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Introduction

Many astrophysical and cosmological evidences, like rotational curves of galaxies and anisotropies of
the cosmic microwave background (CMB), suggest that about 27% of the content of the Universe is
made of non-luminous matter [1, 2, 3]. All these evidences are dierent manifestations of gravity,
however, a direct evidence for a new physical phenomenon explaining the observations remains
absent.
An attractive hypothesis for explaining the nature of dark matter is the existence of a new
exotic particle that must be electrically neutral, non-relativistic, non-barionic and that weakly
interacts with ordinary matter [4]. Weakly interacting massive particles (WIMPs), well motivated
candidates for dark matter, form haloes around the galactic centers [5]. Strong eorts are being
pursued to develop experiments able to directly test the particle nature of dark matter, based on the
identication of the nuclear recoils produced by the collisions of the WIMPs with the nuclei of the
detector target. The non-relativistic elastic scattering of dark matter particles with masses from
4
1
10 to 10 GeV would produce nuclear recoils in the energy range 1 to 10 keV. Past experiments
carried out between 2012 and 2015 set WIMP-mass-dependent upper limits on the WIMP-nucleon
−45
−43
2
cross section between 10
and 10
cm . The most stringent limit comes from the XENON1T
−47
2
experiment, 7.7×10
cm for a WIMP mass of 35 GeV [6]. Future experiments such as DarkSide−49
20k and Argo are expected to lower that limit to (10
− 10−47 ) cm2 for a WIMP mass in the
3
range 10 to 10 GeV [7]. Figure 1 illustrates the sensitivity of past, current and upcoming, direct
detection experiments in the plane WIMP-nucleon cross section

vs.

WIMP mass.

Figure 1: Summary of results from direct dark matter search experiments in the WIMP-nucleon
spin-independent cross section

vs.

WIMP mass plane [7].

The current experimental limits are

represented together with projected sensitivities for future experiments (DarkSide-20k and Argo)
that are expected to operate over the next years.

238

Particle detectors are constructed with materials that contain traces of radionuclides, notably
232
Th, and elements from their breeding chains. Radioactive decays of these elements

U and

1 For the present study we adopt the convention

c = 1,

energy (eV).
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hence masses and momenta are expressed in units of

yield

α, β and γ particles that can produce background events directly or indirectly.

For example,

α

particles emitted with energies in the range from 1 to 10 MeV interact with nuclei in the detector
materials, originating neutrons via

(α, n)

nuclear reactions.

Also, cosmic rays and spontaneous

ssion of some radionuclides are other important sources of neutrons.
As an example, the DarkSide-50 experiment [8] expects
neutrons,

2.4

events per year from radiogenic neutrons, and

36 events per year from cosmogenic
6900 events per year from β /γ events

(before signal selection criteria are applied).

The low value of the WIMP-nucleon cross section
−3
translates into a very low interaction rate, e.g. about 1.3 × 10
events/tonne/year are expected
−43
2
for σ ∼ 10
cm according to [9]

−3

R ∼ 1.3·10
where

A

events
tonne year



A
σ
hvi
× −43 2 ×
100 10 cm
220 km
hvi

is the atomic number of the target nuclei,

particles and

ρ0

is dark matter density.

s

−1

×



ρ0
0.3 GeV

−3
cm

,

(1)

is the mean velocity of the dark matter

Besides, nuclear recoils from WIMP scattering result

in an exponentially falling energy spectrum similar to the one expected for background [10]. A
clear WIMP signal detection is only possible with a background-free detector, constructed with
radio-pure materials.
There are two main sources of background events:

γ /electrons

and neutrons.

γ 's

and electrons

produce electronic recoils. However, dual-phase argon detectors such as DarkSide-20k are able to
discriminate between electron and nuclear recoils, so these events are eciently discarded.

On

the contrary, cosmogenic and radiogenic neutrons collide with nuclei producing nuclear recoils
indistinguishable from the recoils produced by WIMPs.

Dark matter detectors are placed in

laboratories deep underground, so that most of the cosmogenic neutrons are stopped in the rock
overburden.

However, there are not eective ways to discriminate nuclear recoils produced by

radiogenic neutrons originating in the materials of the detector.
The study described in this report focuses on the characterization of the kinetic energy spectrum
of the radiogenic neutrons entering the DarkSide-20k [11] detection volume, and on the simulation of the energy deposited in the active volume.

In order to get the sensitivities of Figure 1,

the contributions of these neutrons must be negligible, therefore the detectors must be built from
radiopure materials. In particular, stainless steel and titanium are known to be appropriate materials for building massive cryostats (the containers of the active volume of the detector). Two
dierent computer codes are used to study the neutron ux and to compare the neutron emission
in stainless steel and titanium through

(α, n) processes.

The right choice of the material, based on

these calculations, may have a signicant impact in the sensitivity to high mass WIMP. The goal
of the present study is to calculate the absolute number of radiogenic neutrons from the cryostat
material, and to compare neutron production rates in stainless steel and titanium.

2

Direct detection of dark matter

2.1 The nature of dark matter
There is a variety of hypotheses to explain the dark matter problem [12], some of them based in
modications of the gravitational law.

Modied Newtonian Dynamic theories (MOND) [13] or

their relativistic extension (TeVeS) [14] can, for instance, successfully describe rotational velocities
measured in galaxies. However, MOND fails to t observations on larger cosmological scales such
as structure formation or the CMB power spectrum [15].
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Massive astrophysical compact halo objects (MACHOs) [16] have also been considered as a
possible explanation for the large mass-to-light ratios detected in the astronomical observations.
These objects could be neutron stars, black holes, brown dwarves or unassociated planets that
would emit very little to no radiation. Results from microlensing observations in the Large Magellanic Cloud [17] have conrmed that such objects could be 20% of the dark matter in our galaxy
and a model with MACHOs accounting entirely for the dark matter halo is ruled out at 95% condence level. Besides, the baryonic nature of dark matter is actually also ruled out by Big Bang
nucleosynthesis (BBN). The abundance of light elements predicted by BBN depends on the baryon

Ωb = 0.04 [1]
ΩM ' 0.3. An ex-

density and, in fact, measurements constrain the baryon density to a value around
close to the value derived from CMB, while the Universe content on matter is

ample of baryonic dark matter, which is not aected by the BBN and CMB constraints mentioned
above, are primordial black holes.
An attractive hypothesis for explaining the nature of dark matter is the existence of a new
exotic particle with the following characteristics [4]:

•

Dark matter particles must be electrically neutral, otherwise they would scatter light and
thus not be dark.

•

Dynamical systems, such as cluster mergers, set an upper bound to the self-interaction and
suggest that the dark matter component in these objects is mostly collision-less. Then, they
must feature a weak self-interaction.

•

From the known particles in the Standard Model, only the neutrino could be considered [18].
Due to its relativistic velocity in the Early Universe, the neutrino would constitute a hot
dark matter (HDM) candidate. Cosmological simulations [19] have shown, however, that a
Universe dominated by neutrinos would not be in agreement with the observed clustering
scale of galaxies. In particular, dark matter has to be non-relativistic (cold, CDM) at the
epoch of structure formation in order to reproduce the observations.

•

As mentioned before, dark matter must be non-baryonic since the results of the CMB, together with the predictions from BBN suggest that only 5% of the total energy budget of
the Universe is made out of ordinary matter.

•

Finally, it must be a long-lived particle. The footprint of dark matter can be observed in the
primordial CMB anisotropies and through its gravitational eects in galaxies and clusters of
galaxies.

Models beyond the Standard Model of particle physics suggest the existence of new particles which
could account for the dark matter. These models include super-heavy dark matter or WIMPzillas,
postulated to explain the origin of ultra high-energy cosmic rays. Another well motivated particle
is the axion, which is associated to the strong CP problem.
A well motivated assumption is that of a new elementary particle, massive, stable, neutral and
weakly interacting: WIMP. The standard production mechanism for WIMPs assumes that in the
Early Universe these particles were in equilibrium with the thermal plasma via
vice versa (being

ff

χχ → f f

and

a pair lepton-antilepton or quark-antiquark). As the Universe expanded, the

temperature of the plasma became lower than the WIMP mass, resulting in the decoupling from
the plasma [20]. At this freeze-out temperature the WIMP annihilation rate was smaller than the
Hubble expansion rate, and the dark matter relic density was reached.
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An approximate solution to the Boltzmann equation [21] governing the number density of
WIMPs is

mχ nχ
'
Ωχ h =
ρc
2

with

h



3 × 10−27 cm3 s−1
hσvi

−1
−1
the Hubble constant in units of 100 km s Mpc
and


,

(2)

ρc ' 10−5 h2 GeV

−3
cm
the current

critical density, which is the necessary density for the curvature of the Universe to be zero. The
result is in a rst approximation, independent on the WIMP mass, and it is inversely proportional
to its annihilation cross section.
If a new stable massive particle with weak interactions exists (WIMPs), then its annihilation
cross section is

σEW '
where

α ' O (0.01)

and

mEW ' O (100 GeV).

