplet states as 0.3, 1.3, and 3 for electron, α-particle and for fission fragments

excitation, respectively, which shows an enhancement of triplet states formation in

lower deposited energy density. Electron recoils (ERs) and nuclear recoils (NRs)

lose energy in atomic excitation and ionization through different mechanisms, in

particular NRs with higher deposited energy density
(

(IS/IT )NR > (IS/IT )ER

)
.

Thus NR scintillation is more prompt with respect to ER scintillation. Accord-

ingly, in LAr discrimination between ERs and NRs is primarily done using pulse

shape discrimination (PSD) based on the timing of S1 scintillation light ([78]).
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Fig. 2.3: Time evolution of a typical electron recoil (left) and nuclear recoil (right)
events with a similar number of photons. The red/blue line indicates the cumulative
charge distribution. Around the first 100 ns the value of the charge integral is very
different for the two categories of recoils. Fig. from [80]

2.2.2 fprompt: a simple parameter to do PSD

Following Lippincott et al. [79] a convenient way to do time based PSD is to

classify events on the base of their fraction of light emitted in a prompt temporal

window (tprompt) with respect to the total scintillation time (ttot):

fprompt =

∫ tprompt
t0

S1(t)dt∫ ttot
t0

S1(t)dt
(2.4)

where t0 corresponds to the arrival time of the first S1 scintillation photon. Fig. 2.3

shows the time evolution of a typical DarkSide-50 electron recoil (left) and nuclear

recoil (right) events with a similar number of photons. As seen, around the first

100 ns the value of the charge integral is very different for the two categories of

recoil. In DarkSide-50 a parameter called f90, coherently defined as the fraction

of the pulse integral of the S1 signal in the first 90 ns, is used for this pulse

shape discrimination. With tprompt = 90 ns DarkSide-50maximizes the separation

among the distributions of ERs and NRs. Fig. 2.4 shows the DarkSide-50 f90

distribution as a function of the S1 intensity during a calibration run with an

Americium-Berillium (AmBe) neutron source. The events cluster in two distinct

distributions: the lower one with a f90 average value of 0.3 is due to β-like events,
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Fig. 2.4: f90 distribution as function of the S1 intensity during a calibration run with
an Americium-Berillium (AmBe) neutron source. NR cluster around f90 = 0.7, while
ER are in the f90 = 0.3 band. The blue dots show the medians of the NR branch as
extracted from data. Red points represent values collected in SCENE experiment [82].
Fig. from [80]

the upper one, due to neutron scattering, has mean value around 0.7. The two

classes of events are well separated at high S1 values, while at low energies their

mean values converge towards 0.5 and their variances increase.

In Ref. [81] the DarkSide Collaboration showed that f90 based PSD rejected

the single-sited ER events from 39Ar decay to a level of one in 1.5× 107.

It is worth noting that fprompt power of separation between the distributions of

ERs and NRs not only depends on LAr -or LXe- physical properties (τS vs τT ). For

instance fprompt power of separation depends also on the range of the travel time of

photons in the TPC before striking a device used to collect scintillation photons,

then by TPC dimensions. Also the decay time of the wave-length shifter used

in LAr TPCs has to be considered in the tprompt choice. Segreto et al. [83] have

reported that tetraphenyl-butadiene (TPB), usually used as wave-length shifter

in LAr technology, shows a response function to 128 nm photons with a prompt

exponential component by τprompt < 10 ns and about 60% relative abundance,

but also a longer exponential tail mainly consisting of τ ' 50 ns and about 30%
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Fig. 2.5: Variation of the S1 scintillation yield for 10.8 to 49.9 keV nuclear recoils as a
function of drift field normalized to the value at null field. Fig. from [82]

relative abundance (and other minor components). Finally, the response function

of the devices used to collect photons can have a big impact on fprompt: the

greater is the recovery time of devices the lower become the discrimination power

of the detector. In DarkSide-50 the photomultiplier tubes (PMTs) used to collect

S1 and S2 photons produce signals of ∼ 6 ns recovery time ([84]), more than fast

enough for using tprompt = 90 ns.

For the sake of completeness, I report another handle on ER/NR discrim-

ination which comes from ERs and NRs S2/S1 ratio distributions. Indeed, as

explained below, ERs are more ionizing with respect to NRs, so for the same S1

ERs show higher S2/S1 mean ratio. Thanks to much higher PSD ER rejection

power with respect to S2/S1 ratio, in DarkSide-50 S2/S1 is not used for ERs vs

NRs discrimination (instead it is used for example to discriminate α-background

events in the TPB-coated PTFE walls).
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Nuclear recoil energy [keV] Scintillation efficiency Leff, 83mKr

10.3 0.235 ± 0.011
14.8 0.239 ± 0.013
16.9 0.234 ± 0.010
20.5 0.257 ± 0.010
25.4 0.251 ± 0.011
28.7 0.264 ± 0.009
36.1 0.278 ± 0.010
49.7 0.291 ± 0.009
57.3 0.295 ± 0.010

Tab. 2.2: Scintillation efficiency of nuclear recoils relative to that of electron recoils from
83mKr at zero field (from [85]).

2.2.3 Quenching factors

Recombination increases the number of S1 photons. In the presence of an electric

field, a part of electrons coming from ionization are collected and, consequently,

recombination decreases. The S1 light quenching in LAr, introduced by the pres-

ence of a drift field for NRs, was first discovered and then precisely measured by

the SCENE experiment (Fig. 2.5), which results were then applied to DarkSide-50

experiment to optimize S1 and S2 signals.

Moreover, it is well know that noble liquid scintillators have reduced scintil-

lation yield for NRs compared to ERs. Only a fraction of the energy loss results

in ionization and atomic excitation. Data in Tab. 2.2 are values measured from

SCENE of the scintillation efficiency of nuclear recoils relative to that of electron

recoils Leff, 83mKr ,

Leff, 83mKr (Enr, Ed) =
S1nr (Enr, Ed) /Enr

S1Kr (Ed = 0) /EKr
, (2.5)

where the scintillation efficiency is relative to ERs from 83mKr at zero field, with

EKr = 41.5 keV Edrift is the drift electric field and Enr is the recoil energy [85].
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To keep clear the NR quenching factor respect to ER, it is common to use

units of “keV electron equivalent” or keVee which express the energy an electron

would need to have to produce some amount of scintillation light, while keVnr or

keVrec etc refers to nuclear recoil energy.

As proposed by Hitachi et al. [72] scintillation light can be suppressed (in NR,

but not only) by competing processes that allow excitons or excimers to decay non-

radiatively. The rate of these processes is proportional to the square of the exciton

density, therefore suppresses more scintillation at higher densities. Biexcitonic

quenching, photo-ionization, and the Penning process allow argon excitons or

excimers to non-radiatively de-excite through the following three mechanisms,

respectively:

Ar∗ + Ar∗ → Ar + Ar + e− (Biexcitonic collisions)

Ar∗ + Ar∗2 → Ar + Ar+
2 + e− (Photo-ionization) (2.6)

Ar∗2 + Ar∗2 → 2Ar + Ar+
2 + e− (Penning process)

In a more global view Mei et al. [86] attributed reduction of scintillation effi-

ciency in nuclear recoils, respect to β/γ-like recoils, to two major mechanisms:

• energy loss due to nuclear collisions, determining a relative quenching factor

fL(Erec) (Lindhard’s theory [87])

• scintillation quenching due to hight ionization and excitation density in-

duced by nuclear recoils, determining a relative quenching factor fB(Erec)

(Birks’s saturation law [88]),

where Erec is the nuclear recoil energy.

SCENE has shown that considering independent the two effect (as suggested
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Fig. 2.6: Fig. from SCENE Collaboration - “This work” is referred to [85]. The- nuclear-
total quenching factor is here relative to 83mKr.

by Mei et al. [86]), a global Lindhard-Birks quenching factor given by fLB = fL·fB

describes the scintillation of neutron-40Ar recoils well (fig. 2.6 from Cao et al.

[85]).

2.2.4 Correlation between Ionization and Scintillation signals

As said, the energy E0 transferred by a particle interacting in LAr is split between

three channels: ionization, excitation and heat. A general relation can be written:

E0 = NiEi +NexEex + heat, (2.7)

where Ei and Eex are the mean energies spend to ionize or to excite an atom,

whileNi andNex are the mean numbers of electron-ion pairs Ar+ + e− and excited

atoms Ar∗, respectively.

A complete picture of the energy transfer mechanism, as well as energy sharing

between different channels for energy in the DM searches range, is still missing,

both for nuclear an β-like recoil. However it is well established that the distribu-
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tion of Ni with respect to Nex, is different for the two interactions. Moreover, in

the case of nuclear recoil a significant fraction of the particle energy is spend in

nuclear collision, so the heat terms in 2.7 is proportionally bigger, with respect to

β-like case, at the same incident energy (part of the quenching factor previously

discussed).

The recombination scintillation model previously illustrated allow to explain

the relationship between the number of excitons, Nex, and electron-ion pairs, Ni,

produced by ionizing radiation, and the S1 and S2 signals in a liquid noble gas

TPC. The total number of scintillation photons can be written as,

Nph = ηexNex + ηirNi, (2.8)

where r is the fraction of ions that recombine (which depend on an applied electric

field), and ηex and ηi are the efficiencies with which direct excitons and recombined

ions produce scintillation photons respectively. If Penning or Hitachi quenching

processes are not included in the definition of ηex and ηi, instead assuming these

processes affect Nex and Ni directly5, we expect ηex and ηi to both be unity, so

Nph = Nex + rNi. (2.9)

Defined the S1 and S2 measurement gains g1 and g2 such that

S1 = g1Nph = Nex + rNi

S2 = g2 (1− r)Ni,

(2.10)

5 Note that as defined Nex and Ni are the numbers of excitons and ions remaining after any
track-dependent quenching processes, such as the ones in 2.7.
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(as said S1 and S2 are the scintillation and ionization signals) it is reasonable to

expect that g1 and g2 are detector properties, hence remain constant from electron

recoils to nuclear recoils. Putting together equations 2.10, you can write

S1

g1
+
S2

g2
= Nex +Ni, (2.11)

which highlights the inherent S1-S2 anticorrelation. Considering the average en-

ergy required for the production of a single photon in the limit r→ 1, Wph(max),

Wph(max) =
E0

Nex +Ni
, (2.12)

the inherent S1-S2 anticorrelation in the recombination scintillation model can

now be expressed as:

S1

E0
=

g1

Wph(max)
− g1

g2

S2

E0
. (2.13)

Wph(max) has been measured by Doke et al. [75], with a value of 19.5 ± 1.0

eV, using 207Bi conversion electrons, from measured LAr scintillation efficiency

(∼ 50 photons/keV for 1 MeV β-like recoils). Fitting with eq. 2.13 data taken

at different drift field and nuclear energy recoils, SCENE found that y-intercept
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Fig. 2.8: Measured ionization yield, Qy, for nuclear recoils in LAr as a function of
alternatively Enr in top axis and the so-called reduced energy parameter ε in bottom axis
(in argon ε = 13.57× 10−3 keV−1). Also shown is the Bezrukov model fit to 241 AmBe
and 241 Am13C data taken with DarkSide-50. Fig. from [89], for more details see text
and references therein.

[g1/Wph(max)] increases with increasing nuclear recoil energy, implying thatWph(max)

decreases and scintillation efficiency increases with energy recoil (Fig. 2.7).

If now we consider the average energy required for an electron-ion pair pro-

duction, the so-called W-value 6 we can write:

Wph(max) =
W

1 +Nex/Ni
. (2.14)

In conclusion Nex/Ni increases when nuclear energy recoil decreases. Moreover

if we consider the ionization yield for nuclear recoil, Qy, it can be found that

it varies from ∼ 1.5 e−/ keVnr for Erec O(100 keVnr) up to ∼ 6.5 e−/ keVnr for

Erec O(10 keVnr), as shown in Fig.2.8.
6 W = E0/Ni = Ei + Eex(Nex/Ni) + (heat/Ni); so W > Ei counts for the energy loss in

excitation of atoms and heat. Instead Ei > I (ionization potential) counts for the fact that some
ionized atoms can be excited or double charged. The usually used value is W = 23.6±0.3 eV
from 207Bi conversion electrons. See Doke et al. [75] and references therein.
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2.2.5 Electric field, tracks and effects on recombination

Applied electric fields are known to modify the recombination of electron-ion

pairs in ionizing radiation tracks, effect due to the action of electric fields on

the fraction of ions that recombine r (see eq. 2.10). In the so called Columnar

Recombination (CR) model Jaffé [61] suggests that the magnitude of these effects

should vary with the angle between the field and the track direction. The CR

model assumes a cylindrical symmetrical distribution of ions along the average

path of the recoiling nucleus, depending on the recoiling particle and its energy.

The idea is that when the ionized column along the average direction of the

straggling recoil nucleus is parallel to the electric field, the electrons drifting along

this column, where the density of ions is high, have an increase in the probability

of recombination, while when the ionized column is orthogonal to the electric

field, electrons drift away from it and the chance of escaping without recombining

increases. Thus the probability of recombination decreases when the electric field

component orthogonal to the track E⊥ = E sin θr increases (E is the electric field

and θr the angle between track and electric field). Therefore, at fixed recoil

energy S2 is expected to increases, while S1 decreases, with sin θr. So an accurate

measurement of the sum (S1 + S2) and the ratio (S1/S2) of the two signals may

provide an indication on the track direction.

