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Abstract

Neutrinoless double beta decay is a hypothetical lepton-number-violating process
whose observation would provide evidence for physics beyond the Standard Model and
establish that neutrinos are Majorana particles. The LEGEND experiment searches
for this decay in "®Ge using high-purity germanium (HPGe) detectors, which provide
very good energy resolution and act simultaneously as source and detector. To reach
the required sensitivity, a detailed understanding and suppression of backgrounds
is essential, in particular through pulse shape discrimination. For this, pulse shape
simulations are necessary.

In HPGe detectors, a passivated surface layer is added, separating the p+ and
n+ contacts in order to reduce leakage currents. Charges moving through this re-
gion have a lower mobility compared to the transport in the bulk. When energy is
deposited near the p+ contact the resulting electrons and holes may drift through
this passivated surface, leading to delayed or incomplete charge collection and con-
sequently a degraded signal. This is particularly relevant for a-induced background
events, which originate at or near the p+ surface, resulting in charge clouds that
propagate through the passivated region, thereby affecting pulse-shape characteris-
tics and energy reconstruction.

Siggen is a simulation framework written in C, developed for field-calculations and
pulse shape simulations (PSS) in HPGe detectors. EH-Drift is a siggen based simula-
tion framework that allows the PSS of passivated surface events in HPGe detectors.
However, waveform simulation is computationally expensive, requiring approximately
5 minutes per event on a GPU. In contrast, comparable signal generation in the Julia-
based SolidStateDetectors.jl framework takes between 1 and 10 seconds, making
SSD a promising alternative for large-scale simulation studies. In this work, we imple-
mented the same conceptual approach in SSD as in EH-Drift. For various locations in
the detector, close to the passivated surface as well as in the detector bulk, we com-
pared between the two frameworks waveform residuals and their root mean square,
the A/E parameter, defined as the maximum current amplitude divided by the de-
posited energy, and energy reconstruction, under the influence of different surface
charge values. The studies were performed on a p-type point contact (PPC) detector
and on an inverted coaxial point contact (ICPC) detector.

For the PPC detector, both frameworks reproduce the qualitative features of
surface events, including slow pulse components, reduced charge collection, and sup-
pressed A/E values near the passivated surface. However, sizeable quantitative differ-
ences remain close to the surface, mainly due to the different treatment of boundary
conditions and the resulting electric field near the HPGe-LAr interface. For the
inverted-coaxial point-contact detector, the agreement between the two frameworks
is very good across the studied detector volume, however we were not able to reliably
simulate events in the passivated surface.

Overall, SSD can reproduce the main qualitative behaviour of passivated-surface
simulations known from EH-Drift. Remaining differences, especially for ICPC detec-
tors, motivate further studies of boundary-condition modelling and validation with
dedicated alpha-source measurements.
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Introduction

Neutrinos are elementary particles in the Standard Model that provide one of the clearest indi-
cations that the Standard Model is incomplete. In particular, it is still an open question whether
neutrinos are Dirac particles, like the charged fermions, or Majorana particles, in which case the
neutrino would be identical to its own antiparticle. Answering this question is one of the central
goals of modern neutrino physics.

A particularly important experimental probe of the Majorana nature of neutrinos is the search
for neutrinoless double beta decay. This hypothetical nuclear process violates lepton number by
two units and would produce two electrons without the emission of neutrinos. Its observation
would demonstrate that lepton number is not conserved and would establish that neutrinos are
Majorana particles, or at least that lepton-number-violating physics exists. Neutrinoless double
beta decay is therefore directly connected to fundamental questions about the origin of neutrino
mass and the structure of physics beyond the Standard Model.

This thesis is situated in the context of the LEGEND experiment, which searches for neu-
trinoless double beta decay of "®Ge using high-purity germanium detectors. These detectors act
simultaneously as source and detector material, providing excellent energy resolution and high
detection efficiency for events occurring inside the active detector volume. LEGEND-200 oper-
ates enriched germanium detectors in liquid argon and aims to strongly reduce the background
level compared to previous germanium-based searches. LEGEND-1000 is planned as the next
phase and pursues two main goals: increasing the active detector mass and further reducing the
background level. Together, these improvements are intended to increase the half-life sensitivity
to neutrinoless double beta decay in "®Ge.

A central challenge in neutrinoless double beta decay searches is the suppression and under-
standing of backgrounds in the region of interest around the Q-value of *Ge. Since the expected
signal rate is extremely small, even rare background processes can limit the sensitivity of the
experiment. In LEGEND, several complementary background-rejection methods are used. One
important method is pulse shape discrimination, which exploits the shape of the measured charge
pulses. Different event classes can produce different pulse shapes depending on the position and
topology of the energy deposition inside the detector.