α2
,
mEW

Therefore, in Equation (2),

(3)

hσvi ∼ 10−25 cm−3 s−1 ,

which is remarkably close to the value required to account for the dark matter content of the
Universe,

Ωχ h2 '

3 × 10−27
' 0.3.
10−25

(4)

It appears a great coincidence that a particle interacting via the weak force would produce the
right relic abundance and, therefore, the WIMP is a theoretically well motivated dark matter
candidate. This hypothesis is being thoroughly tested experimentally and future experiments like
DarkSide-20k or Argo are specically designed to detect WIMP signals. The work I present in this
report focuses on direct detection of WIMPs in the the DarkSide-20k experiment.

2.2 Detection of WIMPs
Observations of the rotation velocities of satellite galaxies around their host galaxies [5] show that,
at galactic scales, dark matter clusters into halos extending several times the size of the galactic
core. These halos are considered to be isothermal spherical halos (Standard Halo Model), which
are isotropic and have reached a steady state, normally associated with a Maxwell-Boltzmann
distribution. In order to t their rotation curves their density distributions must be proportional
2
to r . Hence, the dark matter particles that experiments aim to detect are those composing the
halo in which the Earth is immerse. The WIMP ux through the Earth,
product of the number density,

n,

and the velocity,

v,

φ,

is calculated as the

of WIMPs. The typical velocity of the dark
−1
∼ 10−3 c. The local dark

matter halo is of the order of the galactic rotation velocity, 300 km s
−3
matter density is ρ0 ' 0.3 GeV cm
[22]. Thus,

φ = vn =

107
vρ0
−2 −1
'
cm s
.
mχ
mχ (GeV)

105 dark matter particles are expected to cross a square
1023 WIMPs reaching the Earth surface per second.

For a 100 GeV mass WIMP,
each second. That is about

(5)

centimeter

Direct WIMP search is based on the detection of signals produced by the elastic scattering
of halo dark matter particles and nuclei in the active volume of the detector.

This process is

observable through the energy deposited by the recoiling nucleus (Figure 2), given by [23]

1
4mχ mN 1 + cosθ
E R = mχ v 2
,
2
2
(mχ + mN )2
8

(6)

Figure 2: Incident WIMP scattering o a target nucleus [24]. The recoil energy,
the incident WIMP energy, on the WIMP and nucleus masses,
angle,

θ.

MW

and

ER ,

depends on

MN , and on the scattering

The typical recoil energies are in the range 1-100 keV.

leading to recoil energies of approximately 10 keV for WIMPs with a mass of the order of 100 GeV.
The maximal energy transfer occurs on a head-on collision and when the mass is equal to the target
mass. In such case,

1  mχ 
1
ERmax = mχ v 2 =
2
2 1 GeV
and

ERmax

keV,

(7)

is of the order of 100 keV. This recoil energy can also be reached by lighter projectiles

with higher velocities, like neutrons. Therefore, experiments must be able to remove an overwhelming background of particles that lead to nuclear recoils in the energy range of WIMP interactions.
The total number of nuclear recoils produced by WIMPs,
is given by the WIMP ux times the number of targets,

NT ,

N,

within a certain time window,

times the scattering cross-section,

N = tφNT σ.

t,
σ,

(8)

The energy spectrum of the detected dark matter particles is [23]

ρ0
dN
=
σ0 F 2 (ER )
dER
2mχ µχN

ˆ

f (~v )
·d~v ,
v

(9)

vmin
where



is the exposure of the experiment,

µχN

is the WIMP-nucleus reduced mass,

σ0

is the

F (ER ) is a form factor introduced to take into account the substructure of the
f (~v ) is the velocity distribution of the particles in the galactic halo. Figure 3 depicts

total cross section,
nucleus, and

the expected event rate for dierent detector target materials. The expected number of nuclear
recoils is very low, making extremely hard to isolate a few WIMP signals among an overwhelming
background.

3

The DarkSide-20k experiment

Noble liquids, such as argon, allow the detection of nuclear recoils. Some of their properties, such
as being transparent to their own scintillation light and scalability, make argon-based experiments
to be among the most competitive technologies for dark matter direct detection. Collaborations
like ArDM [25], DarkSide-50, XENON100 [26], LUX [27], or DEAP-3600 have already built their
detectors with this technology, and others plan to do it in the near future. One of the latest is

9

Figure 3: Event rates as a function of the recoil energy, for a 1 TeV WIMP, with WIMP-nucleus
−43
2
cross section σ0 = 10
cm , for various active target materials [24].

the DarkSide-20k experiment, which gathers most of the groups involved in dark matter searches
including liquid argon. It is of a new generation dark matter detector [28] and it will be placed at
the Laboratori Nazionali del Gran Sasso in Italy. The central detector of DarkSide-20k is a large

(3

m

×2

m) dual-phase (vapor-liquid) Time Projection Chamber (TPC) lled with 20 tonnes of

argon. It combines the information given by scintillation pulse-shape and ionization signal in order
to discriminate the nuclear recoil against the background. Some unique aspects of the DarkSide20k program, relevant for this study, are the use of an external neutron veto based on borated liquid
scintillator, and of low radioactivity argon from underground sources as the target. Additionally,
the detector is placed in a water Cherenkov muon veto. The combination all these techniques will
allow DarkSide-20k to achieve a background-free 100 tonne-year exposure accumulated in a 5 year
run. This experiment is expected to start operations in 2020 with data taking starting in 2021,
−47
2
and will be sensitive to WIMP-nucleon interaction cross sections of 10
cm for WIMPs of 1 TeV
mass.

3.1 Signals in a noble liquid detector
The elastic scattering of a WIMP o a target medium induces an energy transfer to nuclei which can
be observed through three dierent signals, depending on the detector technology used. These can
be the production of heat (phonons in a crystal), an excitation of the target nuclei which de-excite
releasing scintillation photons and by the direct ionization of the target atoms. Detection strategies
focus either on one of the three, or on the combination of two of these signals. Argon TPCs are
able to detect both scintillation and ionization, which turns out to be a powerful background
discrimination technique.

For instance, noble liquids do not attach electrons and can be easily

puried [29], making possible to detect small charge signals in massive detectors. This means that
the amount of electronegative elements such as oxygen, able to catch the ionization electrons and
avoid its detection, is very low.
The emission of scintillation light is due to two mechanisms [30, 31]: the excited luminescence
∗
and the recombination luminescence. The excited atoms, Ar , form excimers with other atoms,

10

∗
−12
Ar2 , in a short time scale (10
s) without having change to directly de-excite. The excimers
subsequently decay into two argon atoms in the ground state, emitting a scintillation photon with
energy

hν (λ ' 128

nm),

∗
Ar

+ Ar → Ar∗2
∗
Ar2 → 2Ar + hν .

(10)
(11)

Since the energy of the emitted scintillation photons, 9.8 eV, is lower than the required energy to
excite an argon atom to its rst excited state, it cannot be reabsorbed and propagates through the
detector, making argon is transparent to its own scintillation light.
In addition the scintillation light, electric charge is produced via ionization of the argon atoms.
+
+
Ar ions collide with Ar atoms and lead to the formation of an ionized argon molecule, Ar2 , in
ps time scale. Eventually, they recombine with a free electron, generating a ash of UV light, and
∗∗
∗∗
form a highly excited argon atom, Ar , and an argon atom in the ground state. Finally, the Ar
∗
de-excites in a non-radiative process to Ar ,

+ Ar → Ar+
2
+
∗∗
−
Ar2 + e → Ar + Ar
∗∗
Ar
→ Ar∗ + heat.

Ar

The Ar

∗

+

(12)
(13)
(14)

leads to scintillation emission by the excited luminescence process as explained before.

An electric eld

(∼ 1

kV/cm [28]) is applied to reduce the recombination and to drift the electrons

towards the readout plane of the detector.