In a non exhaustive manner, with assumptions generally valid (in particular

for electric field O(kV/cm)) the fraction that survive recombination RJ in Jaffe

theory can be write:

RJ = [1 + kc(dE/dx)/(E sin θr)]
−1, (2.15)
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Fig. 2.9: Superposition of 200 tracks argon ions (viewed as the recoiling nuclei) in LAr,
evaluated using (SRIM) [90]. Ions are originates in the same position and with a mo-
mentum whose initial direction is “horizontal ” (A ≡ Angstrom). Top panels Argon ions
energy ER = 35 keV. Bottom panels Argon ions energy ER = 70 keV.

where kc is a constant that is assumed to be specific to liquid argon, (dE/dx)

is the particle stopping power (and “J ” stay for Jaffé). As expected the angular

dependence is on sin θr.

In a recent work Cataudella et al. [91] derived a new model describing the

recombination of electron-ion pairs in ionizing tracks in the presence of a drift field.

This new model describes the initial distribution of the electron ion cloud as that

of an elongated ellipsoid, with R as single adimensional parameter accounting for

elongation. By proper tuning of the parameter, this model is brought to coincide

with the Jaffé model in the limit R→∞. By solving the equations describing the

evolution of the electron-ion cloud, they determined that the dependence of the

recombination fraction upon the angle between track and drift field is described by

the function f(θr, R) =
√

sin2 θr + cos2 θr/R2. The model successfully reproduces

the hight energy proton (O(10e2) MeV) ArgoNeuT data [92] for a specific choice of
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the parameter R, extracted from data. Nevertheless the portability of this study

for WIMPs- or neutrons-induced nuclear recoils in the energy range of interest is

quite hard.

In order to produce a direction-sensitive response, the ionizing particle must

has enough energy (range) to form a track with a definite direction. Following

the arguments of [93], one might expect such a response to start for nuclear re-

coils above the energy where the length of the track exceeds the Onsager radius,

rO = e2/4πεK, which is the distance between a positive ion and a free electron for

which the potential energy of the electrostatic field, e2/4πεrO, is equal to the ki-

netic energy of a thermal electron, K = 3kT/2. In liquid argon (T =87K, ε=1.5)

rO' 80 nm. The range of argon recoils in liquid argon can be roughly evaluated

using J. Ziegler’s tool “Stopping and Range of Ions in Matter” (SRIM) [90] with

which you get that the mean range is about 90 nm at 35 keV ER, it increases at

about 140 nm at 57.3 keV ER (substantially exceeding the rO), up to about 160

nm at 70 keV ER (Fig 2.9).

Such directional effects have been reported from experiments using tracks in

liquid argon from α particles [94] and, as mentioned, protons [95]. SCENE too

gave a hint for the same directional signature in S1 signal of nuclear recoils of

ER = 57.3 keV, the energy at which, following SRIM, one might expect the ion

range to be sufficient to form a track with a definite direction with respect to the

Onsager radius (140 nm vs 80 nm, as saw above). However, the corresponding S2

signal measured by SCENE did not show the same hint for a directional effect,

Fig 2.10.

ReD experiment aim to has more clear results to understand at which recoil

energy it can be said that tracks have detectable directions in a dual-phase LAr
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Fig. 2.10: Left S1 yield wrt drift field relative to null field. Right Electroluminescence
(S2) yield wrt drift field. Fig. from [85].

TPC. If confirmed, the recoil directionality in LAr will provide an extraordinary

and unique signature for the direct dark matter searches.

It is important to stress that the nuclear recoil direction is not accessible in

liquid xenon in the dark matter search energy region of interest, because of the

too short nuclear track lengths. D. R. Nygren stated in [93] that: “No electro-

static sense of directionality remains in LXe for nuclear recoils of interest, and

directional sensing is beyond hope”. Indeed in LXe the Onsager radius is 54 nm,

not exceedable by nuclear recoil tracks in the energy range of interest.

2.2.6 Electron emission from liquid to gas

The fact that excess electrons (e.g. generated from ionizing radiation) can cross,

under moderate electric field (so-called “extraction field”), the solid-vapor and

liquid-vapor boundary in Ar has been known for 70 years [96].

In LAr the ground state of energy V0 of a free electron is somewhat lower than

in vacuum (or gas or vapor), by ∼ 0.21 eV relative to the vacuum (while ∼ 0.67 eV

in xenon). Therefore, it is energetically advantageous for electrons to remain in

the liquid phase. However electrons in LAr can exist in a quasi-free state with

almost 100% probability [97]. Behavior of quasi-free electrons near the interface

of non-polar dielectrics like Ar, can be described in terms of a one-dimensional
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Fig. 2.11: Sketch of potential energy distribution of quasi-free electrons near the inter-
face Liquid-Vapor. Also the Maxwell-Boltzmann distribution of momentum component
perpendicular to the interface px is presented.

potential energy distribution (L an V subscripts for Liquid an Vapor):

VL(x) = V0 − eELx+AL, x < 0

VV (x) = −eEV x+AV , x > 0

AL,V = − e2

4εL,V (x+ β x
|x|)
· (εL − εV )

(εL + εV )

(2.16)

where EL,V are the electric fields7, εL,V are the dielectric constants and AL,V are

obtained by applying the so-called Schottky model, which essentially describes

the barrier effect as an interaction between the electron and its dielectric image

(for details see [98] and [99]). The value of a cutting parameter β (which avoids

divergences for x→ 0) is about the thickness of the liquid-vapor transition layer,

which it can assumed be a few times the liquid inter-atom distance. Then the

potential barrier is the sum of two components: the potential step of height V0 and

the image potential of a charge placed above the liquid surface. An immediately

effect of the external field, is some reduction of the height of the potential barrier

at the liquid-vapor interface.
7 EL,V are in general relate, e.g. in a TPC EV = εL

εV
EL (See sec. 2.3)
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In the so-called “thermo-electron emission” model, only those electrons which

have a x-projection px of momentum ~p exceeding a threshold value p0 ≈
√

2me|V0|

can be emitted (Fig.2.11). According to this model, a drifting ionization electron,

once reached the interface, could follow two different destinies: depends on px

value vs p0 it could overcome the barrier or be backscattered to liquid8.

In absence of electric field the spontaneous emission from liquid argon at

∼ 87 K is strongly suppressed since the potential barrier V0 is much higher

than the mean thermal energy kT of free electrons (V0/ kTLAr ∼ 30 in LAr and

V0/ kTLXe ∼ 70 in LXe ). However even a weak electric field forcing electrons

to approach the surface can ensure that some electrons, in the upper tail of the

Maxwellian momentum distribution, can directly overcome the barrier. These

directly emitted electrons represent the so called “hot” electrons, since they pos-

sess a mean energy that is higher than thermal energy ∼ kT. These electrons are

emitted very fast. With increasing drift field strength a higher average value of

the electron velocity distribution is obtained, hence the tail with px > p0 becomes

more populated. So, the so-called “hot” component increases with the electric

field strength. Another effect of the external field is that the distance at which

the resulting potential curve in the vapor reaches its maximum also depends on

the field strength. The maximum approaches the liquid surface with increasing

field, thus reducing the probability of the electron back-scattering into the liquid.

Many electrons, however, do not cross the surface barrier at the first attempt.

They are reflected back into the bulk of the liquid and, after a number of scatter-

ings, return to the surface guided by the field. Again, those which do have px > p0

8 There a third possibility: the backscattering of emitted electrons from the vapor atoms-
molecules to the liquid, followed by electron cooling. In this context that process can be included
in the backscattering on the potential barrier.
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Fig. 2.12: Efficiency of electron extraction for Ar an Xe from liquid to gas as a function
of electric field. Fig. from [35].

cross it, but the remainder return to the bulk and so forth. This process is similar

to thermal evaporation from the tail of a Maxwell-Boltzmann distribution, hence

the name “thermal emission" for this second mechanism. Note, however, that the

mean energy of these electrons is not necessarily equal to the thermal value, while

depends on electric field in LAr.

Coherently with the “thermo-electron emission” model, two very distinct time

constants have been observed in LAr for the emission time: a fast component, of

the order of 1 ns or less, and a very slow emission, up to ∼1 ms at E ∼ 100 V/cm.

The time constant of the slow component depends on the field as 1/E, as suggested

by the thermal emission model. In figure Fig. 2.12 emission efficiency of LAr and

LXe are presented as a function of electric field (as expected due to the high surface

barrier, in liquid xenon there isn’t a distinguishable contribution from thermal

emission). Note that around 3 kV/cm the extraction efficiency approaches 100%

for argon [98].

2.2.7 Electroluminescence in vapor

Once in vapor, electrons can easily be accelerated by the applied electric field

EV to sufficient energies to excite atoms and thus produce S2, the secondary
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scintillation. The electric field has to be strong enough for excitation but not for

ionization of the gas atoms, to avoid cascades of secondary electrons (avalanche)

and preserve a proportional behavior.

The mechanism of secondary scintillation depends on the number density n of

atoms in gas. Atoms are initially excited by electron impact to one of the lowest

excited states. At low number density (less than a few mbar for gas), collisions

between atoms are rare, so excited atoms have enough time to decay to the ground

state with emission of VUV photons, with wavelengths of about 107 nm. As the

number density increases, the collision frequency also increases and formation of

diatomic excimers Ar∗2, through the Self-trapping mechanism (described in 2.1),

can starts. In gas phase and pressures of 1 bar or above, the atomic lines are very

much suppressed, so that the emission spectrum shows only the second continuum,

as said in sec. 2.2.1. Anyway, in pressure and EV ranges of interest for dual-phase

detectors, vapor meets certainly the number density necessary to consider the

emission only in the second continuum.

As first showed by Conde, Ferreira, and Ferreira [100] for xenon, but also valid

for argon, for values of pressure and field normally used in dual-phase detectors,

the “reduced light output”, i.e. the number of photons produced by a single elec-

tron traversing the unit of distance, divided by the gas pressure, depends only

on the reduced electric field respect the gas pressure, but not on the alone gas

pressure valor. The correct way to take into account microphysics of the elec-

troluminescence, is to express the above-mentioned relation through the number

density [101]:

1

n

dNph

dx
= α
EV
n
− b [photons·cm2/e] , (2.17)

where, as said, EV is the field strength (in kV/cm) and n is the number density (in
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Constant(Unit) Value

α (kV−1) 81.3
b (cm2) 1.90× 10−18

β (bar−1·cm−1) 148.3
γ (cm−1) 14.6

Tab. 2.3: Secondary scintillation coefficients in equations (2.17) and (2.18); a and b data
from [35] while for β and γ see text.

atoms per cm3 - related to the gas density ρ through n = (NA/M) · ρ, being NA

Avogadro’s number and M the molar mass); α and b are gas-specific empirical

coefficients (in Tab. 2.3 values for argon are listed).

Secondary scintillation is a threshold process, requiring a minimum reduced

field EV/n ≈ (4±1) · 10−17 V·cm2/atom.

For practical purposes, a more convenient parameterization of the light yield,

as a function of field strength and gas pressure, can be used:

dNph

dx
= αEV − βP − γ [photons/(e·cm)] , (2.18)

with P in bar. It takes into account the fact that the density of the saturated vapor

is described with really good approximation, up to at least 10 bar, by a linear

function of pressure. In Fig. 2.13, on the left we can see a fit, with ρ(P ) = mP+q,

on density vs pressure data, with P from triple point pressure (0.6889 bar) up to

1.6 bar, a standard pressure range for LAr dual-phase TPCs. The β and γ values

in Tab. 2.3 come from this fit (data for fit from [102]). Finally, in Fig. 2.13 on the

right the number of photons generated by one electron over a distance of 1 cm is

plotted as a function of E, at different pressure values.

In terms of pressure, the minimum field required to have electrolumines-

cence is EV/P ≈ 1.0± 0.3 kV/cm/bar at room temperature (T ' 300 K). If
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Fig. 2.13: Left Fit on density vs pressure with ρ(P ) = mP + q and P from triple
point pressure (0.6889 bar) up to 1.6 bar. Data from [102]. Right Number of secondary
scintillation (electroluminescence) photons generated by an electron traveling 1 cm in
vapor, at different vapor pressure, as a function of electric field (eq. 2.18). Blue(0.7 bar)
- Cyan(0.9 bar) - Green(1.1 bar) - Yellow(1.3 bar) - Orange(1.5 bar) - Red(1.7 bar).

the temperature is different, P should be treated as the equivalent pressure

at room temperature for the same gas density. For instance, for vapor argon

at T = 87.5K we find ρ(P = 1 bar;T = 87.5 K) ' 5.7× 10−3 gcm−3 and

P (T ' 300 K; ρ ' 5.7× 10−3 gcm−3) ' 3.5 bar (data from [102]). So we get,

for argon vapor in the working “standard condition” of a TPC, that the minimum

field required to get electroluminescence is around EV/P ≈ 3.5 kV/cm/bar.

2.2.8 Drifting electrons: “lifetime” and “attenuation length”

In double phase LAr TPC technology it is important to take care on LAr purity.

Indeed both electronegative or not, impurities could modify either primary scin-

tillation (S1) and ionizations (S2) signals, or via electrons attachment or via addi-

tional non radiative quenching factor. For instance, ionization electrons survived

recombination could eventually suffer from electronegative impurities attachment,

so S2 signal could have a reduced relative intensity. Because recombination ac-

counts for primary scintillation signal, also S1 could suffer for relative intensity

reductions due to electronegative impurities, but in far lower way with respect

to S2. By the way, while S1 relative intensity reduction do not depends on in-

teraction vertex inside LAr active mass, but only on impurities concentration, S2
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relative intensity reductions depends also on interaction position, since electrons

could be captured during their drift to the grid. Moreover S1 and S2 relative

intensity reductions are also function of the applied electric drift field, since the

capture cross section depends on electron velocity.