Pulse shape discrimination requires a detailed understanding of charge transport in high-
purity germanium detectors. When energy is deposited in the detector, electron-hole pairs are
created and drift through the crystal under the influence of the electric field. Their motion induces
a signal on the readout electrode. The resulting waveform depends on the detector geometry,
impurity distribution, bias voltage, charge-cloud evolution, and the treatment of surfaces and
contacts. Events close to passivated detector surfaces can experience modified drift conditions.
This can lead to delayed or incomplete charge collection and therefore to pulse shapes that differ
from those of events in the detector bulk.

Surface events are especially relevant for alpha-induced backgrounds. Alpha particles have
a short range in germanium and therefore deposit their energy close to detector surfaces. If
such events occur near the passivated surface, the resulting charge carriers may drift through
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regions of weak or distorted electric field. This can produce slow pulse components, degraded
reconstructed energies, and altered pulse shape parameters. A reliable simulation of these events
is therefore important for understanding alpha backgrounds and for interpreting pulse shape
discrimination in LEGEND.

This thesis studies pulse shape simulations of events close to passivated surfaces in high-
purity germanium detectors. The main goal is to compare simulations performed with
SolidStateDetectors.jl (SSD) to simulations performed with EH-Drift, a framework used
to describe passivated-surface charge transport. Both software are publicly available (link to
SSD, link to EH-Drift) and free to use. As part of this work, a similar approach to surface-
drift simulation as in EH-Drift was implemented in SSD. The comparison is carried out for
detector geometries relevant to the LEGEND experiment, with particular emphasis on p-type
point-contact detectors and inverted-coaxial point-contact detectors.

The comparison between SSD and EH-Drift is performed both at the level of detector simula-
tion and at the level of pulse shape simulation. The detector simulation includes the calculation
of the electric potential and electric field. This is important because the treatment of detector
boundaries and dielectric interfaces can affect the electric field close to the passivated surface.
The pulse shape comparison is based on simulated charge pulses and derived observables, includ-
ing activeness (energy collection efficiency), the A/E parameter, defined as the ratio of maximum
current amplitude and deposited energy, waveform residuals, and their root mean square.

The structure of this thesis is as follows.

Chapter [1] introduces the neutrino-physics context of the work, with emphasis on neutrino
masses, Majorana neutrinos, and neutrinoless double beta decay. Chapter [2| describes the LEG-
END experiment, focusing on LEGEND-200, the use of high-purity germanium detectors, the
experimental setup, the electronics chain, and energy calibration. Chapter [3 discusses back-
grounds in LEGEND-200 and introduces pulse shape discrimination, including relevant PSD
parameters and the pulse shape signatures of different background classes, with emphasis on
alpha backgrounds. Chapter [4]introduces pulse shape simulation and describes the physical and
detector parameters that influence simulated waveforms. It also presents the two simulation
frameworks used in this work, SSD and EH-Drift, and explains the implementation of passivated
surface simulations in SSD. Chapter [5|describes the methodology used to compare SSD and EH-
Drift, including the detector simulations, pulse shape simulations, and comparison observables.
Chapter [6| presents the results of the studies performed. Finally, Chapter [7]summarizes the main
findings and discusses possible future work, including validation with experimental surface-event
data and further improvements of the surface-drift simulation model.


https://github.com/JuliaPhysics/SolidStateDetectors.jl
https://github.com/JuliaPhysics/SolidStateDetectors.jl
https://github.com/kevinhbhimani/EH-Drift

Chapter 1

Neutrino physics

1.1 Fermi’s theory of the beta decay

In the late 1920s, the microscopic structure of matter was only partially understood. It was
known that the electron and proton are constituents of the atom, but the internal structure
of the atomic nucleus, and consequently the mechanisms that govern nuclear processes, were
unclear. This lack of theoretical understanding became evident when James Chadwick studied
nuclear beta decay in 1914. At the time, beta decay was assumed to be a two-body process in
which a neutron transforms into a proton while emitting a single electron. In a nucleus with mass
number A = Z + N where Z and N denote the number of protons and neutrons, respectively,
this process increases the proton number by one unit and can be written as:

(A,2) — (A, Z+1)+ e

The assumption that this process was a two-body decay meant that the kinetic energy of the
detected electrons would form a mono-energetic peak, as it would only carry the mass difference
between daughter and mother nucleus. However, what was observed was a continuous spectrum.
Nils Bohr tried to explain this anomaly by suggesting that energy conservation might have a
statistical nature. In contrast, Wolfgang Pauli proposed in 1930 a third, undetected particle
which later was called the neutrino. According to his hypothesis, this third particle would be
emitted during the beta decay from the mother nucleus, together with the electron:

n—pte +0 (1.1.1)

A three-body decay would explain the continuous energy spectrum since the kinetic energy of
the electron would not be fixed by the mass difference between mother and daugther nucleus
anymore. Pauli’s proposal of a third particle resolved the apparent violation of energy conser-
vation, but did not yet provide a theory of the decay process. This step was taken by Enrico
Fermi, who incorporated the neutrino into a quantitative description of beta decay.