3.2 Argon Time Projection Chambers
The DarkSide-20k detection volume consists in an Argon Time Projection Chamber (Ar-TPC)
lled with gas and liquid argon (LAr) with an electric eld and a light collection system as it is
depicted in Figure 4 (left). The full Ar-TPC is inside a vacuum-insulated cryogenic system, the
cryostat. A typical dual-phase Ar-TPC is schematically represented in Figure 4 (right).
∗
As explained in the previous section, the argon excimers Ar2 decay radiatively, emitting 128 nm
primary scintillation light (S1). Since S1 cannot be reabsorbed by neutral argon atoms (they are
transparent to their own scintillation light, see subsection 3.1), it propagates within the detector.
The detection of this light is performed by two arrays of silicon photomultipliers (SiPM) placed
on the top and bottom parts of the detector. The TPC walls are covered with reectors, so all the
photons are redirected to the top and bottom readout planes.
The electrons produced by the ionization that do not recombine are drifted towards the liquidgas interface by a uniform electric eld perpendicular to the readout planes. After the electrons
are extracted into the gas phase, they acquire energy thanks to the high electric eld applied in
this region (∼

2.8

keV/cm [28]), emitting a secondary electroluminescence light (S2).

The secondary photons produced (S2 signal) are mainly detected by the top SiPM array as a
delayed coincidence relative to the primary scintillation (S1 signal). Since the number of secondary
scintillation photons produced in gas is proportional to the number of extracted electrons, the
detection of the ionization charge is made through the detection of the proportional scintillation
light, S2.
Due to the fact that both S1 and S2 are detected, and that diusion in LAr is quite low, which
preserves the position interaction along the drift, the LAr-TPC allows 3D position reconstruction.
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Figure 4: DarkSide-20k dual-phase TPC [28] (left). Scheme of the ionization charge production
and light detection in a dual-phase TPC [24] (right).

The
The

xy interaction coordinates are reconstructed
z coordinate is obtained from the delay in S2

using the light pattern of the top SiPM array.
with respect to the S1 signal, knowing the drift

velocity.

3.3 Background sources and discrimination techniques
In order to unambiguously identify interactions from dark matter particles, ultra-low background
experiments are required.

β 's and γ 's can produce electron recoils when interacting with the orbital

39
electrons of argon. β 's are mainly emitted in the radioactive decay of internal
Ar isotope, which
39
39
39
−
decays into
K,
Ar →
K + e + ν e , with a half-life of 296 years. The end point of the β energy
spectrum is

565

keV [32].

In natural argon only traces of

39

Ar are found, nevertheless, its impact on the background is
39
remarkable in a large scale detector. Considering 20 tonnes of atmospheric LAr, the
Ar decay
11
39
rate is approximately 20 kHz, which means 6 × 10
decays per year [33]. Since
Ar traces are
originated by the interaction of cosmic rays with the atmospheric argon, this problem can be
mitigated using argon extracted from underground wells [34].

238
232
40
137
On the other hand, there is a certain amount of natural radionuclides (
U,
Th,
K,
Cs
60
and
Co, among others) present on the detector components. These radionuclides decay emitting
0
several γ s with energies from tens of keV to a few MeV [35]. The interaction of these γ 's with
argon result in the emission of electrons which can deposit its energy in the target medium. Such
energy deposits may be of a few keV and thus aect the sensitivity of the experiment, because this
is the energy region of interest (ROI) for dark matter searches.
There are a number of ways to minimize this background. On the rst place,

γ

radiation is

reduced by selecting materials with low radioactive contamination and by shielding the detector
using a high atomic number and high density material, i.e. with a good stopping power, and low
internal contamination. Secondly, given the low probability of dark matter particles to interact,
the removal of multiple simultaneous hits in the target volume are used for background-event
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Figure 5:

Distribution of the charge-to-light ratio and pulse shape discrimination parameter

(fraction of the S1 light in the rst 90 ns), for americium-belirium data in the DarkSide-50 experiment. The two distributions are identied as electron recoils (ER) and nuclear recoils (NR).

suppression.

Besides, the penetration range of radiation has an exponential dependence on the

distance. Then, for detectors with sensitivity to the position of the interaction such as DarkSide20k, an innermost volume can be selected for the analysis (ducial volume), highly suppressing
this background.
Despite the high eectiveness of these techniques, there would be electronic recoils not rejected
by the detector. Nevertheless, there are two dierent background discrimination methods in argon
to distinguish between electron and nuclear recoils: charge-to-light ratio and scintillation pulse
shape discrimination. They allows the detector to keep only nuclear recoil events, susceptible of
having a WIMP origin.
In argon, the relative amount between the produced and extracted electrons depends on the
charge track density (which is dierent if the incident particle is a neutron or an electron, for
instance). For background events resulting in a recoiling electron the low density of electron-ion
pairs results in less recombination and therefore less scintillation (lower S1 signal, or light) and
more free electrons that traverse to the gaseous phase (higher S2 signal, or charge). On the other
hand, for nuclear recoils there is more recombination (since the ionization due to the neutron is
higher) and thus more scintillation (S1) and less free electrons (S2).

The ratio of ionization to

scintillation thus allows separation of background events due to electron recoils from those due
to nuclear recoils. For electron recoils a higher charge-to-light ratio (S2/S1) is expected than for
neutron recoils (Figure 5).
Additionally, argon provides another powerful discrimination tool against background:

the

scintillation pulse shape discrimination. The scintillation light emitted in LAr corresponds to

∗
3 +
1 +
radiative decays from the molecular Ar2 singlet and triplet excited states
Σ
and Σu
to the
u

1 +
ground state
Σg , consisting of two independent argon atoms, Ar [36]. These two transitions have
1 +
1 +
very dierent lifetimes due to the fact that singlet transition, Σu → Σg , is allowed while triple
3 +
1
+
transition, Σu → Σg , is suppressed, leading to a higher lifetime. Therefore, scintillation in argon
has two components: fast and slow, originated from the singlet and triplet decays respectively,
that can be separated thanks to the signicant dierence in their lifetimes. The population ratio
1 +
3 +
of the two Ar excited molecular states, r = p ( Σu ) /p ( Σu ), depends strongly on the ionization
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Figure 6: Signals registered with a photomultiplier tube (PMT) for a neutron event (top) and a

γ

event (bottom) in the ArDM experiment[38].

density of the track, which is directly determined by the incident particle. Light particles, such as
0
electrons and γ s, will lead to a ratio r ' 1/2, while heavier particles, including neutrons will show

r ' 4/5

[37]. Consequently, the pulse shape will be dierent depending on the type of interacting

particle, which constitutes an important tool for particle identication and eventually background
discrimination in argon. The scintillation pulse shape discrimination is illustrated in Figure 6.
Even though detectors have eective methods to identify nuclear recoils, and reject

β 's and γ 's,

neutrons can produce nuclear recoils similar to those of WIMPs. Cosmogenic and radiogenic neutrons [39] interact with nuclei in the detector target via non-relativistic elastic scattering producing
nuclear recoils. Despite of the fact that the neutron mass is some orders of magnitude lower than
the expected mass of the dark matter particles, their velocities can be much higher. Cosmogenic
neutrons are produced due to spallation reactions of muons on nuclei (fragmentation of nuclei
due to the muon impact) in the experimental setup or surrounding rock. In addition, radiogenic
neutrons are emitted in
As well as for

γ

(α, n)

and spontaneous ssion reactions from natural radioactivity.

and electrons, there are a number of ways of reducing neutron background

in these experiments; placing them in underground laboratories, which minimizes the number of
muon-induced neutrons (among other backgrounds); performing a material selection with low the
uranium and thorium content; shielding the detector and reducing the external neutron ux; and
tagging scattering scattering, which is particularly eective to reduce the neutron background.
Vetoes are another very important mechanism to discriminate neutron events, as well as events
from other particles.

Some radiogenic neutron and

α−particle

production is unavoidable, so to

further suppress this background, DarkSide-20k is deployed inside a Liquid Scintillation Veto
(LSV), which is a spherical tank lled with a boron-loaded liquid scintillator (Figure 7). After a
neutron scatters an argon nucleus, it leaves the inner detector and goes into the LSV. Inside the
LSV, the neutron will scatter o hydrogen and carbon nuclei as it slows down, producing a very
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Figure 7: Dual-phase argon detector (inner cylinder) surrounded by the Liquid Scintillator Veto
(sphere), immersed in a Water Cherenkov tank (outer cylinder) [24].

fast signal that is recorded. Once the neutrons are slowed down, they are captured in the boron
with very high eciency.

This capture produces a second signal that is also used to eciently

identify the neutrons. By using the coincidences between the neutron veto and the inner detector
to reject neutron recoil backgrounds in the argon, DarkSide-20k is able to suppress the rate of
neutron events to less than 1%. The neutron veto is also eective against cosmogenic neutrons,
although their higher energy makes them more likely to penetrate the veto without leaving a
signal.