In the usually verified condition for which numeric density of impurities is

lower than that of free electrons, the equation

Ne(t) = Ne(0) exp(− t

τl
) (2.19)

describes the time dependence of the numeric density of free electrons Ne(t).

Here τl is the so called lifetime, which depends on type and numeric density of

impurities (as well as on electric field, as said).

As S2 depends linearly on Ne (see sec. 2.2.7), in TPC technology a simple way

to check for τl is to measure S2 intensity, from a source diffuse in the volume,

versus tdrift, which is the time that electrons spend to drift towards the grid.

Another way to describe Ne reduction is using the so called attenuation length

λ = vdτl, where vd is the electrons drift velocity (which as well depends on electric

field), and represents the distance traveled after which the number of survived

electrons reduces by a factor 1/e.

It is worth noting that a feature depending on impurities is S1 pulse shape,

which can be modified because of reduced recombination and triplet-to-singlet

ratio consequent modification. Therefore impurities, causing S1 pulse shape mod-

ification, can affect fprompt separation power among ERs and NRs distributions

(see sec. 2.2.2).
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Fig. 2.14: The nested detector system of DarkSide-50. Left The TPC in the stainless
steel cryostat. Righ The LAr TPC cryostat inside the LSV (the sphere), inside the WCD
(the cylinder).

2.3 Principle of operation of a dual-phase LAr TPC: the DS50’s TPC

As a case of study, in this paragraph is described the DS50’s TPC, with some

additional details regarding principles of working of a dual-phase TPC.

The DarkSide-50 TPC is contained in a stainless steel cryostat, which is nested

in two other detectors (Fig. 2.14 right), the Liquid Scintillator Veto (LSV - serv-

ing as shielding and as anti-coincidence for radiogenic and cosmogenic neutrons,

γ-ray, and cosmic muons), and the Water Cherenkov Detector (WCT - serving as

shielding and as anti-coincidence for cosmic muons).

The active LAr, bounded by cylindrical 2.54 cm-thick PTFE-reflector wall

(fabricated with a modified annealing cycle to increase its reflectivity), a fused

silica cathode window, and a stainless steel grid, is viewed by 38 Hamamatsu

R11065 3 ” low-background, high-quantum-efficiency PMTs, nineteen each on the

top and the bottom. A cut-away view of of the TPC is given in Fig. 2.15. When

warm, the cylindrical region is 35.6 cm in diameter and 35.6 cm in height (hdrift).
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Thanks to LAr density of ρLAr = 1394 kg · m−3 (data from [102]) this gives an

active mass when cold of 46.4± 0.7 kg, where the uncertainty is primarily in the

thermal contraction of the PTFE.

All the 38 PMTs are submerged in liquid argon and view the active mass

through fused-silica windows, which are coated on both faces with transparent

conductive indium tin oxide (ITO) films 15 nm thick. This allows the inner win-

dow faces to serve as the grounded anode (top) and the above-mentioned −HV

cathode (bottom) of the TPC, while maintaining their outer faces at the average

PMT photocathode potential.

The fused silica anode window has a cylindrical rim extending downward to

form the “diving bell” that holds the 1 cm-thick vapor layer (Helect), produced by

boiling argon within the cryostat (outside the TPC active volume) and delivering

the gas to the diving bell. The vapor then exits the bell via a bubbler that

maintains the LAr/vapor interface at the desired height. The grid, 5mm (Hextr)

below the liquid surface from which can be extract electrons, is a hexagonal mesh

etched from a 50 µm-thick stainless steel foil and has an optical transparency of

95% at normal incidence.

The electron drift system consists of the ITO cathode and anode planes, a

field cage, and the grid that separates the drift and electron extraction regions.

A voltage Vdrift is applied between the cathode and grid to produce the drift field

Edrift, which nominal value is merely:

Edrift = Vdrift/Hdrift (2.20)

Outside the cylindrical PTFE wall, copper rings at graded potentials keep
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Fig. 2.15: The DarkSide-50 Liquid Argon Time Projection Chamber.

the drift field uniform throughout the active volume. The relative voltages on

the individual rings are determined by resistors connecting each adjacent ring,

forming a large voltage divider chain. After the results of the SCENE experiment

which, as saw in sec.2.2.1, uncovered a drift-field-induced quenching of the S1 light

yield for nuclear recoils, the standard fields configuration was set with a −12.7 kV

cathode potential and a −5.6 kV grid potential, giving nominal drift electric fields

of 200Vcm−19. With these values the maximum drift time in the active volume

is 373 µs, and the measured value of the drift speed is 0.93± 0.01mmµs−1.

An independently-adjustable potential between the grid and anode creates the

extraction and electroluminescent fields. The extraction field Eextr, the electrolu-

minescent field Eelect and the potential V0 between the grid and anode are related
9 The graded potentials of the field cage rings were chosen to produce a uniform field with

1000 V/cm drift field and 2.8 kV/cm extraction field. With the 200 V/cm drift field, the field
cage is no longer optimized and the stream lines are “pushed” inward at the top of the TPC
due to leakage of the extraction field through the grid. However, due to charge buildup on the
PTFE walls, the drift field is likely uniform throughout[103].
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via: 
Eextr=

εvap
εliqHelect+εvapHextr

· V0

Eelect=
εliq

εliqHelect+εvapHextr
· V0

, (2.21)

where εrel = εliq/εvap and εliq, εvap are the dielectric constants of liquid and vapor

argon respectively10. From eq. 2.21 we can write:

Eelect = εrel · Eextr. (2.22)

As reported in Tab. 2.1 the dielectric constant of liquid argon εliq is 1.53 at

Tb, while for gaseous argon εgas is 1.00 at 273 K and at standard atmospheric

pressure. Although under different temperature and pressure, εvap in vapor

is believed to still be extremely close to one, so εrel is commonly written as

εrel = εliq/εvap ∼ 1.5, and also:

Eelect = 1.5 · Eextr. (2.23)

With the above reported potentials and distances the extraction and electrolumi-

nescence fields are 2.8 kV cm−1 and 4.2 kV cm−1, respectively.

The grid and cathode voltages are transferred from DC high voltage power

supplies, in a cleanroom above the WCD, to inside the detector via custom made

feedthroughs. The basic design of each HV feedthrough is a stainless steel con-

ductor press fitted into a UHMW polyethylene tube, which is surrounded by a

grounded stainless steel shield tube. The feedthrough must be able to hold HV

while holding ultra high vacuum. The leak tight seal between the polyethylene
10 It is worth noting that these relations are obtained by considering the grid as a perfect

conductor, so that the system composed by the grid, the liquid-vapor interface and the cathode
could be considered as made by two in series capacitors. This approximation depends on mesh
size of the grid and on relative applied potentials, and also affect Edrift.
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and outer ground shield is achieved by a “cryofit” procedure. The grounded tube

extends from the cyostat flange through the gaseous argon to below the liquid

surface. The ground tube keeps the electric fields due to the HV conductor well

contained and prevents charge buildup on any surfaces in the gaseous argon, which

has a low breakdown point. On the other hands the liquid has a high breakdown

point (hundreds of kV/cm [104]), so it can tolerate much higher electric fields.

The reflector and the windows at the top and bottom of the cylinder are

coated with TPB wavelength shifter, that absorbs the 128 nm scintillation photons

emitted by liquid argon and re-emits visible photons (peak wavelength 420 nm)

that are reflected, transmitted, and finally detected with high efficiency by PMTs.

Cooling of the cryostat is done using an external circulation loop. The loop

cooling power is controlled to maintain a stable pressure in the cryostat around

the set point of 1080mbar (∼ 15.66 psi).



3. THE RED -RECOIL DIRECTIONALITY- EXPERIMENT

ReD (Recoil Directionality) is an experiment within the DarkSide Collaboration.

The main aim is to study nuclear recoils in liquid argon by detecting neutron-

nucleus interactions in the recoil energy range expected in WIMP-Ar interactions

(from O(1 keVNR) up to about 120 keVNR). As already mentioned a specific task is

to explore the possible directional dependence as suggested by the SCENE exper-

iment (see sec. 2.2.5). Moreover in ReD are implemented more of DarkSide-20k

TPC future solutions, as the non cylindrical form, the Silicon Photomultiplier

instead of PMT or acrylic windows instead of fused silica and again. So ReD is

also part of DarkSide-20k R&D program.

The ReD experiment was located at Laboratori Nazionali del Sud (LNS),

Catania, in the “80 deg” beamline, since June 2018. It consists of a rather complex

experimental apparatus that can be conceptually divided into three parts. The

first part includes everything related to the production of neutrons via p(7Li,n)7Be

reaction in CH2 targets and the tagging of the associated charge particle (7Be),

tanks to a double Si detector coupled in a ∆E/E telescope. The second part,

the heart of the experiment, consists of an almost cubic LAr TPC, of 125 cm3

active volume, able to detect and discriminate the argon recoils generated by

produced neutrons, and the ancillary cryogenic system for the argon liquefaction

and recirculation. Finally, the third part is a n-spectrometer with nine 3"x3"

liquid scintillator cells (LiSci) coupled to 3" photomultipliers (PMTs). Eight
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Fig. 3.1: Photo of the “80 deg” beamline at LNS, after the deployment and alignment of
ReD. The targets and the Si telescope are hosted inside the vacuum scattering chamber
while the LAr TPC is inside the dewar.

LiSCis are placed to tag recoiling nuclei having the same energy, i.e. the same

scattering angle with respect to the incident neutron, but different angle with

respect to the drift field of the LAr TPC, thus allowing to search for a possible

directional response. The ninth LiSCi is placed in a position to tag low energy

Ar recoils with ER ∼ O(1 keVNR). More details on this topics will be given in

the following sections.

All these parts are positioned according to a precise geometry, necessary to

tag energy and angular recoil conditions. In Fig. 3.1 a lateral view of the whole

apparatus at LNS is shown after the deployment and alignment.

3.1 Geometry

ReD geometry is studied to intercept diffused neutrons which produce argon re-

coiling nuclei at specific recoil energy and specific angle of argon with respect to

the drift electric field, θR. In Fig. 3.2 a sketch of the conceptual geometry of the
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Fig. 3.2: A simple conceptual sketch of the geometry of the experiment.

experiment is represented.

In order to achieve argon scattering parallel to the drift field (θR = 0◦), a

vertical dislocation between the CH2 target, where neutrons are generated, and

TPC is necessary. Moreover, clearance around the 7Li beam was a constraint for

the cryogenic apparatus and the n-spectrometer too. Finally, the LiSci angular

aperture can compromise energy and angular resolution (see sec. 3.6.1 for more

details). As an optimal compromise between clearance, acceptance and resolution

we chose:

• distance from CH2 target to TPC: D( CH2 |TPC) = 150 cm

• distance from TPC to LiSCi: D(TPC |LiSCi) = 80 cm

• angle between the vector from CH2 target to TPC and an horizontal plane:

θTPC = 18.4◦ (note that θTPC puts the TPC under the horizontal

plane containing the 7Li beam line)

• angle between the vector from CH2 target to TPC and the vertical plane

containing 7Li beam line: φTPC = 12.8◦

With θTPC = 18.4◦ and φTPC = 12.8◦, the angle between the vector from
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CH2 target to TPC and 7Li beam direction becomes θn ' 22.3◦. It is worth

noting that θn is the mean angle of the emerging neutron with respect to the 7Li

beam in the p(7Li,n)7Be reaction. If the 7Li beam energy is defined, the neutron

energy depends only by θn.

Moreover with θTPC = 18.4◦ from kinematics constraints the only angle at

which we can obtain argon scattered parallel to the drift field (θR = 0◦) is

θ3 = 36.8◦ (3.1)

This is the angle at which eight of the nine LiSCis are located with respect to

target-to-TPC direction. In Fig. 3.3 a sketch of vertical and horizontal views is

shown.

As reported in sec 3.6.1, if the neutron energy is fixed then the “scattering

angle” θ3 defines the energy of the recoiling nuclei. The ninth and final LiSCi has

θ3 = θ3LowER
1

θ3LowER = (4.3± 0.1)◦ (3.2)

to tag low energy scattering recoiling nuclei, with ER ∼ O(1 keVNR) (for more

details see sec. 3.6.1).

3.2 The Neutron Beam at LNS: p(7Li, n)7Be reaction and 7Be tagging

To produce neutrons at LNS we chose the planar reaction:

7Li + p→7 Be + n (Q = −1.644 MeV − Threshold = 13.098 MeV) (3.3)
1 This angle is not kinematically calculated, like the other angles in this section. It is obtained

from measures.
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Fig. 3.3: Sketch of vertical and horizontal views.

With a reaction in inverse kinematics, where the projectile is much heavier than

the target, as 7Li with respect to p, it is possible to have a natural collimation

of the produced neutrons [105]. At the LNS, using the Tandem accelerator, it is

possible to produce a 7Li primary beam with energies up to 56 MeV. This allows

to have neutrons of different mean energies. At these high energies new outgoing

channels can be obtained, such as the production of the recoil 7Be nucleus in its

first excited state 7Be* at 0.429 MeV and 7Li beam at an energy threshold at only

16.513 MeV. During June, July and September 2018 data taking the 7Li energy

was 28 MeV, and we plan in the future not to go beyond 35 MeV. In table 3.1

information on the open reaction channels for 7Li beam energy up to 50 MeV are

given.