In his theory, Fermi described beta decay as a point-like interaction between four fermions
using creation and annihilation operators, without any mediating particles. In this theory, the
amplitude for the beta decay is expressed in a vector-structure, meaning it does not violate parity
[1]:

Gr

G _ _
2 (o) (e i) = T aa i) (1.1.2)

V2

In this expression G ~ 1/(300GeV)? is the Fermi-constant, 1, ., » denote the Dirac spinor
fields describing the spin-1/2 fermions (proton, electron, neutron, and anti-neutrino), and ~*

M=

3
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are the Dirac gamma matrices that ensure a Lorentz-covariant coupling of the hadronic and
leptonic currents Jl’fad and J,lep. The vector structure in equation M means that parity
should be conserved in weak interactions, since a pure vector current is invariant under parity
transformations. This turned out to be a problem later and will be addressed in section

1.2 Parity violation and the chiral structure of
the weak interaction

In the early 1950s, the so-called 7 — 8 puzzle led physicists to believe that parity might not be
conserved. Two identical, charged mesons, the 7 and 6 were observed to decay differently:

— ot

0t — 770 — even parity

7~ — odd parity

This led Lee and Yang to propose an experiment, later conducted by Chieng-Shiung Wu, to
study the decay of polarized %°Co atoms. She placed the atoms in a magnetic field, such that
their spins would be aligned. A strong asymmetry in the emission direction of the electrons
emitted in the 8~ decay was observed. In particular, significantly more electrons were emitted
in the opposite direction of the %°Co spin, which was strong evidence that parity is not conserved
in weak interactions.

These experimental observations motivated physicists to reformulate Fermi’s theory of the
weak interaction |1]. Equation @ was not compatible with these observations since it only
contains a vector current. Feynman, Gell-Mann, Marshak and Sudarshan solved this issue by
expressing the weak current as the sum of a vector and axial-vector current. This resulted in the
following expression for the matrix element for the beta decay:

M= ZE (a1 (gv = 040" el = 1)) = (V= Afo) Ve = Aeve) - (121)
where in the last equality the projection operator P, = %(I[ —7°) was used, to write the hadronic
and leptonic interaction currents as a sum of vector and axial vector terms. In equation[1.2.1 gy
and g4 denote vector and axial-vector coupling constants, u; (@;) the Dirac spinors for particle
(anti-particle) ¢, V# the hadronic and leptonic vector currents, and A* the hadronic and leptonic
axial vector currents. This theory predicts that electrons emitted in the S-decay of a nucleus
are preferentially left-handed polarized, which is consistent with the experimental observations
of Wu.

In the V' — A theory the charged weak current only couples to left-handed fermions and right-
handed antifermions. In the minimal SM only left-handed neutrino fields vy, are introduced but
no right-handed antineutrinos rg. A Dirac mass term would require both chiralities; therefore,
in the absence of a right-handed neutrino field, vg, a Dirac mass term of the following form is
not possible:

LP2% = —mpupvg + h.e (1.2.2)

Dirac
Furthermore, no gauge-symmetric Majorana mass term can be constructed. Consequently,

no mass-term can be written in the minimal V' — A framework and neutrinos are therefore pre-
dicted to be massless.
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The observation of neutrino oscillations, discussed in section (1.3 implies non-zero neutrino
masses and therefore contradicts the prediction of this theory that neutrinos are massless. Thus,
the existence of neutrino masses requires an extension of the minimal SM.

1.3 Neutrino oscillations

Motivated by the mixing of the neutral kaons, mixing of neutrino flavour states was proposed in
1957 by Bruno Pontecorvo. Neutrino mixing is described by expressing the flavour eigenstates
(Ve, vy, v7) as a linear combination of the mass eigenstates (v, v2,v3) [2]:

3
Vg) = ZUm vs) (1.3.1)

where U is the unitary Pontecorvo-Maki-Nakagawa—Sakata (PMNS) matrix. In the case of three
neutrino flavours, the standard parametrization of this matrix is in terms of three mixing angles
0;; and a CP-violating phase ¢.