In order to fully suppress cosmogenic neutron backgrounds, DarkSide-20k is deployed

within the Water Cherenkov Detector (WCD), an

11 m

diameter and

10 m

high cylindrical water

tank. Photomultiplier tubes (PMTs) in the water tank detect Cherenkov light produced by muons
traversing the water. The large size of the water tank allows vetoing cosmogenic showers with high
eciency and, in combination with the neutron veto, makes cosmogenic neutrons a sub-dominant
background.
Finally, neutrinos produce both, electronic and nuclear recoils. Solar neutrino-nucleus coherent
scattering is an irreducible background to dark matter searches.

ν−nuclei

A background of 10 to 100

events per tonne-year [40, 41] sets a lower bound on the experimental sensitivity to the

dark matter scattering cross section (gray area in Figure 1). This background could be eliminated
by rising the energy threshold of the detector, so that it is higher than the expected values for
coherent

ν−nuclei

scattering.

Imposing a cut of

ER > 30

keV for light targets, or

ER > 5

keV

for heavier targets would suce, even though this approach reduces the sensitivity of dark matter
searches, since it narrows the energy region of interest.

4

Radiogenic neutrons emission

In the previous sections it is argued that, in order to achieve the expected sensitivity, the experiments must be able to discriminate actual WIMP collisions from background events. Neutrons are
the most dangerous background source because they collide with argon nuclei producing nuclear
recoils similar to those expected from WIMPs. Cosmogenic neutrons are rejected placing detectors
deep underground and using the LSV and WCD. Nevertheless, radiogenic neutrons are a source
of irreducible background. Even when material selection, coincident events, and the active veto,
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minimize its occurrence, they constitute the main obstacle to obtain competitive sensitivities and
to acquire information from dark matter direct detection experiments. This section is devoted to
describe the way these neutrons are produced.

4.1 Radiogenic isotopes
Among all unstable nuclides present on Earth, a few are long-lived isotopes still present in nature.
238
9
232
9
Particularly, traces of
U (τ = 4.5 × 10 years) and
Th (τ = 14 × 10 years) are present in
detector materials and can be detected via their decay in the screening process of the materials
235
composing the detector. Another important isotope is
U, having a higher activity but a lower
natural abundance (below 1%). Unstable nuclei can decay through dierent mechanisms, emitting
238
235
232
one or more particles. The isotopes
U,
U and
Th have radioactive chains that end up in
206
207
208
the stable isotopes
Pb,
Pb and
Pb respectively (Figure 8). A variety of nuclides are created
along these breeding chains in processes involving

α, β

and

γ

emission. In most of the cases, these

particles do not constitute a problem, since they are reabsorbed by the materials and do not enter

α−particles emitted in these decay chains, with energies between 3.5 and
(α, n) reactions,

the TPCs. However, the
11 MeV, can undergo

A
ZX

+α →

A−1
Z X

+ α + n,

(15)

producing neutrons with energies in the MeV range that enter into the active volume. The (α, n)
−8
−5
cross section depends on the material and on the energy of the α, with typical yields of 10
to 10
neutrons per

α.

4.2 (α, n) reactions
The reaction of an incident particle with an atomic nucleus can take place in many ways [43]. In
studies of light ion induced nuclear reactions one distinguishes among three dierent mechanisms:
direct, compound and preequilibrium nuclear reactions. These reaction processes can be subdivided
according to time scales or, equivalently, the number of intranuclear collisions taking place before
emission. The overall situation is depicted in Figure 9.
Direct processes are characterized by short reaction times,

∼ 10−22

s, which is roughly equal to

the time it takes the incident particle to traverse the target nucleus. Compound processes involve
−18
longer reaction times (∼ 10
s). In contrast with direct reactions, which are mostly one-step
processes, the compound reaction mechanism is known to proceed by many intranuclear collisions.
The incident particle is captured by the target nucleus to form a compound nucleus until, after a
long time, one nucleon (or group of nucleons) escape.
However, the separation of nuclear reaction mechanisms into direct and compound is too simplistic.

As an intermediate between the aforementioned two extremes, there exists a reaction

type that embodies direct and compound-like features.

These reactions are referred to as pre-

equilibrium, precompound or, usually in a quantum-mechanical context, multi-step processes.
Pre-equilibrium emission takes place after the rst stage of the reaction but long before statistical equilibrium of the compound nucleus is attained.
Since the three processes occur for energies of the order of 10 MeV (the energies of the expected

α's),

they are all considered in the present study.
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Figure 8: Radioactive decay chains of

17

235

U,

238

U and

232

Th [42].

Figure 9: Characteristic energy spectrum of a reaction A(a,b)B [43].

4.3 Spontaneous ssion
Heavy nuclei, like

238

U, can undergo spontaneous ssion (SF). The energy spectrum of neutrons

from SF is described by [33]

√
dN
∝ Ee−E/1.29 .
dE

(16)

The SF neutron yield depends only on the radionuclide and its mass. In particular, the

238

U
−5

measured SF neutron spectrum (Figure 10) is well understood [44]. Its rate is less than 5.5 × 10
232
235
ssions/s/kg [33], 5 and 3 orders of magnitude higher than that of
Th and
U, respectively.
238
The
U SF spectrum is combined with the (α, n) calculations in order to estimate the neutron
238
background in the DarkSide-20k detector. The average number of neutrons per
U ssion is 2.9
[45], which can be recorded in DarkSide-20k as coincident signals susceptible to be rejected. In
contrast, single neutrons from

(α, n)

processes can mimic WIMP signals. As a consequence, the

impact of SF neutrons in the experiment is found to be smaller than that of
though the latter are produced at a rate signicantly lower than 1 per

5

α

(α, n)

neutrons, even

interaction.

Determination of the neutron yield in (α, n) reactions

The main goal of this project is to determine the number and energy distribution of the neutrons
entering the active volume of the detector. We just explained that most of these neutrons originate
in

(α, n) reactions, the α particles stemming from the decay of radioactive isotopes in the materials
(α, n) cross sections for a variety of elements

of the detector. Several experiments have measured

[47], however, there is a lack of experimental data for some of the elements present in the DarkSide20k cryostat, and some measurements exist in energy regions dierent from the WIMP search region
of interest. This circumstance lead us to use semi-analytical calculations and Monte Carlo (MC)
techniques to obtain the neutron yields.
There are a number of computer codes performing such calculations. For our studies we used
SOURCES [48, 49] and Talys [50]. SOURCES is a well established code, commonly used by groups
working on direct detection of dark matter. Talys is a recently released code that includes more
up-to-date nuclear models and measurements. NeuCBOT [51, 52] is a tool for calculating
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(α, n)

Figure 10:

238

U spontaneous ssion neutron spectrum [46].

yields and neutron energy spectra for materials with arbitrary compositions and
energy. It combines the calculations made by Talys, the stopping power of

α

α particles of any

particles in matter

calculated with SRIM (Stopping and Range of Ions in Matter) [53], and isotope decay data from
the ENSDF (Evaluated Nuclear Structure Data File) [54].

5.1 Nuclear reaction computer codes
SOURCES, developed at Los Alamos Lab and released in 2002, is a computer code that determines

(α, n) reactions, spontaneous ssion and delayed neutron
emission due to the decay of radionuclides. It calculates (α, n) spectra using a library of 89 nuclide
decay α−particle spectra, 24 sets of measured and/or evaluated (α, n) cross sections, product
branching ratios at the nuclide level, and α−particle stopping power cross sections. SOURCES
neutron production rates and spectra from

results are based on a report published in 1981 [55]. Since then, much of the underlying nuclear
data such as atomic masses,

α decay rates, (α, n) cross sections and α−stopping powers have been

re-evaluated.
Talys is another reaction program created in 2015 by the Nuclear Research and Consultancy
Group and the Atomic Energy Commission. Its basic objective is the simulation of nuclear reactions
3
that involve neutrons, photons, α−particles, protons, deuterons, tritons and He in the 1 keV to
200 keV energy range. It implements a suite of nuclear reaction models into a single code.
NeuCBOT (Neutron Calculator Based on Talys), is a tool that focuses on calculating
yields and neutron energy spectra in the range 0.1 to

15

(α, n)

MeV range. The core of the calculations

performed with this tool is the nuclear reaction database generated by Talys. It takes as input
the composition of the material which is under
nants or the list of

α

α

exposure and either the

α−emitting

contami-

energies. NeuCBOT has libraries with the emission probability of all the

α−particles. The output spectra
dierent α−particles and material

are calculated as the weighted sum of the contributions from
elements (Equation 19). Secular equilibrium for the chains and

natural isotopical abundance for each element in the materials are assumed in the present study.
NeuCBOT rst gets from Talys the cross section for the
(with energy

Eα )

(α, n) reaction between each α−particle

and the elements of the material specied in the input. Then, it computes the
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neutron yield as

Y (En , Eα ) = σ (Eα , En ) µ,

(17)

µ is the number density of the emitter isotope, and En is the energy of the outgoing neutron.
α−particles coming from the radioactive decay suer energy dissipation along the material, so
the energy with which they collide with the nucleus is lower than Eα , their emission energy. This
1 dE
, in the following
eect is taken into account with the stopping power of the material, S = −
ρ dx

where
The

way,

µ
Y = ·
ρ

ˆEα

α

0
being

ρ

the density of the material.