The 7Li beam produced by Tandem is collimated and send to the scattering

chamber, where it hits a CH2 target to produce neutrons . The chamber contains

a plate holder that can be moved from outside without breaking the void. This
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Exit channel Q-value Threshold energy Primary 0◦ n-energy
[MeV] [MeV] [MeV]

n0 +7
4 Be -1.644 13.098 1.44

n1 +7
4 Be ∗ (0.429MeV) -2.073 16.513 3.84
n2 +3

2 He +4
2 He -3.230 25.726 8.18

n3 +7
4 Be ∗ (4.57MeV) -6.214 49.489 18.79

Tab. 3.1: Main characteristics of the p(7Li,n)7Be reaction. Neutrons produced in each
channel are labeled ni to indicate they are produced with different kinematics. Data
from [105]

allows to change the type and thickness of the target. During June and July

data taking we used a series of CH2 targets with surface density from ρSurf =

172µg/cm2 up to ρSurf = 244µg/cm2, and a gold target to use elastic 7Li/77Au

scattering reaction for possible Si ∆E/E telescope calibration (Fig. 3.5 to the

left). The intensity of the 7Li beam impinging on the target after the collimator

is measured by a Faraday Cup installed at the far end of the beam pipe.

As the Tandem cannot be operated in pulse mode, produced neutrons must be

tagged event by event using kinematics. This can be done by detecting the angle

and the energy of 7Be produced along with the neutron in the reaction. Moreover

the detection of 7Be provides the start for a time-of-flight measurement of the

scattered neutron. With this purpose within the scattering chamber, at about 47

cm from the target and mean angular position of about 5 degrees from the beam

line (CH2 target as vertex), the above mentioned Si ∆E/E telescope is placed. It

consist of two different detectors by ORTEC [106], one behind the other. In the

Si ∆E/E telescope, the loss of energy and the total energy of the incident particle

are measured when particles with kinetic energy E0 pass through the first thin

detector (20µm) and are stopped in the second one (200µm2). The energy sub-

division between the two detectors is different for different particles and different
2 From September 2018 to improve energy resolution the thickness of the second one is

1000um.
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Fig. 3.4: Left Allowed kinematics p(7Li,n)7Be reaction solutions for EBeam= 28 MeV,
with TPC angular position (θn ' 22.3◦), highlighted by the vertical line. Right Only
one 7Be g.s. locus has emerging neutrons with correct θn ' 22.3◦, while the other locus
results as background for ∆E/E telescope, as also 7Be*

energies, because of the different stopping power. Accordingly different particles

and also same particles with different energies, will be able to populate different

zones in the (E; ∆E) plane. This allows for particle identification or energy deter-

mination. Thus the ∆E/E telescope allows to discriminate the charged products

of the beam-target reactions, i.e. the main 7Li band due to elastic scattering

on p and C in CH2 target, the two 7Be loci corresponding to the two solutions

allowed by kinematics as also 7Be*. In Fig. 3.4 (left side) it is shown the allowed

kinematics p(7Li,n)7Be reaction solutions for EBeam = 28 MeV, with TPC an-

gular position (θn ' 22.3◦) highlighted by the vertical line. As can be seen, the

∆E/E telescope at about 5◦ intercepts two 7Be g.s. loci as also 7Be*. Moreover

by comparing the two images in Fig. 3.4, you can see that only one 7Be g.s. locus

has emerging neutrons with correct θn ' 22.3◦, while the other locus results as

background for the TPC, as also 7Be*.

In front of the ∆E/E telescope there is a 2 mm thick aluminium collimator

with a 3 mm diameter hole, of a set prepared to tag emerging neutrons angle (see

Fig.3.5 on the right). This last collimator is useful to reduce the rate on Si detector

from particle that do not tag neutrons in TPC angular position, enabling for
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Fig. 3.5: Left The target holder that can be moved from outside without breaking the
void. Different CH2 targets can be seen as the gold target for elastic (7Li,77Au) scatter-
ing. Right The 2 mm aluminum thick (3 mm hole diameter) collimator in front of the
∆E/E telescope. In the insert the ∆E/E telescope without the mentioned collimator.

higher IBeam(IBeamintensity is limited by maximum rate that Si ∆E/E detectors

can sustain). Conversely even a decimal angular misalignment of the collimator

can determine a strong misalignment with respect to the TPC position in the

tagged neutrons, resulting in a reduction in Si-TPC coincidence rate events. If

we define:

• α := 7Be angular position (which corresponds to aluminum collimator an-

gular position), and T7Be := 7Be kinetic energy

• β := emerging neutrons angular position (which corresponds to TPC angu-

lar position), and Tn := neutron kinetic energy

where kinetic energies directly depend on 7Li EBeam, then we get (in the non

relativistic limit):

δβ cosβ '
√
m7Be T7Be

mn Tn
cosα δα =⇒ δβ ' 4.6 δα (3.4)

where the value to the right is for EBeam= 28 MeV, α = 5 deg and β = 22.3 deg.

Moreover using D( CH2 |TPC) = 150 cm (the distance from CH2 target to TPC),

from the last result using δα = 0.1 deg we get about 1.1 cm dislocation of emerging

tagged neutrons, that can result in a misalignment for a TPC of only 5x5x5 cm3
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active volume.

3.3 The ReD TPC

The core detector of ReD is a small custom-made double phase LAr TPC designed

and built by UCLA group. As said, inside the DarkSide Program ReD is also

useful to do R&D for the DarkSide-20k experiment. So a lot of new features that

will be adopted in DarkSide-20k are being tested in the ReD TPC. For example

the TPC is a cuboid rather than a cylinder as usually used (the DarkSide-20k

TPC will be in octagonal shape): the external dimensions are 9x9x9 cm3 cube,

while the inner part is a 5x5x6 cm3 cuboid (5x5x5 cm3 active volume). Moreover,

as DarkSide-20k needs to get rid of the conventional PTFE-reflector (as said

still in use in DarkSide-50), which would be the predominant source of neutron

background and Cherenkov background due to the enormous mass required in

DarkSide-20k, the Enhanced Specular Reflector (ESR) foil will be used as the

TPC reflector for DarkSide-20k, and so for the ReD TPC. ESR is a thin layer foil

which has reflectivity for 420 nm light, up to 98 %, with a thickness of only 65µm.

To hold the ESR foil in place and maintain its flatness during the operations, two

pieces of UV-Transmitter acrylic sheets are needed to sandwich the ESR foil in

the middle. Accordingly the ReD TPC inner part is laterally enclosed by vertical

acrylic-ESR sandwich reflection panels on the four sides. Another detail shared

with DarkSide-20k are acrylic windows on the top and bottom of the inner part

instead of fused silica windows. These acrylic windows are coated on both side by

25 nm thick ITO: the side facing to the active LAr volume to work as anode on the

top and cathode on the bottom, while the other sides to ground the surface near

SiPMs and Front End Boards (FEBs). In order to maximize the TPC scintillation



3. The RED -REcoil Directionality- experiment 65

Fig. 3.6: Left : ReD TPC scheme. Right : ReD TPC picture take during assembly at
LNS. You can see the field cage rings and on the top the 24-single-channel readout via
the 24-channel FEB.

light yield (LY), the entire inner surface of the TPC is TPB coated, that is all

the reflection panels (in both drift region and vapor region) and top and bottom

windows (only on the surface facing to the active volume) are coated in a range

from 160 µg/cm2 up to 200µg/cm2 of TPB.

The maximum drift length is 5 cm, delimited by the cathode and by a stainless

steel grid, a hexagonal mesh etched from a 50 µm-thick stainless steel foil. It has

an optical transparency of 95% at normal incidence and is located 3 mm below

the level of the liquid. The drift field is shaped by ten copper rings fixed on the

Teflon pillars which make up the structure of the TPC. A 7 mm-thick gas pocket

is formed by means of a “diving bell”, which is located above the stainless steel

grid and is closed on the top by the anode window. A separate “boiling chamber”

is connected to the “diving bell” so that using a pt1000 as resistor, the gas pocket

can be generated via joule effect. An hole on the other side with respect to the

“boiling chamber”, maintains the liquid level at the correct height. In Fig. 3.6 on

the left a ReD TPC scheme is shown.

Another innovative feature implemented in ReD TPC that will be shared with
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Fig. 3.7: Left A 24 SiPMs tile mounted on the 24-channels readout FEB. Right The 24
channels FEB designed and produced by INFN-Na in collaboration with INFN-Bo and
LNGS, mounted on the TPC.

DarkSide-20k, is the optoelectronic readout based on Silicon Photomultipliers

(SiPMs) developed by Fondazione Bruno Kessler (FBK [107]) and part of the

cryogenic electronics. Two 5x5 cm2 tiles are available from FBK, each made by

24 rectangular 11.7x7.9 mm2 SiPMs. These SiPMs had never been tested before

and have some minor differences from those that will be used in DS20k. In fact

they have a cell pitch of 25µm and a quenching resistor of 10 MΩ (@ 77 K, LN

temperature), instead of 30µm and 5 MΩ. Moreover the tile substrate is made

by Arlon, which is a possible solution under study for DarkSide-20k. The tile on

the top of the LAr TPC has a 24-single-channel readout, in order to improve the

(x;y) sensitivity, while the bottom tile has a 4-summed-channel readout. For the

top readout a dedicated 24-channel front end board (FEB - Fig. 3.7) has been

designed and produced by INFN-Na in collaboration with INFN-Bo and LNGS.

It is based on a recent work on the development of a very low-noise cryogenic

pre-amplifier for large-area SiPM devices [108], to be directly coupled to the tile

to deal out the HV supplies to SiPM’s and to amplify one-by-one the 24 signal

channels.
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Fig. 3.8: Working scheme of the cryogenic system

3.3.1 Cryogenic system

The TPC is housed in a specially designed cryogenic system (Fig. 3.8), developed

by the Criotec company [109], through which it is possible to liquefy, purify and

recirculate the argon. The system is composed of a double wall cylindrical dewar

to contain the TPC immersed in liquid argon and a condenser separated above

the dewar capable of liquefying argon gas through a helium compressor made by

CryoMech [110]. The whole structure was designed and built to minimize back-

ground neutron interactions, especially in stainless steel walls of the cylindrical

dewar as in LAr around the TPC. Which is why the condenser is separated from

the dewar. Always for the same reason the dewar inner diameter is only ' 13 cm

(the minimum necessary to accommodate the TPC), while the thickness of its

two walls, where the TPC is inserted, is only 0.7 mm.

The Cryomech compressor is connected to a pulse tube which in turn is coupled

with a “CryoMech PT90” cold copper head. In filling mode the ultra-high purity
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Fig. 3.9: The n-Spectrometer.

6.0 argon gas is gradually introduced into the system at room temperature, enters

the condenser cell where it is cooled by contact with the cold head and is then

passed by gravity into the dewar. In this way, by circulating gas at an increasing

lower temperature, the whole system is cooled until the beginning of the actual

liquefaction phase. Once the liquid dewar is filled, it is recycled: the argon gas

boils and evaporates, the gas is collected and purified through a SAES getter

[111], then liquefied again. This process takes place at equilibrium, whereby the

level of liquid argon remains constant and so does the pressure inside the dewar.

3.4 The n-Spectrometer

A specially designed n-Spectrometer (Fig. 3.9), with nine 3"x3" EJ-309 organic

liquid scintillators coupled with ET-9821B PMTs, is used to intercept diffused

neutrons in the TPC. EJ-309 is commonly employed for fast neutron detection

thanks to its high PSD capability and fast signal response (∼ few ns), making it

suitable for time of flight (TOF) measurements at nanosecond level.

Eight of the nine LiSCis (from now LiSCis1/8) are located on a geometrical

circumference, base of a right cone with vertex at the TPC geometrical center,

axis target- to-TPC direction and opening angle twice the θ3 = 36.8◦ scattering
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Ar/Edrift-angle n-scattering angle LiSCi azimuthal angle TPC-LiSCi distance
θR [deg] θ3 [deg] φLiSCi [deg] D(TPC |LiSCi) [cm]

90 36.8 83.6 80
276.4

60 36.8 116.4 80
(243.6 - not used)

40 36.8 137.7 80
222.3

20 36.8 158.9 80
201.1

0 36.8 180.0 80

LiSCi0 — — —

— 4.3 0.0 97

Tab. 3.2: LiSCis positions in the n-Spectrometer. See text for details.

angle. The axis of LiSCis1/8 point to TPC center and, as said, the distance

from LiSCis1/8 to TPC is 80 cm (from center to center). So all eight LiSCis1/8

scintillators intercept neutrons with the same θ3 = 36.8◦ scattering angle, which

means the same Ar recoil energy. On the other hand, each one of the eight

LiSCis1/8 tags a different θR, the nuclear recoil angle with respect to the drift

field.

The ninth and final LiSCi (from now LiSCi0) intercepts neutrons with θ3 =

4.3◦ geometrical scattering angle (TPC center to LiSCi center), then it tags low

energy Ar recoiling nuclei (for more details see sec. 3.1), while the distance from

TPC is at about 97 cm (center to center). For the LiSCi0 is useful to report that

the angle target-LiSCi0 vs target-TPC is about 1.7 deg. As it will be more clear

later, this means that LiSCi0 is inside the cone of neutrons tagged by Si-telescope,

which have 2 deg angular diameter.

To tag Ar recoiling nuclei at specific recoil energy and specific recoil angles

with respect to the drift field, the LiSCis1/8 azimuthal angular positions must be
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properly set (see sec.s 3.1 and 3.6.1 for more details). In Tab. 3.2 LiSCis angular

positions, set in the n-Spectrometer for the different θRs that we chose to test

for LAr recoil directionality, are reported. The angular positions are azimuthal

angles -φLiSCi- around target-TPC direction; φLiSCi == 0◦ corresponds to the

lower position (that one closer to the floor) of the two possible positions in the

vertical plane containing the target-TPC direction. Double solutions for φLiSCi

come from left-right symmetry in the system geometry, although this two solutions

overlap for θR = 0◦. We chose to use this symmetry using both solutions (with

the exception for θR = 120◦) to disentangle systematics in the data.

3.5 Trigger and data acquisition

The optimal trigger condition to select Ar recoil directionality would require a

triple coincidence between Si-telescope trigger, the TPC trigger and a trigger

from one of eight LiSCis1/8’s PMTs. Instead, two double coincidence trigger

schemes have been applied so far: “Si-telescope AND TPC” (Si-TPC trigger) or

“Si-telescope AND any PMT” (Si-PMT trigger). This choice comes also, but not

only, from the necessity to better understand the response of detectors coupled

two by two, particularly after the failure in rates as tested from the start of data

acquisition at LNS in June (more in sec. 4.2). Moreover Si-PMT trigger scheme,

which yields a large fraction of accidentals due to the large single rate of the

PMTs (kHz), gives potential access to low-energy recoil in the TPC, events not

seen by the TPC trigger (essentially no S1 scintillation is generated at energies

∼ O(1 keVNR)). In addition to the coincidence events, we take runs with events

triggered by one of the three detectors alone, the Si-telescope, the TPC and the

PMTs, to make calibrations or take backgrounds.
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The data acquisition system (DAQ) is based on three 16 ch, 14-bit resolution,

2 Vpp input range, Flash ADC boards CAEN V1730 at 500 MHz sampling rate

[112], which record waveforms from the Si-telescope, the TPC and the PMT cou-

pled to LiSCis. When the TPC is operated without S2 production (i.e. with zero

anode voltage), the digitizer records is set to 10 k samples (20µs) long including

3 k samples (6µs) before the hardware trigger (used to establish the baseline).

When the TPC is operated with S2 production the length of the digitizer records

is set 50 k samples (100µs) long including 5 k samples (10µs) before the hard-

ware trigger (as before, used to establish the baseline). The data were recorded

using the PadMe-ReD data acquisition system [113]. An on purpose made “red-

daq-light” analysis software is used, which includes analysis modules to convert

binary digitizer data to root [114] tree, apply single photo-electron response (SER)

calibration, combines the waveforms of the top/bottom SiPMs channels into a sin-

gle waveform, identifies the start time for S1 and S2 signals, evaluate fprompt in

the waveforms and so on.

3.6 Some preliminary estimates

3.6.1 Kinematics and energy uncertainty of n - 40 Ar scattering

Neutrons at LNS are generated by p(7Li,n)7Be reaction. Even with 7Li energy

up to 35 MeV (the maximum EBeam we plan to use), with the geometrical setup

used at LNS, we get En ≤ 10 MeV, beeing En the neutron energy (see Fig3.10 on

the top). Furthermore with En = 10 MeV you get β = vn(En=10 MeV)
c ∼ 1× 10−2,

where vn is the neutron velocity and c the light velocity respectively. The non

relativistic limit is therefore applicable in kinematics calculations for the elastic



3. The RED -REcoil Directionality- experiment 72

Fig. 3.10: Kinematics behaviors of neutron and 40Ar vs 7Li beam energy for p(7Li,n)7Be
reaction, calculated with geometric settings used at LNS in June and July runs. Different
curves refers to Center (green), Top (blue) and Bottom (red) geometrical points in the
TPC. Top Neutron energy En vs 7Li beam energy. Bottom 40Ar recoil energy vs 7Li
beam energy.

scattering:

n+40 Ar→ n +40 Ar (elastic) (3.5)

Using:

• ER := recoil energy

• θ := neutron scattering angle wrt incoming direction

• A := MAr
Mneutron

' 40

• En := incoming neutron energy
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in this limit, we get:

ER = En ·
2

(A+ 1)2
· (A+ sin2θ − cosθ

√
A2 − sin2θ) (3.6)

Thanks to sin2θ/A� 1 eq. 3.6 may be written:

ER ' En ·
2A

(A+ 1)2
· (1− cosθ) (3.7)

Anyway, if you put θ = 36.8◦ and En ' 7.4 MeV in eq. 3.6, respectively the LiSci

position angle and neutron energy at LNS during June and July run, we get:

ER(θ = 36.8◦;En = 7.4 MeV) ' 73 keV (3.8)

which is the kinematically expected nuclear recoil energy (see Fig3.10 on the

bottom).

The finite size of the TPC and diameter of the external neutron counter will

induce an uncertainty δθ in the scattering angle θ, which will induce an uncertainty

in the measured recoil energy.

More in details, eq. 3.7 differentiated becomes3:

dER = En ·
2A

(A+ 1)2
· (sinθ) · dθ (3.9)

If we consider the uncertainty on the angle arising only from the angular
3 For simplicity here I consider delta as a differential.
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dimension of scintillators4, with radius of 3” = 7.62/2 cm, you get

dθ =
7.62/2cm

80cm
' 5% (3.10)

where 80 cm is TPC center to LiSci center distance.

So using eq. 3.9 and eq. 3.10 we obtain:

dER ' En ·
2A

(A+ 1)2
· (sinθ) · 5%

= 0.24% · (sinθ) · En
(3.11)

Finally if we use θ = 36.8◦, which as said is the LiSci position angle of LNS June

and July runs, we get:

dER ' 0.14%En (3.12)

Moreover for the 7Li energy beam used in June and July runs, EBeam = 28 MeV,

we get:

dER ' 0.14 · 7 MeV ' 10 keV (3.13)

Generally it is more indicative to consider the relative 40Ar recoil energy

uncertainty which, using 3.7 and 3.9, can be written:

dER
ER

=
(sinθ)

(1− cosθ) · dθ = cotan(
θ

2
) · dθ (3.14)

If, as for absolute energy uncertainty, we consider dθ as constant, namely aris-

ing only from angular dimension of scintillators 3.10, it is possible to study relative

uncertainty induced on the recoil energy as a consequence of the uncertainty in
4 This is an underestimate, it should be consider the interactions position distribution in the

TPC. However any in this simple way we can estimate orders of magnitude of energy uncertainty
vs LiSCi angles.
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Fig. 3.11: Top Relative uncertainty induced on the recoil energy as a consequence of
the uncertainty in the scattering angle θ. Bottom Relative recoil energy uncertainty and
recoil energy for low neutron scattering angles and En = 7 MeV (compare this figure with
Fig. A.3, where values are shown for En = 2.5 MeV, neutrons mean energy of neutrons
generated by the DD-neutron gun).

the scattering angle θ, as shown in Fig.3.11 on the top. It can be seen that the

relative uncertainty becomes very large at small values of θ. Looking at eq. 3.7

this means that we are using a small percent of incoming neutron kinetic energy,

or more specifically:

ER ' En
2A

(A+ 1)2
· (1− cos(36.8◦)) ' 1%En (3.15)

Finally, as said in sec. 3.1 a low energy recoil measurement - at ER ∼ 1 keV
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- is in program. To reach this energy a very low scattering angle is required,

which in LNS setup is θLowEnergy ' 4.3◦. In Fig. 3.11 on the bottom, the relative

uncertainty and ER vs low θ values are shown for En = 7 MeV.

3.6.2 Expected rates from calculations

In Fig. 3.2 we can see a simple sketch of the geometry of the experiment, from

which it becomes clear that to estimate the neutron rate in a LiSCi (the “neutron

detector”) and neutron signal rate in a PMT as “triple” coincidence, we have to

separate two interaction: first estimate the neutron rate in the TPC and then the

neutron rate in LiSCi for neutrons coming from TPC.

So we study separately the rate (with correspondent solid angle) of reactions:

7Li + p→ n +7 Be, (3.16)

and

n+40 Ar→ n +40 Ar (elastic) (3.17)

for the two interactions.

Rate of neutron arriving to the TPC

To calculate the rate of neutron arriving to the TPC we use:

dN

dt

∣∣∣
(n |TPC)

=
dN

dt

∣∣∣
(7Li |CH2)

· ρN (H in CH2) · d ·
dσ

dΩ
(E7Li

; θn)
∣∣∣
(n |TPC)

· dΩ(TPC),

(3.18)

where:

• dN
dt

∣∣∣
(n |TPC)

is the rate of neutrons emerging towards dΩ(TPC), the TPC
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solid angle with respect to the target,

• dN
dt

∣∣∣
(7Li |CH2)

is the rate of 7Li impinging on solid CH2 target, that we can

write as:

dN

dt

∣∣∣
(7Li |CH2)

=
Ibeam
3e−

, (3.19)

where Ibeam is the beam current of 7Li, 3 is Li atomic number (which cor-

responds the charge number of the accelerated ions) and e− is the electron

charge,

• ρN (H in CH2) is the number density of H in the target,

• d is the target thickness,

• dσ
dΩ(E7Li

; θn)
∣∣∣
(n |TPC)

is the differential cross section for the reaction 3.16,

with E7Lienergy of 7Li impinging ions and θn the angle between the beam

and the straight line joining target and TPC

• dΩ(TPC) is the TPC solid angle with respect to the target, as said.

Moreover, targets are usually characterized by the target surface density ρSurf

(Mass/Surface) so we can write:

ηN := ρN (H in CH2) · d = ρSurf ·
2 ·NA

M(CH2)
, (3.20)

where ηN is the superficial numerical density, 2 comes from the number of H in

CH2 molecule, NA is the Avogadro constant and M(CH2) is the molar mass.

We can now introduce some values that will be the benchmarks for all calcu-

lations here presented (some definitions and values have been previously defined

while some other will be introduced and used later):
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• E7Li= 28 MeV

• distance from CH2 target to TPC: D( CH2 |TPC) = 150 cm

• distance from TPC to LiSCi: D(TPC |LiSCi) = 80 cm

• angle at which is TPC wrt 7Li beam direction: θn ' 22.3◦

• scattering angle of neutron on 40Ar: θ3= 36.8◦(' 37◦)

(that is the angle at which LiSCi are wrt target-to-TPC direction, see

Fig.3.2)

• 7Li electric beam current: Ibeam = 1 nA

• target surface density: ρSurf = 244µg/cm2

• dσ
dΩ(E7Li

= 28 MeV; θn = 22.3◦)
∣∣∣
(n |TPC)

' 100 mb/sr

• dσ
dΩ(En = 7 MeV; θ3 = 36.8◦)

∣∣∣
(n |LiSCi)

' 0.7 b/sr

To evaluate dσ
dΩ(E7Li

= 28 MeV; θn = 22.3◦)
∣∣∣
(n |TPC)

we extract data from

Figs. 3.12. In particular we assume that aware of edges in the neutrons cone,

the differential cross section is almost flat, as indicated in Fig. 3.12 on the right.

Note that the E7Li is different (15 MeV vs 28 MeV), but we are confident that the

behaviour could be approximately the same. So we can use the value for θn = 0◦

as reported by Drosg [115], in the figure on the left, and get:

dσ

dΩ
(28 MeV, 22.3◦)

∣∣∣
(n |TPC)

' dσ

dΩ
(28 MeV, 0◦)

∣∣∣
(n |TPC)

' 100 mb/sr, (3.21)

as written.
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Fig. 3.12: Left Cross section (dashed curve) at 0◦ and neutron energies (solid curves) in
the laboratory system for the reaction 1H(7Li,n)7Be vs incoming energy (From [115]).
Right Angular distribution of the principal peak (blue dashed line) and the satellite peak
(green dashed-dotted line) vs laboratory angle for the neutron emission (red continuous
line is the sum of the two) for E7Li = 15 MeV (From [105]).

From the above reported values and definitions, we have:

dN

dt

∣∣∣
(7Li |CH2)

=
1nA

3 · e− ' 2.08× 109 s−1
∣∣∣
(IBeam=1 nA)

, (3.22)

ηN ' 2.1× 1019 cm−2
∣∣∣
(ρSurf=244µg/cm2)

, (3.23)

and5

dΩ(TPC) ' 5x5 cm2

(150 cm)2
=

1

900
sr. (3.24)

Putting previous results in eq. 3.18, finally for the neutron rate in TPC we

obtain:

dN

dt

∣∣∣
(n |TPC)

' 2.08× 109 s−1 · 2.1× 1019 cm−2 · 100 mb/sr · 1

900
sr

' 4.9 Hz
∣∣∣
(1 nA;244µg/cm2;100 mb/sr)

(3.25)

5 The active LAr in the TPC has a lateral surface of 5x5 cm2.
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Rate of neutrons arriving to one LiSCi

In the same way, to calculate the rate of neutrons arriving to one LiSCi we use:

dN

dt

∣∣∣
(n |LiSCi)

=
dN

dt

∣∣∣
(n |TPC)

·ρN (40 Ar in LAr)·dLAr·
dσ

dΩ
(En; θ3)

∣∣∣
(n |LiSCi)

·dΩ(LiSCi),

(3.26)

where:

• dN
dt

∣∣∣
(n |LiSCi)

is the rate of neutrons emerging from TPC towards dΩ(LiSCi),

the LiSCi solid angle with respect to the TPC

• dN
dt

∣∣∣
(n |TPC)

is the rate of neutrons impinging on TPC

(as previously evaluated, eq 3.25)

• ρN (40 Ar in LAr) is the number density of LAr

• dLAr is the distance that a neutron must cross in active LAr, that for this

purpose we can consider dLAr ' 5 cm

• En is the energy of neutron emerging from the TPC, that for this purpose

we can consider En ' 7 MeV
∣∣∣
(EBeam=28 MeV)

, and θ3 angle between beam of

neutrons impinging the TPC an the straight line joining TPC and LiSCi

• dσ
dΩ(En; θ3)

∣∣∣
(n |LiSCi)

is the differential cross section for the elastic scattering

n+40 Ar→ n +40 Ar

• dΩ(LiSCi) is the LiSCi solid angle with respect to the TPC, as said.