σ (En , Eα0 ) 0
dEα ,
S (Eα0 )

(18)

NeuCBOT incorporates the stopping power from SRIM, a

collection of software packages that calculates many features of the transport of ions in matter.
232
235
238
Finally, the total yield spectrum for the chain of the radionuclides R ≡
Th,
U,
U is,

!
YR (En ) =

X

Ii

X

Brαi Y αi (En , Eαi )

(19)

αi

i
where:

• i,

tags the dierent intermediate isotopes along the radionuclide decay chain and

probability for this radionuclide to undergo an

Ii

α−decay, instead of a β

or

γ

Ii

is the

decay. In general,

is close to 1.

• αi ,

tags the

α's

emitted by the isotope

The neutron emissions induced by

232

Th,

235

i,

and

U and

Brαi
238

is the relative branching ratio of each

α.

U are obtained separately. This procedure

results in the yield in units of n/MeV/decay. The neutron yield is multiplied by the activity of
the head of the chain to get the ux in units of n/MeV/s/g/ppb.

5.2 Comparison of SOURCES and NeuCBOT (Talys) results
Talys and NeuCBOT are the reference codes for our calculations. We use SOURCES to cross-check
Talys, performing the computation of the same

(α, n)

reactions with both codes, and comparing

their results. In particular, we study the neutrons coming from the α−particles emitted in the decay
232
235
238
chains of
Th,
U and
U, embedded in stainless steel (SS) and polyethylene (PE). Stainless
steel is an alloy with certain amounts of chromium and nickel. Polyethylene is an ethylene polymer

(C2 H4 ).

Their precise chemical compositions are the ones used in the ArDM experiment [25], for

which SOURCES results are available. They are collected in Table 1 in terms of the mass fraction,

XW ,

which is dened as the ratio of the mass of the element and the mass of the sample.

We compare both the neutron spectra, expressed in n/MeV/s/g/ppb, and the integrated neutron ux obtained considering neutrons in the energy region from 0.1 to 15 MeV. The activities
used to extract the neutron uxes are reported on Table 2 and have been obtained from Raconv
[56], a computer program developed at CIEMAT. It calculates them combining the densities of
atoms of each sample with the half-life of the isotopes, for all the nuclides of the uranium and
thorium decay chains.
The natural abundance of

235

U less than 1%, so its contribution to the total yield is expected to

be very small. However, the energy of the

α and the neutron emitted in the (α, n) process could be
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100 × XW (%)
Element

Stainless Steel

Polyethylene

Fe

68.85

-

Cr

17

-

Ni

12

-

Mn

2

-

C

0.15

85.63

-

14.37

8.05

0.91

H

ρ

(g/cm

3

)

Table 1: Chemical composition in mass fraction (%) of the stainless steel and the polyethylene
used in the ArDM experiment [25].

Radionuclide

235

U

238

U

232

Activity (decay/s/g/ppb)

−5
8.0×10
−5
1.2×10
−6
4.1×10

Th

Table 2: Activities of the dierent radionuclides obtained with Raconv [56].

larger than the one from

238

U. Therefore, it is important to consider the

235

U in the calculations.

NeuCBOT is run separately for each decay chain and for both materials (SS and PE). The
resulting spectra are depicted in Figures 11 and 12. In these plots the expected neutron uxes

3
are shown in units of n/MeV/s/cm /ppb as a function of the energy for the dierent screened
−1
materials. The g
→ cm−3 conversion is done multiplying the ux by the density of Table 1The
spectra calculated with SOURCES and NeuCBOT (Talys) display an overall good agreement
232
235
238
in shape and normalization for the three decay chains (
Th,
U and
U). In particular,
for stainless steel the dierences are evident below 2 MeV, where NeuCBOT (Talys) has a 25%
to 30% higher yield.

For polyethylene, the agreement is quite good for energies below 5 MeV

and above 7 MeV, but normalization dierences of the order of 40% to 50% are visible in the
intermediate region. Talys has higher resolution and shows a more spiky structure, mainly due to
the contribution of direct processes of the reaction (Figure 9) that might be underestimated by
SOURCES.
The integrated neutron uxes calculated are reported in Table 3, ignoring the small contribution
235
from
U. The results are obtained considering 1 ppb contamination. The uncertainties in the
SOURCES results are computed in [24] using error propagation from uncertainties in the individual
232
238
bins of the energy spectra. The results for
Th in stainless steel and for
U in polyethylene are
232
consistent within the SOURCES uncertainties. They are not consistent for
Th in polyethylene
238
and for
U in stainless steel, even though, they are of the same order of magnitude. These
apparent discrepancies, together with the deviations in the plots, are reasonable for our purposes,
since they are of the same order of the uncertainties of the nuclear cross sections and of the
contamination levels in the materials.
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Figure

11:
Neutron spectra in stainless steel for the dierent isotopes, in units of
3
n/MeV/s/cm /ppb. The black line denotes the results from SOURCES and the red line those
of NeuCBOT.

232

Stainless Steel
Polyethylene

Th

NeuCBOT
−11
5.8×10
−12
5.8×10



3

n/s/cm



238

SOURCES

−11

(5.2 ± 0.9)×10
(8.1 ± 1.0)×10−12

U

NeuCBOT
−11
4.8×10
−11
1.6×10



3

n/s/cm



SOURCES

(3.9 ± 0.8)×10−11
(1.9 ± 0.3)×10−11

Table 3: Contributions to the neutron ux in stainless steel and PE from the dierent radioactive
3
238
232
chains, considering 1 ppb contamination of
U and
Th for each material in units of n/s/cm .
These results are obtained from SOURCES and NeuCBOT.
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3
Figure 12: Neutron spectra in polyethylene for the dierent isotopes, in units of n/MeV/s/cm /ppb.
The black line denotes the results from SOURCES and the red line those of NeuCBOT.
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Element

min - max (weight %,

C

0.08

Si

0.75

Mn

1.96 - 2.18

P

0.045

S

0.03

Cr

16 - 18

Mo

2 - 3

N

0.1

Ni

10 - 14

Ti

0.7

100 × XW )

Table 4: Chemical composition of AISI 316 stainless steel according to the supplier (Nironit) [57].
The composition is given in mass fraction (%).

6

Neutron yield calculation for the DarkSide-20k TPC

Historically, dark matter detectors have used cryostats made from stainless steel or electroformed
oxygen-free high-conductivity copper.

Stainless steel is inexpensive, readily satises mechanical

constraints with its high tensile strength, and vessels are straightforward to manufacture. However,
238
232
40
60
U and
Th content can be signicant, as well as the levels of
K and
Co, responsible for
electronic and

γ

background. Usually, copper is considerably more radiopure, but thicker vessels

are required relative to stainless steel. For large experiments at the tonne scale and beyond, copper
is impractical given its poor mechanical properties and high price.
Titanium is currently considered as an attractive alternative to stainless steel and copper. It has
a high strength-to-weight ratio, is resistant to corrosion, and its technologies are already popular
in the aerospace, metal nishing, oil rening, and medical industries. It has a lower atomic number
and, therefore, lower attenuation of low energy γ−radiation than stainless steel. In principle it
60
contains very little
Co and also benets from low cosmogenic activation. Thus, both stainless
steel and titanium are good candidates to build the DarkSide-20k cryostat.

6.1 (α, n) neutron yield in stainless steel and titanium
A complete study of the neutron emission from stainless steel and titanium is presented here.
The typical chemical composition of a stainless steel cryostat [26, 57], in mass fraction, is found
in Table 4, showing that the main components are iron, chromium and nickel. On the other hand,
titanium materials are almost pure. As an example, two samples of the LUX experiment titanium,
with dierent chemical compositions, are analyzed via mass spectroscopy, concluding that titanium
atoms account for more than 99.94% of all the mass [27] (Table 5).
The neutron yield for the dierent elements or impurities in stainless steel and titanium are
obtained using NeuCBOT. The integrated uxes for each radionuclide and element, in units of
n/s/g/ppb, are collected in Table 6.