To evaluate dσ
dΩ(En; θ3)

∣∣∣
(n |LiSCi)

we need the neutron energy En emerging

from the p(7Li,n)7Be reaction. As you can see in Fig. 3.10 on top, where neutron

energy vs 7Li beam energy is reported, for IBeam = 28 MeV we have En ∼ 7 MeV6.
6 The geometrical value of En, i.e. using θn value, is En = 7387 keV. However if you take

into account the neutrons energy distribution on TPC this value is only an indication.
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Fig. 3.13: Differential cross section for the impinging neutron of energy 6-7-8 MeV. As
we can see the cross section for θ3 ' 37◦ can be considered about constant. Plot from
[116]

Using data from Evaluated Nuclear Data File (ENDF) [116], we find for elastic

scattering dσ
dΩ(En = 7 MeV; θ3 = 36.8◦)

∣∣∣
(n |LiSCi)

' 0.7 b/sr. In Fig. 3.13 on the

right a plot of the differential cross section for impinging neutron energy of 6-7-8

MeV is shown. As we can see the cross section for θ3 ' 37◦ can be considered

about constant for this energies.

After straightforward calculations, putting results in eq. 3.26, finally for the

neutron rate impinging one LiSCi we get:

dN

dt

∣∣∣
(n |LiSCi)

' 4.9 Hz · 2.11× 1022 cm−3 · 5 cm · 0.7 b sr−1 · 7.13× 10−3 sr

' 2.58× 10−3 Hz
∣∣∣
(1 nA;244µg/cm2;100 mb/sr)

(3.27)

“Triple” events rate

If we consider the detection efficiency of the liquid scintillator EJ-309, which for

En ∼ 7 MeV is about 30% [117], the rate of interactions in one LiSCi, the so-called
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“triple” events, is:

dEvents

dt

∣∣∣
(PMT)

' 7.74× 10−4 Hz
∣∣∣
(1PMT;1 nA;244µg/cm2;100 mb/sr)

(3.28)

or

dEvents

dt

∣∣∣
(PMT)

' 2.7 cph
∣∣∣
(1PMT;1 nA;244µg/cm2;100 mb/sr)

(3.29)

or

dEvents

dt

∣∣∣
(PMT)

' 67.0 cpd
∣∣∣
(1PMT;1 nA;244µg/cm2;100 mb/sr)

(3.30)

Those values are really consistent with Monte Carlo simulations but not with

data taken until now. From analysis of data taken in July 2018 it can be said

that (sec. 4.2):

∆Events

∆t

∣∣∣
(PMT)

≤ 0.26 cph
∣∣∣
(1PMT;1 nA;244µg/cm2)

(3.31)

about a factor of ten less with respect to calculations and MC simulations.

It is important to recall that a -strong- assumption in this calculations is the

“flatness” of the differential cross section for the reaction 3.16 (see eq. 3.21).

It is worth noticing that this assumption is shared with Monte Carlo simula-

tions.

POST SCRIPTUM after the last week of September 2018 beam time

Preliminarily results from data taken during the last days of the last week of

September 2018, i.e. at the time of writing, confirm the assumption on the values

on p(7Li,n)7Be cross section (eq. 3.21), used for the above reported calculations.



4. RED @ “LNS": COMMISSIONING AND PRELIMINARY RESULTS

In this chapter we report some preliminary results from data acquired during ReD

commissioning at LNS. First one week test beam was done in June-July, 2018,

and one more week beam time is scheduled at the end of September 2018.

Before the tests at LNS in Catania, a partial commissioning of the actual

optimized cryogenic-and-TPC setup was done at Naples ”Federico II” University.

Indeed the first integration of the cryosystem, LAr TPC and SiPMs occurred only

on May 21, 2018. Anyway a lot of work was done in Naples University to com-

missioning ReD1, and preliminary data were taken also with neutrons emitted

from a DD-neutron gun (En ' 2.5 MeV). Neutron rate from DD-gun is too low

to do the directional experiment in a closed kinematics approach (but other ap-

proaches could be thought), while it can be useful to study for example low energy

nuclear recoil (more on the DD-neutron gun and its experimental potentialities

in app. A). Even if partial, the commissioning of the system at Naples allowed

for a first characterization of the LAr TPC, operated in single and double phase,

with new SiPMs and for an integrated test of: operating procedures, DAQ, a

new LabVIEW-based slow control, data handling and reconstruction algorithms.

These preliminary test showed a promising light yield of about 11 phe/keVee at

null field (from 241Am 60 keV γs). The partial commissioning and characteriza-

tion of the system in Naples opened the way for the deployment of the system at
1 Also with another setup, before the optimized setup described in this work was adopted; e.g.

a different TPC with different SiPMs (SensL’s -C/J Series or FBK 1x1 cm2) was commissioned
and operated in single and double phase during last two years.
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the beamline of LNS: the “Naples setup” was shipped to LNS on June 13, 2018. It

was installed and integrated with the n-Spectrometer and the scattering chamber

and globally aligned from June 18 to June 21, so that first beam-time was able

to start on June 22, 2018.

Data taking campaigns at LNS, which include calibrations on the three de-

tectors (Si-∆E/E, TPC, LiSCis-PMTs), were done in June and July2. In June,

beam availability was on 22 to 24, wile in July on 5 to 11, 2018.

It is worth noting that June and July beam time at the beginning are dedicated

to “technical runs”, particularly to allow calibrations, to check on correct system

alignment and to “characterize” the beam.

Next sections contain some data analysis on calibration data of the three

detectors and a preliminary data analysis of data collected with the neutron beam

in Si-PMT configuration trigger, during the last days of the beam time in July,

2018.

Some issues emerged during test beams are also reported, particularly to direct

attention on issues that could have implications for DarkSide-20k, e.g. a strong

ITO and/or TPB deterioration on acrylic after only one cooling cycles.

4.1 Calibrations

Every detector has been singularly calibrated prior to the integrated use in the

system. In this section some results of the three detectors calibration are reported.
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Radionuclide α Energy [MeV] - principal lines Intensity [%]
239 Pu 5.105 11.5

5.143 15.1
5.155 73.4

241 Am 5.388 1.4
5.443 12.8
5.486 85.2

244 Cm 5.763 23.3
5.805 76.7

Tab. 4.1: α-emitters used for the Si telescope calibration. Only principal lines are
reported.

4.1.1 Si-∆E/E calibration

Silicon ∆E/E-telescope calibration is useful for identification and energy deter-

mination of impinging particles. However the main role is to trigger the DAQ

so that it can be possible to use ToF technique, which obviously becomes more

successful with particle identification.

To calibrate the ∆E/E -telescope we use a composite α-source made by singles

239 Pu, 241 Am and 244 Cm α-sources with α-energies from about 5.1 MeV up to

about 5.8 MeV. In Tab. 4.1 α-energies principal lines are reported, while in Fig.4.1

on the left the composite α-source spectrum is shown.

Even if α-energies are not in the energy range of impinging particles, which

at EBeam = 28 MeV start at about 18 MeV for lowest energy 7Be locus up to

EBeam, which corresponds to 7Li elastic scattering on C in the target, linearity in

the composite range can be supposed. It is worth noting that this α-calibration

is also useful just to simply check the detector.

∆E - E Si detectors scatter plot is displayed in Fig. 4.1 on the right: it shows

the ability of the telescope to discriminate the charged products of the beam-
2 As mentioned, another data taking campaign is now ongoing at LNS (last week of September

2018). Time constraints prevent to add this new data in this work.
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Fig. 4.1: Left E detector composite α-source spectrum. From the left 239 Pu, 241 Am and
244 Cm α-sources are flagged. Right Scatter plot of the amplitudes of the ∆E and E Si
detectors, placed at 5 deg with respect to the beam axis.

target reactions, i.e. the main 7Li band due to elastic scattering, the two 7Be

loci corresponding to the two solutions allowed by kinematics as also 7Be* (see

sec. 3.2, particularly Fig. 3.4 on the right).

4.1.2 LiSCi PMTs calibration

Tests and calibrations on LiSCi-PMTs were done at LNS to commission the

n-spectrometer, e.g. energy calibration with 511 keV γ from 22 Na source and,

more important for the experiment, test on timing performance and PSD capa-

bility3.

In Fig. 4.2 we can see LiSCi PSD vs keVee, from data collected with a 252Cf

source located near the LiSCi0 and illuminating all the LiSCi cells, where LiSCi

PSD is defined here as:

PSDLiSCi = 1− tshort
tlong

(4.1)

with tshort = 60 ns and tlong = 700 ns, long enough to contain the whole waveform.

Furthermore, defined Figure of Merit (FOM) as:

FOM =
µn + µγ√
σ2
n + σ2

γ

(4.2)

3 More accurate energy calibration had preliminary done on LiSCi-PMTs, see [118]
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Fig. 4.2: LiSCi PSD vs keVee, from data collected with a 252Cf source located near the
LiSCi0 and illuminating all LiSCis cells.

Fig. 4.3: FOM for two different LiSCi keVee energy ranges.

in Fig. 4.3 we can see as FOM varies with respect to deposited energy, for two

different LiSCi keVee energy ranges.

Using a β+ 22 Na source, thanks on the two 511 keV γs emerging back to back

from para-positronium decay, it is also possible to make a test on LiSCi-PMTs

timing performance. In Fig. 4.4 on the left we can see the difference in time of

signals formation from 511 keV γ in two neighboring (∼ 30 cm) LiSCi, triggered

in coincidence. The absolute values is about 3 ns, allowing for the ToF technique.

With the same 22 Na source data it is also possible study LiSCi-PMTs trigger
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Fig. 4.4: Left Difference in time of signals formation from β+/β− back to back 511 keV γ
in two neighboring (∼ 30 cm) LiSCi, triggered in coincidence. Right LiSCi-PMTs trigger
efficiency, which is about 50% at ∼ 20 keVee to 100% at ∼ 40 keVee.

efficiency, which is about 50% at ∼ 20 keVee to 100% at ∼ 40 keVee, as can be

seen in Fig. 4.4 on the right.

4.1.3 TPC monitoring and calibration

To ensure LAr-TPC work condition stability, thermodynamics parameters where

continuously monitored via the LabVIEW monitoring system: in particular cryo-

stat absolute pressure (maintained at (1.11 ± 0.01) bar), liquid argon level and

temperature. Temperature and level of LAr were kept constant through a heater

block attached to the PT-90 cryocooler cold-head. Along with the resistance tem-

perature detector (RTD) on the cold-head and a Lake Shore Model 336 cryogenic

temperature controller, they formed a closed-loop temperature control operating

in proportional-integral-derivative (PID) mode. Two additional PT1000 RTDs,

at a distance of about 1.5 cm each other, were installed in the dewar at about

18 cm above the top of the TPC, to monitor temperature and verify liquid level

data, which has been maintained between the two RTDs. In this way we can have

access to absolute pressure value in the gas pocket.

The TPC was operated principally in two configurations, one at zero fields

and no gas pocket while the other, from now the “standard” configuration, with

gas pocket and nominal fields at Edrift = 200V/cm, Eextr,= 2.8kV/cm and
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Configuration Anode First ring Cathode
(V) (V) (V)

Standard +3780 +85 -815

Run 544 +3780 +340 -3260

Run 554 +5670 +85 -815

— Edrift Eextr Eelect

(V/cm) (kV/cm) (kV/cm)

Standard 200 (2.8) (4.2)

Run 544 (800) (2.8) (4.2)

Run 554 (200) (4.2) (6.3)

Tab. 4.2: Principal used potentials/fields configurations. More in text.

Eelect = 4.2kV/cm. These values were chosen to be the same of DarkSide-50. In

Table 4.2 the main potentials applied to TPC and nominal electric fields so ob-

tained are reported. The grid has always been kept at ground, so its value is not

reported. In standard configuration cathode and first ring potentials were selected,

by COMSOL simulation software [119], to obtain homogeneous Edrift = 200V/cm

in the active volume. Electric field values in brackets refer to values not yet sim-

ulated. These values are simply deducted for Edrift by using cathode potentials

ratio as multiplication factor, or for Eextr and Eelect by using equation 2.21. For

this reason electric fields are reported as “nominal” in text.

Finally, during data taking, SiPMs Vbias was at 34 V, about 7 V of over voltage

with respect to Vbreakdown.

Single photoelectron calibration

As said, while on the top there is a 24-single-channel readout via a 24-channel

FEB, on the bottom the 24 SiMPs are summed six to six to form 4 channels,

in a 2-Series 3-Parallel way. The single photoelectron response (SER) of each

of 24 channels on the top plus the 4 channels on the bottom was monitored



4. ReD @ “LNS": commissioning and preliminary results 90

Fig. 4.5: Some single photoelectron waveforms from the same laser controller triggered
event. Markers are explained in the text. Top Single photoelectron waveforms in some
of 23 of 24 channels of the top FEB. Bottom In the 4 channels of the bottom FEB only
one single photoelectron waveform in time with the trigger signal is visible.

by injecting, in the cryostat, light pulses of 403 nm wavelength, 50 ps pulse

duration, from a PLP-10 laser diode by Hamamatsu [120], attenuated to meet

the correct (low) channels occupancy. To record the corresponding waveforms,

simultaneously with light pulses, a trigger signal was sent from the laser controller

to the data acquisition system. We took about one calibration “laser run” every

five “physical runs”, each of at least 100 k events.

In Fig. 4.5 it is shown an example of SiPMs single photoelectron waveforms

from the same laser controller triggered event. On top single photoelectron wave-

forms of some of 23 of 24 channels of the top FEB may be identified (the 24th
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Fig. 4.6: Left SERs of one top channel and of one bottom channel readouts. Right We
consider the angular coefficient of the straight line as the correct SER value. More in the
text.

channel did not work during last data taken on July week. It seems that some sol-

dering of an at cold operating operational amplifier did breaks.). On bottom the

4 waveforms of the 4 channels of the bottom FEB: only one single photoelectron

waveform is visible in time with the trigger signal. In the plots the raw waveforms

are blue, while the light blue are the reconstructed waveforms after that a Sensi-

tive Nonlinear Iterative Peak (SNIP) filtering is applied. Finally, the red straight

segment shows the range on which the baseline is calculated, red triangular mark-

ers show the extremes of the range on which the charge integral is calculated,

while the green triangular marker tags the absolute waveform maximum value in

the charge integral range (result of the peak finder analysis module).

A fit on superimposed single photon electron waveforms returns τrecov ∼ 0.5µs

as recovery time of SiPM single cell, consistent with the quenching resistance of

10 MΩ and the cell capacitance of the order of a few tens of femto-Farad. A τrecov

of the order of only about one quarter of LAr τT scintillation, has to be taken

into account in the tprompt estimation to maximizes the separation among ERs
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and NRs distributions (see sec. 2.2.2). More in sec. 4.1.3.

In Fig. 4.6 on the left SERs spectra of one top channel and of one bottom

channel readouts are displayed. Comparison of the two left plots shows the dif-

ference in occupancy, mainly due to the different exposed area. The global fit

function superimposed (in black) is obtained by the sum of an appropriate num-

ber of Gaussian functions (in red) describing the single photo-electron (first peak

after the pedestal) and multiple photo-electron distributions. On the right the

corresponding fit, in which the points are the mean values of the overlapping dis-

tributions, obtained from the global fit. We consider the angular coefficient of the

straight line as the correct SER value.

S1 light yield calibration

To evaluate and monitor the LAr TPC S1 scintillation LY, which depends both

on LAr absolute light yield and on TPC constructive characteristic, we used an

241Am source, which has a dominant γ-line of 59.5 keV able to cross the dewar

walls and reach the active LAr, placed on the outside surface of the dewar.

We get that the sum of top and bottom readout LY, in July was about

10 PE/keV at zero drift field [LYtop = (5.1± 0.7) PE/keV and

LYbottom = (4.9± 0.6) PE/keV], while a nominal drift field of 200 V/cm intro-

duce a global quenching factor of about 10% [LYtop = (4.3± 0.6) PE/keV and

LYbottom = (4.6± 0.6) PE/keV at Edrift = 200 V/cm nominal]. Fig. 4.7 on top

shows LY distributions separately obtained from top and bottom readout at zero

drift field; on bottom same distributions at 200 V/cm nominal drift field are

shown. Thin difference between mean values in top and bottom readout can be

due to optical factors, e.g. non perfectly equidistant source position.
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Fig. 4.7: S1 light yield calibration from 241Am source. More in the text.

During commissioning tests made in Naples, for LY (even from 241Am) at

zero drift field we obtained about 11 PE/keV. We related this loss of LY to

the degradation of the TPB deposition on acrylic substrate, on top an bottom

windows and lateral walls. It seams that this effect became worse and worse at

every temperature cooling-heating cycle.

In Fig. 4.8 two photos taken during a visual inspection at LNS clean room

show a strong TPB degradation on top window, even with little TPB flakes on

the grid. It is not clear if even the ITO on top and bottom windows, which unlike

the TPB is transparent, has suffered a similar degradation.
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Fig. 4.8: Degradation of the TPB deposition on acrylic substrate. It can be seen the
strong TPB degradation on top window, even with little TPB flakes on the grid.

fprompt optimization via 252Cf neutron source

As said, a fit on superimposed single photon electron waveforms shows τrecov ∼ 0.5µs

as recovery time of SiPMs single cell. This recovery time, comparable to LAr

triplet lifetime (τT ' 1.6µs), decrees the giving up of f90, with a change on tprompt

which can only be an increase (see sec. 2.2.2). A simple analytical model in which

the single photo-electron is modeled with an exponential, convoluted with the

LAr response function, shows that if τrecov = 0.5µs then tprompt ∼ 850 ns should

be used to optimize ERs and NRs separation, that results in about 0.4-0.6 mean

value bands for ERs and NRs respectively.

The tprompt optimization is still under study; nevertheless using an empirical

approach on data collected with a 252Cf neutron source, we get that tprompt ∼ 700 ns,

with a corresponding separation of about 0.25-0.55 bands, is up to now the best

choice for actual TPC configuration.

Fig. 4.9 shows (S1[ keVee]; f700 ns) scatter plots and f700 ns distributions from

252Cf neutron source data, on top at zero electric fields and without gas pocket,

while on bottom with electric field at “standard” values as reported in the intro-

duction of this section 4.1.3 (so Edrift = 200V/cm), and gas pocket on. The f700 ns

distributions are for E ∈ [11, 26] keVee range; FOM as defined in eq. 4.2 are also
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Fig. 4.9: (S1;f700) scatter plots and f700 distributions for single phase and double phase
252Cf runs. More in text.

reported. This energy range has been chosen considering neutron induced 40Ar

nuclear recoil energy at energy and geometrical conditions we operated in July

at LNS, as well considering the nuclear recoil quenching factor (see sec. 2.2.3).

As can be seen, both at zero field and Edrift = 200V/cm NR and ER distri-

butions are well distinguishable. Furthermore in double-phase setup, S2 events

distribution is also well distinguishable in fprompt < 0.2 region.

Electrons lifetime

To check for e− lifetime when the TPC is running we plan to use a 83mKr source,

as DarkSide-50 does. 83mKr has a half life of 1.82 hours and decays in two

sequential conversion electrons with energies of 9.4 and 32.1 keV and a mean

separation of 222 ns [121]. Because scintillation signals in LAr last for several

microseconds (sec. 2.2.1) and electrons mean tracks in LAr are negligible at these

energies, the two decays can be treated as a single event of 41.5 keV for both

S1 and S2. As Kr is a noble gas, 83mKr isotope stays spread all over the Ar

volume. However, during LNS operations we didn’t use 83mKr source but, as
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Fig. 4.10: Distributions from background data (run 534). Left Drift time distribution.
See text for more details. Right S2/S1 and S2/S1 mean ratio drift time distributions.
The lifetime after one week of argon recirculation results about τl ' 270µs.

backup solution, we used background events, which in general we expect to be

evenly spread throughout the detector, leading to a flat drift time distribution.

Figure 4.10 on the left shows the drift time distribution of background events

from run 534 (“standard” fields), operated after one week of argon recirculation,

which instead is peaked towards longer drift times. One possible explanation for

this bias is that, because the trigger is formed solely by the 4 bottom channels, we

trigger more favorably on events closer to the bottom of the detector. This seems

unlikely because the applied software threshold (5 keV ∼ 50 PE) is significantly

higher than the trigger threshold, and even at upper software thresholds the

behavior does not change. An alternative explanation is that, as the bottom of

the TPC is at only about one cm from bottom of the dewar, while the top of the

TPC has some tens of cm of LAr above, this bias could come out from LAr auto

shielding capability. Anyway to evaluate e− lifetime we use S2/S1 mean ratio

versus drift time distribution, which should allow to avoid systematics. Although

there is a large spread in S2/S1 ratio over a population of events, the mean value

of S2/S1 measured as a function of drift time should follow the same trend as

a S2 distribution from events of a diffused source4. Figure 4.10 on the right
4 Although a S1 intensity top-bottom asymmetry is always present in double phase TPCs,

due on partial light reflection at liquid-vapor interface, the systematic is on the order of some
percents. So at first order this correction can be omitted.
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shows S2/S1 and S2/S1 mean ratio drift time distributions, still from run 534.

By an exponential fit on S2/S1 mean ratio, the lifetime, as defined in section

2.2.8, results in about τl ' 270µs. It can be seen also that the maximum drift

time at standard fields (e.g. Edrift = 200 V/cm nominal), is about 62µs, so

that the lifetime is more than four times the maximum drift time, or better that

Ne( tdriftMax) ' 0.8Ne(0), good enough for commissioning runs.

With above values we get vdrift ∼ 0.8 mm/µs. It must be stressed that this

value is not in agreement with that found in literature [122], and also as measured

at same Edrift in DarkSide-50, which is vdrift
∣∣∣
(DS−50)

' (0.93 ± 0.01) mm/µs

([64]). This discrepancy is still under investigation.

S2 light yield calibration

In TPC technology S2 light yield calibration is performed at the same time as S1

light yield calibration. As said in sec. 2.2.4, even (anti)-correlation between S1

and S2 is expected. Moreover “central limit theorem” can be usually applied here,

so that S1 and S2 distributions may be described with Gaussian PDFs, while S1

and S2 joint distribution P (S1;S2) may be modelled as a bivariate Gaussian:

P (S1;S2) =
C

2πσS1σS2

√
1− ρ2

exp [
r

1− ρ2
]

where

r =
(S1− µS1)2

σ2
S1

+
(S2− µS2)2

σ2
S2

− 2ρ(S1− µS1)(S2− µS2)

σS1σS2

(4.3)

and µS1, σS1, µS2, σS2 are respectively the mean and sigma of S1 and S2 Gaussian

distributions, while ρ is the correlation factor between S1 and S2. This is a

standard approach in calibration data analysis to achieve higher energy resolution,

although Gaussian fitting on S1 and S2 separately is still a correct approach.
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(a) run 537 - Standard nominal potentials and fields

(b) run 544 - Potentials at cathode and first ring four times wrt run 537

(c) run 554 - Potential at anode two times wrt run 537

Fig. 4.11: S2 and S2/S1 shape and S2 LY from 241Am γ-source (59.5 keV). For potentials
and nominal electric fields refers to Tab. 4.2. More in text.

Actually this was used here to evaluate S1 LY (sec. 4.1.3), as the bivariate one

was not applicable because of a non Gaussian S2 shape (more later).

As said to evaluate S1 and S2 LY, up to now we used an 241Am γ-source

(59.5 keV). Figure 4.11 shows S2 (left) and S2/S1 (right) distributions at different

potentials configurations. From top to bottom: data in run 537 were collected

in “standard” configuration, data in run 544 were collected with potentials at

cathode and first ring four times higher with respect to run 537 and data in run

554 were collected with potential at anode two times higher with respect to run 537

(potentials and nominal electric fields for different configurations are reported in

Tab. 4.2). Same simple cuts have been applied on different data: events with only

two signals; the first signal in S1 ER fprompt distribution (0.2 < fprompt < 0.4);
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the second signal in S2 fprompt distribution (fprompt < 0.2); S1 energy near 241Am

γ energy (45 keVee < S1 < 75 keVee). As can be seen, S2 spectra shapes for

data collected in “standard” configuration (run 537) and data from run 544 are

far away to be Gaussian like, while are well fitted by a Landau PDF convoluted

with a Gaussian distribution (to take into account various smearing sources). S2

spectra need also to be related to S2/S1 most probable values, which are only

about 2.4 in “standard” configuration, and rise at only about 7.4 by multiplying

by four cathode and first ring potentials.

Just for reference, in DarkSide-50 at standard nominal electric fields configura-

tion (i.e. Edrift = 200 V/cm, Eextr = 2.8 kV/cm, Eelect = 4.2 kV/cm), the same

as in run 537, about S1 ' 300 PE and S2 ' 8890 PE respectively from 83mKr

line (41.5 keVee) are achieved (see ref. [123] for more details), so that S2/S1 ∼ 30

(mean values). DarkSide-50 S2/S1 ratio is a benchmark, even if it must be taken

into account that we didn’t use 83mKr but 241Am and Ne− may vary with energy

(but not so much from roughly 40 to 60 keVee), ReD TPC “diving bell” holds

0.7 cm-thick vapor layer (Helect) instead of 1.0 cm-thick and the optical response

is clearly different between the two detectors. By the way, one would expect even

with ReD TPC an S2/S1 ratio not so far from DarkSide-50.