The activities in Table 2 are used in the normalization.
235
As wee see, for the same contamination, the neutron emission from
U is one or two orders
of magnitude higher than for the other two nuclides.

Besides, as a general trend, the neutron

yield is more important for low Z elements, indicating that their
This behavior is expected, as the Coulomb repulsion the
interacts with lighter nuclei.
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(α, n)

α−particle

cross sections are higher.

experiences is lower when it

Sample 1
Element

% (weight),

Sample 2

100 × XW

% (weight),

100 × XW

Fe

0.01

0.02

C

0.001

0.006

O

0.04

0.02

N

0.002

0.002

Table 5: Chemical composition of two titanium samples extracted from the LUX experiment. The
composition is given in mass fraction (%).

Yn,E (n/s/gE /ppb)
Element
C
N
O
Si
P
S
Ti
Cr
Mn
Fe
Ni
Mo

232

235

Th

−12

9.2×10
−11
8.4×10
−11
5.2×10
−11
1.4×10
−11
3.5×10
−12
4.0×10
−11
2.8×10
−11
1.5×10
−12
9.5×10
−12
6.5×10
−14
1.9×10
−15
5.1×10

U

−10

1.9×10
−10
9.3×10
−10
4.4×10
−10
2.4×10
−10
1.9×10
−11
5.0×10
−10
2.0×10
−11
7.2×10
−11
4.4×10
−11
2.3×10
−13
3.1×10
−15
2.7×10

238

U

−11
2.0×10
−10
1.5×10
−11
8.0×10
−11
2.6×10
−11
4.9×10
−12
6.1×10
−11
3.5×10
−11
1.4×10
−12
8.9×10
−12
4.8×10
−13
1.0×10
−15
1.0×10

Table 6: Integrated neutron yield for the dierent elements that compose the Nironit AISI 316Ti
232
235
stainless steel and the LUX titanium. The columns indicate the emission due to
Th,
U, and
238
U, respectively.
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100 × XW
Element

Stainless steel

Titanium

C (6)

0.08

0.0010

N (7)

0.1

0.002

O (8)

-

0.04

Si (14)

0.75

-

P (15)

0.045

-

S (16)

0.03

-

Ti (22)

0.7

99.947

Cr (24)

17

-

Mn (25)

2

-

Fe (26)

65.29

0.01

Ni (28)

12

-

Mo (42)

2.5

-

8.05

4.51

ρ

g/cm

3

Table 7: Chemical composition of the stainless steel and titanium materials under study. Composition is given in mass fraction (%) of each element. The densities of both materials are reported
in the last row.

The quantities reported in Table 6 refer to the number of neutrons emitted per gram of element
specied in the rst column, per second, per ppb of contaminant. In order to compare the emission
of stainless steel and titanium, the number of neutrons emitted by a gram of the whole sample,
is needed:

n
s gS ppb

=

X

n

E

s gE ppb

×

gE X
=
gS
s
E

n
gE ppb

× XW,E .

S,

(20)

For this study, the precise stainless steel composition is specied in the second column of Table
7. For those elements that are inside a range, in Table 4, the mean value of the abundances is
chosen.

For chromium, for example, the value used is 17%.

In the case of titanium, given the

neutron background contribution from impurities is negligible, we just select Sample 1 in Table 5.
The absolute and relative contributions to the neutron yield, for each element of the sample

S,

are computed using the yields of Table 6 and the mass fractions of Table 7, and reported in Table
235
8. As expected,
U yields higher neutron emission per ppb due to its higher activity.
There are two main contributions to the neutron yield of stainless steel, from Fe and Cr. The
neutron emission from Ni is quite low regarding its abundance. In fact, iron contribution is smaller
than its abundance: an iron abundance of 65% accounts for about

50%

of the emitted neutrons.

Chromium is the main emitter in relative terms, since 17% in weight is responsible of

34%

of the

emission. Finally, nickel emission is quite low, 10% in mass produces only 0.1% of the neutrons.
If we manage to reduce the amount of Cr in stainless steel in favor of Ni, the neutron yield would
be signicantly reduced.

However, in order to preserve the cryogenic properties and oxidation

resistance of stainless steel, a minimum amount of chromium is necessary [58]. In particular, for
austenic stainless steel such as 316Ti (with a face centered cubic crystal structure), the minimum
amount of chromium is 16%.
On the other hand, titanium is essentially pure, and almost none of the neutrons is emitted
by the impurities.

Therefore, titanium selection must be done regarding only its radionuclide
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Stainless steel (n/s/gSS /ppb)
Element

232

Th

235

Yn (%)

U

238

Yn (%)

U

Yn (%)

C (6)

7.3×10−15 (0.10)

1.5×10−13 (0.48)

1.6×10−14 (0.26)

N (7)

−14

−13

(2.87)

1.5×10−13 (2.33)

8.4×10

(1.14)

9.3×10

Si (14)

1.0×10−13 (1.42)

1.8×10−12 (5.56)

2.0×10−13 (3.09)

P (15)

1.6×10−14 (0.21)

8.4×10−14 (0.26)

2.2×10−14 (0.35)

S (16)

−15

1.2×10

−14

(0.05)

1.8×10−15 (0.03)

Ti (22)

2.0×10−13 (2.70)

1.4×10−12 (4.39)

2.4×10−13 (3.81)

Cr (24)

2.5×10−12 (33.78)

1.2×10−11 (37.79)

2.4×10−12 (37.43)

Mn (25)

1.9×10−13 (2.58)

8.9×10−13 (2.73)

1.8×10−13 (2.81)

Fe (26)

−12

−11

3.2×10−12 (49.70)

4.3×10

(0.02)

(58.02)

1.5×10

1.5×10

(45.77)

Ni (28)

2.3×10−15 (0.03)

3.7×10−14 (0.11)

1.2×10−14 (0.19)

Mo (42)

1.0×10−16 (0.00)

5.4×10−17 (0.00)

2.1×10−17 (0.00)

TOTAL

7.3×10−12 (100)

3.2×10−11 (100)

6.4×10−12

(100)

Titanium 1 (n/s/gT i /ppb)
Element

Table 8:

232

Th

Yn (%)

−17

235

U

Yn (%)

−15

(%)

9.2×10

1.7×10−15 (0.01)

1.9×10−14 (0.01)

3.0×10−15 (0.01)

O (8)

2.1×10−14 (0.07)

1.7×10−13 (0.09)

3.2×10−14 (0.09)

Ti (22)

2.8×10−11 (99.92)

2.0×10−10 (99.90)

3.5×10−11 (99.90)

Fe (26)

6.5×10−16 (0.00)

2.3×10−13 (0.00)

4.8×10−16 (0.00)

TOTAL

2.8×10−11 (100)

2.0×10−10 (100)

3.5× · 10−11 (100)

(0.00)

2.0×10

Yn
−16

C (6)

(0.00)

(α, n) neutron emission in stainless steel and titanium, due to their individual components

and impurities weighted by their corresponding abundance.
dierent

U

N (7)

(0.00)

1.9×10

238

α

sources.

Columns 2 to 4 correspond to the

Each row collects the data for the individual elements within the stainless

steel and titanium samples. The absolute neutron yield is expressed in n/s/g/ppb and the relative
contribution in % (in parentheses).
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Yn (n/s/g/ppb)
232

Material

Th
−12

235

U
−11

238

U
−12

Titanium

7.4×10
−11
2.8×10

3.3×10
−10
2.0×10

6.4×10
−11
3.5×10

FluxTi /FluxSS

3.9

6.3

5.4

Stainless steel

Table 9: Total neutron yield from

(α, n)

reactions, in stainless steel and titanium, for 1 ppb of

each contaminant. The titanium-to-stainless-steel ux ratios are reported in the last row for each
radioisotope.

Figure 13: Radiogenic neutron spectra for stainless steel and titanium, for neutrons coming from
232
235
238
Th (black line),
U (red line), and
U (green line). These spectra are obtained with NeuCBOT.

contamination.
The total neutron yield from

(α, n)

processes is computed, for each contaminant in stainless

steel and titanium, summing up the data of the columns in Table 8, and listed in Table 9. The
corresponding neutron spectra are displayed in Figure 13.
In summary, neutron emission is one order of magnitude higher in titanium than in stainless
steel, mainly because the

(α, n)

yield is higher for Ti than for Fe and Cr, the main stainless steel

components. In order to further discuss these results, realistic values for the contamination must
be introduced, as described in the next section.

6.2 Radionuclides contamination
The DarkSide-50 cryostat is made of stainless steel with low levels of radioactive contaminants
232
238
(less than1 mBq/kg of
Th and
U) [28], and the baseline design of the DarkSide-20k assumes
the same material.