It seems like that in these configurations not all e− surviving recombination

are able to be collected at the anode, as if several e− remained trapped at the

liquid-vapor interface or at the grid. This can explain even S2 Gaussian spectra

shape and the strong increase of the S2/S1 ratio, up to about 20, from data

collected in the last listed configuration (run 554), where nominal Eextr and

Eelect are instead only twice with respect to “standard” one. The relative increase

of S2/S1 ratio, more than eight times with respect to that at standard fields
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Fig. 4.12: ∆E/E scatter plot - data from run 526, 527, 528, 530, 531, 532, which corre-
spond to approx 12.5 h livetime.

can’t be explained only with secondary scintillation increase, which has a linear

dependence with respect to Eelect (sec. 2.2.7). Only an increase on the number of

electrons that reach the gas pocket can take in to account for a similar increase

in S2/S1 ratio. Anyway, this unexpected behavior is still under investigation and

these speculations are precisely only speculations.

4.2 Preliminary Results

In this section I present the analysis on data taken with LNS neutron beam in

the “Si-telescope AND any PMT” trigger configuration. The trigger was based

on ∆E/E Si telescope, with ∆E − E detectors in AND logic among them, and

thresholds to collect only events in 7Be loci plus part of the 7Li band (Fig. 4.12).

Signals from Si-telescope was in turn in AND logic with any LSci PMTs within

200 ns trigger window.

Data analyzed are from run 526, 527, 528, 530, 531, 532 (that have all been

acquired in same conditions, during the last day of July beam-time). This corre-

spond to approx 12.5 h livetime. The run configuration was: target CH2 = 244 µg/cm2
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Fig. 4.13: Top ∆t calculated as “LiSci start time” - “Si start time” for all eight LiSCis1/8.
Neutron-like events have ∆t Si-PMT ' 10 ns. Green arrows point to time cuts for "triple"
events selection. More in text. Bottom Events on ∆E/E scatter plot tagged by LiSci
PSD and ∆t Si-PMT.

and EBeam = 28 MeV, so that neutron energy was about En ' 7.4 MeV. As

said (sec. 3.6.1, eq. 3.8), at this neutron energy we expect, by kinematics, that

the energy of nuclear scattering tagged by the eight LiSCis1/8 was spread around

73 keV. The beam current measured in the Faraday cup during data taken was

oscillating: Ibeam ∈ (1; 12) nA. The weighted average of Ibeam calculated using

the number of events for every run and the reported Ibeam is about Ibeam ' 6 nA.

This uncertainty on the beam current is the major obstacle to understand real
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neutron rate on the TPC.

The LiSci PMT thresholds were roughly 20 keVee, while as said the TPC (in

double-phase “standard” configuration) was in slave mode (also to look for very

small recoil signals offline).

In Fig. 4.13 on top, ∆t calculated as “LiSci start time” - “Si start time” for all

eight LiSCis1/8. Two time-correlated peaks are well distinguishable. The more

populated peak has LiSci PSD > 0.15, which means that they are neutron-like

events, while the other peak has LiSci PSD < 0.15, which means that they are

γ-like events. The time difference of about 20 ns is consistent with γs from

inelastic n/Ar scattering. On bottom, events on ∆E/E scatter plot tagged by

LiSci PSD and by ∆t Si-PMT.

In Fig. 4.14 ∆t as “TPC start time” - “Si start time”. Only events in low

energy 7Be locus and in NRs f700 band (i.e. f700 ∈ (0.4; 0.7), see par. 4.1.3) are

plotted. The time spectrum has two time-correlated peaks, one of which seems

due to a misalignment of 2 trigger clock (8 ns/clock) in the two DAQ boards in

which the 28 channels are collected. Under this explanation even these events are

to be taken into account for “triple” events counting, as I do here below (green

arrows in figures point to time cuts for "triple" events selection).

To select "triple" events, cuts on events collected are needed; below those here

chose for this analysis:

• events in 7Be low energy locus (to select the correct kinematically solution)

• events in all of 8 LiSCis1/8

• energy in LiSCi > 10 keVee (to avoid events from pedestal)

• n-like events in LiSCi (i.e. LiSCi PSD > 0.15)
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Fig. 4.14: ∆t calculated as “TPC start time” - “Si start time”. Peak at around −39 ns
seems due to misalignment in DAQ boards. Green arrows point to time cuts for "triple"
events selection. More in text.

• events with energyETPC deposed in the TPC so thatETPC ∈ (1; 200) KeVee

(the energy range of interest)

• events in the TPC with only two pulses (to select events with presumably

S1 and S2)

• events in the TPC with fist pulse in n-like band (i.e. f700 ∈ (0.4; 0.7))

• events “in time" with respect to “LiSci start time” - “Si start time” (i.e.

between green arrows in Fig. 4.13)

• events “in time" with respect to “TPC start time” - “Si start time” (i.e.

between green arrows in Fig. 4.14).

Only 26 events survive cuts (on about 67k). Fig. 4.15 shows a Gauss plus Exp

likelihood fit on the histogram of these cuts-survived events. Roughly speaking,

considering a nuclear quenching factor of about 0.3 (see sec 2.2.3), the peak found

is consistent with the expected ∼ 70 keVnr nuclear energy recoil.
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Fig. 4.15: Spectrum of events surviving the background rejection cuts (more in text).
Considering a nuclear quenching factor around at 0.3, the peak found with a Gauss plus
Exp likelihood is roughly consistent with the expected ∼ 70 keVnr.

Even considering the 26 events all “triple” neutron scattering events and

Ibeam = 1 nA, for the “triple” rate we get (#events/(8 LiSCis)/(12.5 h)):

∆Events

∆t

∣∣∣
(PMT)

≤ 0.26 cph
∣∣∣
(1PMT;1 nA;244µg/cm2)

(4.4)

about a factor ten less with respect to calculations (eq. 3.29) and MC simulations.

A plausible motivation is a misalignment of the Si-telescope collimator (as said

in sec. 3.2).

Even with the "correct" (i.e. predicted) rate, the experiment needs almost

one week of data taken for every nuclear recoil energy point, to have a sufficient

statistic. Therefore we need to solve this low rate problem to go on with the

directional experiment. Anyway, the three detectors system is working and we

are confident to have had identified the causes of rate failure, as also to fix them

before 2019 beam-time data taken.



CONCLUSIONS

Within the DarkSide Program, the Recoil Directionality (ReD) experiment first

aims to reveal directionality signature in nuclear recoils, in the energy range of the

order of that one expected in WIMP-Ar scattering recoils. This signature would

be a very highly desirable capability for a direct dark matter detection experiment,

especially at the exposure, and beyond, at which the onset of ν-induced nuclear

recoils has to be considered, as is the case of next DarkSide Program step, the

DarkSide-20k experiment (see sec. 2.1).

In order to have a directional experiment with controlled recoil energy, it is

necessary the use of low energy and as mono-energetic as possible neutrons in

a closed kinematics approach. Moreover an optimized TPC-Cryogenic setup is

necessary to avoid neutron multi scattering in Argon as in materials all around

the TPC. To this aim, during last three years, different setup have been adopted

and different neutron sources have been evaluated and used, as the DD neutron

generator described in appendix. At last, ReD is now installed (and running

at the moment of writing) at Laboratori Nazionali del Sud (LNS) in Catania,

Italy, where neutrons are produced via p(7Li,n)7Be reaction using their Tandem

accelerator. In this thesis I decided to describe this final operating setup and

ongoing results.

ReD is a complex experiment made by three detectors (the Si-telescope, the

TPC and the n-spectrometer), more in the commissioning that in the data taking



4. ReD @ “LNS": commissioning and preliminary results 106

phase (or better in the transition phase between the two phases), so results here

reported are long away from being final ones (not only for the reduced measured

“triple" rate with respect to predicted - see sec. 4.2). Furthermore in this work,

among other things, I reported results on TPC characterization and calibration

(and issues founded during this commissioning phase), taking in mind that ReD

is also R&D for the DarkSide20k experiment (e.g. ReD double-phase TPC is the

first one with only SiPMs as photomultipliers, with consequence e.g. on pulse

shape discrimination parameter fprompt, as reported in sec. 4.1.3).

Anyway, as here reported, some problems have arisen during the first data

taking phase, in 2018, but now we are confident to have identified origins of

these problems and we are now working to be ready to finally do the “directional

measure" during next physical beam-times, in 2019.



APPENDIX



A. THE DD NEUTRON GUN

As neutron source at Naples we used a commercially available “Thermo Fis-

cher Scientific” API-120 Deuteron-Deuteron (DD) generator [124]. The API-

120 is a system that in standard configuration provides individually time- and

direction-tagged, almost-monoenergetic continuous neutrons at very high inten-

sity (∼ 107 n/s in 4π steradians), almost isotropically. Being the final destination

of the DD-generator as calibration source for DarkSide Program detectors, the

API-120 DD-generator at Naples is a custom version developed by “Thermo Fis-

cher Scientific” with neutron flux limited to 104 n/s in 4π steradians, in order

to meet the local approval by LNGS radiation safety regulations. The standard

commercialized configuration was also modified to allow the device to fit through

the DarkSide-50 source older. In Fig.A.1 on top a picture of DD-generator as

arrived at Naples, on bottom a schematic DD-generator side view.

In the API-120 generator DD reaction neutrons are produced via the reaction

d + d→ n + 3He (A.1)

with an average energy of about 2.5 MeV . This reaction produces no penetrating

radiation in coincidence with the neutrons. The tagging can be accomplished by

detecting the 3He from the neutron production reaction as it strikes an inter-

nal scintillator screen, using an external multi-anode MCP-PMT closely coupled
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Fig. A.1: Top A picture of “Thermo Fischer Scientific” API-120 DD-generator as arrived
at Naples. Bottom A schematic side view.

through a sapphire window. A complete description of the API-120 DD-generator

can be found in ref. [125].

The generator was operated at deuteron energy of 50 keV and with deuterium

beam current of 35µA, the max setting value that have been setup by the factory

to limit neutron flux to 104 n/s in 4π, as said.

For non-relativistic deuterons (up to Ed ∼ 20 MeV), the energy of neutrons

emitted in the 2H(d, n)3He reaction is given by:

En
1/2 =

(mdmnEd)
1/2

m3He +mn
cosϕ+

+

{
mdmnEd cos2 ϕ+ (m3He +mn) [m3HeQ+ (m3He −md)Ed]

}1/2

m3He +mn

(A.2)

where md and m3He are the deuteron and 3He nucleus masses, respectively, Q

is the Q-value of the reaction, and ϕ is the neutron emission angle with respect
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Fig. A.2: Left Energy of API-120 emitted neutrons vs neutron angle with respect to
deuteron beam (or gun principal axis), for deuteron energy of 50 keV . Right The neutron
generator during a data taken in the clean room of the Università degli Studi di Napoli
Federico II, Physics Department "Ettore Pancini", Naples. You can see also the 5" liquid
scintillator used to collect data and the dewar containing the LAr TPC.

to the deuteron beam. At small and large emission angles the neutron energy

depends significantly on the deuteron energy. However, there is a minimum in

both ∂En/∂ϕ and ∂En/∂Ed at ϕ ∼ 90◦, and consequently the energy spread of

neutrons produced is minimal near this angle (see Fig. A.2 on the left). For this

reason, during runs the neutron generator was operated in a configuration where

deuterons are accelerated with a direction such that neutrons incident on LAr

TPC are those produced at ϕ = π
2 .

A.1 ReD with Neutron Gun: rough calculation of the magnitude of the

expected events rate in the scintillators

IF:

• YNG := neutron yield in the Neutron Gun

(==104 n/s in 4π – MAX!);

• DNG−TPC := distance between Neutron Gun and TPC

( ==100 cm);

• DTPC−SCI := distance between TPC and SCIntillator
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( ==100 cm);

• STPC := surface of the vertical section of the TPC

(with h = 11.755 cm and diameter = 4.6 cm);

• SSCI := surface of the scintillator face that ” looks ” the TPC

(with radius = 1
2 · 3” = 3.81 cm, if scintillator of 3”);

• Ssphere(DNG−TPC) := surface of the sphere with radius the distance between

Neutron Gun and TPC;

• Ssphere(DTPC−SCI) := surface of the sphere with radius the distance between

TPC and SCIntillator;

• Pint(n−LAr) := probability to have a useful interaction in a layer of LAr of

5 cm thick (roughly ' 0.2 from MC simulations);

• εSCI := scintillator/PMT global efficiency (roughly ' 0.3);

• RSCI := neutron event rates in scintillator/PMT from Ar scattering;

THEN

RSCI = YNG ·
STPC

Ssphere(DNG−TPC)
· Pint(n−LAr) ·

SSCI
Ssphere(DTPC−SCI)

· εSCI . (A.3)

With the above values we get:

RSCI(YNG == 104 n/s) ' 10−4 n/s ' 0.4 n/h. (A.4)

More generally:

RSCI(YNGwhatever) ' 10−8 · YNG. (A.5)
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Fig. A.3: Relative recoil energy uncertainty and recoil energy for low neutron scattering
angles and En = 2.5 MeV. Compare this figure with Fig. 3.11 on the bottom, where
values are shown for En = 7 MeV, about standard neutron energy at LNS.

A.1.1 Low Energy recoil with DD Gun

As said a low energy recoil measurement - ER ∼ 1 keV - is in program. To reach

this energy a very low scattering angle and ideally low neutron energy is required,

which in LNS setup are θLowEnergy ' 4.3◦ and En = 7 MeV, respectively. In Fig.

A.3 relative uncertainty and ER vs low θ values are shown for En = 2.5 MeV.

Compare this figure with Fig. 3.11 on the right, where relative uncertainty and

ER vs low θ values are shown for En = 7 MeV, about “standard” neutron energy

at LNS.
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