Still, titanium is a attractive alternative.

Its higher strength-to-mass ratio

means that less mass of titanium is needed to build the cryostat, typically with less than half
the mass of a stainless steel cryostat [28]. However, we have already seen in the previous section
that titanium has a higher

(α, n)

neutron yield. This sets a challenge for this option, which would

require an ultra-low-radioactivity (ULR) titanium to be found.
In order to carry out the comparison between stainless steel and titanium we consider the
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Activity
232
Th

Material

(mBq/kg)
238

Activity (ppb)
232
238
Th
U

U

Stainless steel cryostat (Xe100)

0.89

1.34

0.22

0.11

Titanium cryostat (LUX)

0.77

5.47

0.19

0.44

Table 10: Measured

232

Th and

238

U activities, in mBq/kg and ppb, in stainless steel for XENON100

[59], and in titanium for LUX [60].

Yn
232

Material
Stainless steel
Titanium

235

Th

−12

1.62×10
−12
5.38×10

U

−14

3.58×10
−13
8.37×10

Table 11: Total neutron yield from

(α, n)

(n/s/g)
238

Total (n/s/g)

U

−13

6.99×10
−11
1.42×10

−12

2.3×10

−11

2.04×10

Mean energy (MeV)
1.38
1.77

reactions for stainless steel and titanium. The columns

present the contributions from the dierent isotopes and their sum. The mean emitted neutron
energy is reported in the last column.

contamination in stainless steel used for the XENON100 experiment [59], a material with very low
radioactivity. Similar values have been measured by the DarkSide-50 material screening campaign
[8], supporting the idea that this low contamination stainless steel is rather standard and aordable.
On the other hand, the LUX collaboration has pioneered the use of titanium in low-background
applications, achieving quite low radioactivities [60]. The contamination for XENON100 stainless
235
steel and LUX titanium are collected in Table 10. Given there are not data for the
U contami238
nation, we assume it to be 1% of the
U contamination, according to the natural abundances of
this isotope.
The total

(α, n)

neutron yields for stainless steel and titanium (Figure 13) are computed using

the contamination values in Table 11). We conclude that the emission from 1g titanium is approximately 10 times higher than the emission from 1g stainless steel , using the densities in Table 7.
3
Accordingly the emission of 1 cm of titanium is 5.6 times larger than the emission of the same
volume of stainless steel. The shapes of the spectra and the mean energies with which neutrons
are emitted are similar for both materials.
So far, we have not considered neutron yield from spontaneous ssion. We mentioned in section
4.3 that, as opposed to

(α, n)

neutron emission, the number of neutrons coming from spontaneous
238
ssion only depends on the radionuclide. The spontaneous ssion neutron emission rate for
U
−10
235
232
is 1.4×10
n/s/g/ppb [24]. The rates for
U and
Th are several orders of magnitude lower,
and are neglected. Once the material contamination from LUX and XENON100 are taken into
−11
−11
account, it is found that 1.5×10
n/s/g are emitted by stainless steel and 5.7×10
n/s/g
are emitted by titanium. These neutrons suppose 87% of the total emission from stainless steel
and 74% of the total emission from titanium. Events with more than one simultaneous neutron
interaction in the detector are expected in the spontaneous ssion of uranium, and they can be
discriminated with high eciency.
To wrap up, we display the contamination plane of stainless steel

vs.

titanium in Figure 15,

indicating in which regions one material is a better choice than the other. The ux ratios from
Table 9 are used to make these graphs. The gures indicate that 4 and 5 times less contamination
232
238
from
Th and
U, respectively, is required to have the same amount of emitted neutrons.
However, since titanium cryostats need less than half the mass of stainless steel cryostats for the
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Figure 14: Energy spectra of neutrons from

(α, n)

reactions, computed with NeuCBOT (Talys)

for stainless steel and titanium, both in linear (top) and logarithmic scales (bottom).

30

vs.

Figure 15: Stainless steel
titanium contamination plane, in ppb. Left and right panels cor238
232
U and
Th contamination, respectively. In the region above the red line neutron

respond to

emission is higher for titanium than for stainless steel. The dashed blue line represents the stainless
232
238
steel contamination from XENON100 (0.22 and 0.11 ppb for
Th and
U, respectively [59]),
and the dashed green line represents the titanium contamination from LUX (0.19 and 0.44 ppb
232
238
for
Th and
U, respectively [60]).

same mechanical properties, these numbers reduce to 2 and 2.5 less contamination.
In summary, in order to build a titanium cryostats, we need to nd ultra-low radioactivity
titanium. Considering the contamination of stainless steel is very low, nding such competitive
titanium is not straightforward, favoring the choice of stainless steel.
Approaches proposed during 2014 and 2015 based on industrial processes implemented by
groups of the Skobeltsyn Institute for Nuclear Physics (Moscow State University, MSU) at the
238
Solikamsk Magnesium Plant [28] showed that small titanium samples could be produced with
U
232
and
Th activities far below 1 mBq/kg. Their procedure results in samples of ULR material
with mechanical strength better than industrial titanium and close to the mechanical properties
−2
of stainless steel. Besides, the upper limits on the activities of the samples are 3.8×10
mBq/kg
−1
238
232
(3 ppt) and 2 × 10
mBq/kg (49 ppt), for
U and
Th, respectively. These gures indicate
there is potential for having titanium with one or two orders of magnitude less contamination
than stainless steel.

Nevertheless, the results were obtained with a small sample of titanium.

Extrapolating them to the quantities required for a tonne-scale cryostat is not straightforward.

7

Neutron background simulation in DarkSide-20k

We have so far computed the energy spectra of the radiogenic neutrons entering the detection
volume of experiments such as DarkSide-20k.
information.

These are theoretical spectra that lack detector

However, in view of estimating the actual background, we are interested in the

energy deposits that these neutrons would leave in the detection volume, that would be eventually
interpreted as WIMP signals. To calculate realistic background spectra we use a numerical model
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Figure 16:

104

neutrons

(α, n)

processes

Space distribution of the energy deposits calculated with Geant4 for

simulated in DarkSide-20k.

of the DarkSide-20k detector, and propagate through it the neutrons emitted in

with the energy spectra previously computed. Signals from the simulation are analyzed as if they
were real data. Selection criteria are applied to the simulated events in order to reduce as much
as possible the number of events expected from background neutrons and to enhance the chances
to isolate a WIMP signal.
The simulation of the detector is performed with Geant4 [61, 62, 63], a software framework
developed at CERN for the simulation of the passage of particles through matter. The complete
detector geometry is encoded in a format usable by Geant4, along with the materials of the dierent
parts of the detector and the sensitive volumes. This description includes the cryostat, for which
two options exist, one made of stainless steel and the other made of titanium.
6
We simulate 10 neutrons in each cryostat material, stainless steel, and titanium.

Geant4

tracks the neutron paths through the detector, simulating their interactions in the active and
inactive materials.

It also tracks the secondary particles produced in these interactions.

The

spatial distribution of the energy deposits in the DarkSide-20k TPC is displayed in Figure 16 for
104 simulated neutrons. A detailed analysis shows that most of the energy deposits concentrate
close to the cryostat (Figure 17). Dening a ducial volume that excludes energy deposits close
to the TPC walls, within 10 cm of the cryostat, reduces signicantly the background signals for
neutrons originating in the cryostat.
The energy deposited in each region of the detector is calculated and recorded for further
analysis.

We have veried that the number of interactions and their energy distributions are

similar for both cryostat materials.

These energy deposits are combined by the reconstruction

program to calculate the expected S1 (Figure 18) and S2 (Figure 19), in a way similar as would
be done for real data. Peaks in the S1 distribution are most probably due to

γ 's

from neutron

capture [64]. The simulated S1 and S2 signals are carefully tuned to match the expectations for
signals from actual neutrons using, for example, real data from the DarkSide-50 experiment [8].
The energy region of interest for WIMP signals goes from 10 to 70 keV, which is the expected
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106

simulated neutrons, (left)

x-axis

of the events occurring in

Figure 17: Spatial distribution of the energy deposits produced by
top view of the detector (xy plane) and (right) projection in the
a 10 cm slice of the

y -axis.

energy region for the nuclear recoils originated in a WIMP interaction [23] (Figure 18 (right)).
Excluding events with energies outside this range largely reduces the neutron background.
Neutron interaction cross sections in the energy ROI are high when compared to that of WIMPs.
Therefore, neutrons often produce multiple signals in the detector. Unlike neutrons, WIMPs are
rare to interact in the active volume of the detector and undergo at most a single interaction.
Additionally, even if a neutron has a single scattering in the DarkSide-20k TPC, it is most likely
to interact in either of the two veto layers of the detector (WCD and LSV). Discarding events with
signals in the veto counters increases the neutron background rejection eciency.
The event analysis is completed with a selection cut based on the pulse-shape discrimination.
This criterion is design for rejecting electron and

γ

signals, and was described in section 3.3.

The relative number of neutrons passing each selection criterion and their combination is collected in Table 12, both for the stainless steel and titanium cryostats.

The neutron rejection

eciency of the individual selection cuts is in the range 88% to 98%. When combined, the overall
neutron rejection eciency is above 99.999%.

232
The selection criteria are 4 times more ecient rejecting the neutron background from
Th
238
than
U in titanium than in stainless steel. No signicant dierences are appreciated with respect
235
to
U. These results favour the choice of titanium.
The expected rate of neutrons in DarkSide-20k is calculated, for a 5 year data taking period,
using the neutron yields of Table 11, calculated with NeuCBOT (Talys), and the neutron selection
232
238
eciencies of Table 12, extracted from the full detector simulation. The
Th and
U measured
activities both for stainless steel and titanium (Table 10), are included in the yields of Table 11.
The mass of the cryostat is 5577 kg if constructed with stainless steel, and 1400 kg for titanium
[28]. The absolute numbers of neutrons are listed in Table 13, where 0.14 neutrons are expected
for stainless steel and 0.09 for titanium. The mass of the cryostat plays a very important role in
the number of expected radiogenic neutrons. To make a competitive stainless steel cryostat would
require its mass to be below 2.5 times the titanium vessel mass.
To summarize, even though the neutron emission and the radionuclide contamination are higher
in titanium than in stainless steel, the higher eciency of the selection criteria, in combination
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Figure 18: Distribution of the S1 signal for

106

simulated neutrons (left). Distribution for events

in the region of interest (right).

Figure 19: Distribution of the S2 signal for

106

simulated neutrons.

Relative number of neutrons selected (%)
S1 energy

single scattering

ducial volume

7.22

2.92

11.67

7.02

2.93

7.10

2.92

neutron veto

pulse shape

Combined

3.69

1.47

11.68

3.76

1.50

11.66

3.74

1.48

−4
1.57×10
−4
7.72×10
−4
1.65×10

Titanium cryostat

232

Th
235
U
238
U

Stainless steel cryostat

232

Th
235
U
238
U

6.47

3.07

11.64

2.22

1.38

5.86

3.16

11.98

2.46

1.40

6.14

3.13

11.84

2.34

1.40

−4
6.57×10
−4
7.82×10
−4
7.24×10

Table 12: Relative number of neutrons passing the dierent selection criteria, both for stainless
steel and titanium. Each column corresponds to a dierent criterion and, each row corresponds to
neutrons from the indicated radionuclides.
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Absolute number of neutrons
232
235
238
Th
U
U
Total
Stainless steel

0.09

0.01

0.04

0.14

Titanium

0.02

0.02

0.05

0.09

Table 13: Absolute number of radiogenic neutrons entering the DarkSide-20k TPC and passing
the selection criteria, both for stainless steel and titanium. Each column contains the information
for a particular isotope.

with the lower mass needed for a titanium cryostat, point to titanium as the right choice for the
DarkSide-20k cryostat.

8

Conclusions

Neutrons can be produced in the decay of radioactive contaminants in the materials of the TPC
through

(α, n)

reactions and spontaneous ssion.

These neutrons are a potentially dangerous

source of backgrounds for dark matter detectors, even in the presence of neutron vetos and multiple
scattering tagging techniques. In order to characterize neutron uxes in the detector, the
cross sections must be known precisely.

(α, n)

However, given the lack of experimental data on these

processes, they are calculated with semi-analytical computer codes and Monte Carlo techniques.
We made a comparison between two of the codes performing these calculations, SOURCES (2002)
and Talys (2015) both for stainless steel and polyethylene, two materials present in DarkSide-20k
and already studied for its previous version, ArDM. The goal of this comparison is to use SOURCES
results to cross-check Talys, which includes more up-to-date nuclear models and measurements.
This comparison resulted in an overall good agreement in the shape and normalization of the
232
235
238
neutron energy spectra for the three decay chains of
Th,
U and
U. In particular, for
stainless steel the spectra dier below 2 MeV, where Talys has a 25% to 30% higher yield. For
polyethylene, normalization dierences of the order of 40% are visible in the 5 to 7 MeV region
while the agreement is quite good outside that region. Despite these deviations, we consider the
results compatible within the uncertainties given by the nuclear cross sections and the measured
material contamination.
direct process of the

In general, Talys spectra have a more spiky shape, mainly due to the

(α, n)

reaction, that might be underestimated by SOURCES.

We also presented thorough comparison of titanium and stainless steel, two candidates materials
to build the cryostat of the DarkSide-20k TPC. We rst conclude that the neutron emission is
higher from titanium than it is from iron and chromium, the main components of stainless steel.
Particularly, we found that chromium is the main emitter in relative terms, since a 17% of its
weight is responsible for 35% of the neutron emission. Nickel is another important component of
stainless steel whose emission is found to be quite low in relative terms. A nickel contribution of
10% in mass is responsible for only 0.1% of the neutrons. This implies that reducing the amount of
chromium in favor of nickel, would signicantly reduce the

(α, n)

neutron emission from stainless

steel. However, some minimal amount of chromium is needed in order to guarantee mechanical
properties of this material.
In our study, we have evidenced that, when

238

U spontaneous ssion is the main source of

radiogenic neutrons (between 74% and 87%). However, these events are characterized by coincident
signals, due to the fact that each ssion yields more than two neutrons in average, so these processes
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can be eciently rejected in DarkSide-20k.
Titanium is a more intense neutron emitter than stainless steel, but due to its mass-to-strength
ratio roughly 4 times less mass of titanium is needed to build a cryostat. Thus, the contamination
becomes a crucial issue in order to tip the balance in favor of one material or the other. Stainless
steel with low contamination has already been used in the XENON100 and DarkSide-50 experiments.

The LUX collaboration has pioneered the use of low radioactivity titanium.

We used

radionuclide contamination numbers from the material screening measurements of XENON100 and
LUX. Those measurements showed that the contamination of titanium and stainless steel are of
the same order of magnitude. One important result of this study is that, when measured values
of the contamination are considered, titanium emission is 10 times larger than the emission of the
same mass of stainless steel (or 5.6 times for the same volume).
In order to reduce the neutron emission from titanium in DarkSide-20k, a sample with ultra
low background must be found. Groups currently working on this eld (notably the Moscow State
University) claim to have found titanium powder with a contamination of the order of a few parts
per trillion, which would be a sample pure enough for the purpose of the DarkSide-20k experiment.
The availability of a large mass of ultra-pure titanium powder is being debated, and lack thereof
would make impractical to build a full cryostat with clean titanium.
A crucial issue of dark matter detectors is their ability to reduce the background signal using
dierent criteria.

In order to study the eectiveness of these criteria, and to calculate realistic

backgrounds, we used a numerical model of the DarkSide-20k experiment and propagated through
it the neutrons emitted in (α, n) processes with the energy spectra we have previously computed.
6
We have simulated 10 neutrons with each cryostat material, stainless steel and titanium, and
have found that the energy deposits and their energy distributions are similar in both cases. An
analysis of the space distributions of the events has shown that most of them concentrate close
to the cryostat walls.

Dening a ducial volume that excludes energy deposits within 10 cm

of the cryostat reduces signicantly the background.

Selecting the events in the energy region

from 10 to 70 keV, which is the expected recoil energy interval for WIMPs, largely reduces the
neutron background.

Combining these criteria with single scattering tagging, neutron veto and

pulse shape discrimination, results in a 99.999% background rejection eciency. We have found
that the eectiveness of these cuts is 4 to 5 times higher for the titanium cryostat than for the
stainless steel case.
The nal goal of this project is to calculate the absolute number of radiogenic neutrons from
the TPC material expected in the lifetime of the DarkSide-20k experiment.

With the help of

semi-analytical calculations and a full detector simulation, and using radioactive contamination
levels from existent experiments, we have found that the number of radiogenic neutrons from the
cryostat entering the DarkSide-20k active volume and passing the selection criteria is between
0.09 and 0.14 in a 5 year period. The small dierence in the number of expected neutrons comes
from detailed physics studies of the neutron emission in dierent cryostat materials. Albeit the
emission is lower in titanium than in stainless steel, there is not a compelling reason to support
either material from the point of view of physics.
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