1 0 0 cos 013 0 sinfize ™ cosfia sinfiy O
U=10 cosflys sinfsg 0 1 0 —sinfio cosfia 0 (1.3.2)
0 —sinfy3 cosbog —sinf3e® 0 cos 013 0 0 1

The mixing angles 6;; determine how strongly the flavour eigenstates are mixed into the mass
eigenstates, and therefore determine the amplitude of the oscillation probability in equation[I.3.4.
Under a CP transformation a particle is replaced by its antiparticle and U is replaced by its
complex conjugate U*. This means that terms in equation @ that include e** change sign,
which eventually leads to different oscillation probabilities for neutrinos and antineutrinos.

When solving the Schréodinger equation for relativistic neutrinos in the mass eigenbasis, the
results are plane wave solutions: A

‘Vi(t)> = e_ZEi't ’Uz> (133)

This means that each mass eigenstate propagates over time with a complex phase that depends

on its energy E; = \/mz2 + |p|?. Using the unitarity of the PMNS matrix one can derive an
expression for the probability that a neutrino travelling with energy F over a distance L from
production, will change flavour from « to 8. If only two neutrino flavours are considered, the
oscillation probability can be approximated with the following expression:

Am2L>

P, 5(L, E) = sin®(20) sin* (1.27 (1.3.4)

where Am? is given in eV2, L in km, and F in GeV. According to this equation, the oscillation
frequency between two flavours is determined by the neutrinos energy, the mass difference of the
two neutrino flavours, and the length over which the neutrino beam propagates. Thus, neutrino
oscillations can only be observed if at least two neutrino falvours have non-zero masses. Exper-
iments that measure neutrino oscillations are not sensitive to the absolute masses, but only to
their squared differences.

Experimentally, neutrino oscillations are studied by measuring the flux of different neutrino
flavours, and comparing it to the expected flux under the assumption of no neutrino oscillations.
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Neutrino oscillations can be observed in solar, atmospheric, reactor, and accelerator neutrinos,
each sensitive to different parameters in the PMNS matrix in equation [1.3.2!

The values of the neutrino mixing angles are obtained from global fits to solar, atmospheric,
reactor, and accelerator neutrino oscillation data. Since the neutrino mass ordering is not yet
unambiguously established, table lists the best-fit values for both normal ordering (NO) and
inverted ordering (10), following the NuFIT 6.0 global analysis |3|.

Parameter [°| Normal ordering Inverted ordering

012 33.68%8:1%8 33.68%8:1;13
013 8.521 011 8.581 011
0a3 485750 48.610

Table 1.1: Best-fit values of the neutrino mixing angles with 1o uncertainties from the NuFIT
6.0 global analysis for normal ordering and inverted ordering |[3].

According to equation [1.3.4, the observation of neutrino oscillations is direct evidence that
neutrinos must be massive. Oscillation experiments are only able to measure the squared mass
differences Am?j between mass eigenstates ¢ and j. Consequently, the sign of Am;; is unknown,
which leads to two possible mass hierarchies, the normal and inverted ordering, where it can only
be determined with certainty that mo > m;:

e normal mass ordering: m; < mg < ms
e inverted mass ordering: mg < mq < mo

The T2K experiment reports the following 2m-periodic, 30 confidence intervals on the CP-
violating phase § for the two different mass-orderings [4]:

e 0 € [—3.41,—0.03] assuming normal mass ordering
e ) € [—2.54,—0.32] assuming inverted mass ordering

These intervals indicate a preference for values of § away from at least one of the CP-
conserving cases § = 0 and § = 7, thereby hinting at CP violation in the lepton sector. In
particular, the preferred region lies near 0 ~ —m/2 (which is equivalent to 37/2), where the
magnitude of CP-violating effects is large.

1.3.1 Direct measurement of neutrino masses

Neutrino masses can be directly measured [5| through the differential rate of a charged-current
process involving a neutrino, which depends on the neutrino mass through the kinematic phase
space factor. In beta decay, for example, the electron energy spectrum near its endpoint is
modified by the neutrino mass, since energy—momentum conservation requires the neutrino to
carry at least its rest energy. As a result, the shape of the electron spectrum close to the endpoint
depends on the neutrino mass squared. Because the electron flavour state is a superposition of
mass eigenstates, the measured spectrum is a sum over contributions weighted by |Up;|?. Thus,
experiments are sensitive to the effective neutrino mass,

mg =Y |Ueil*m?, (1.3.5)
i
which can be extracted from analysing the region at the right end of the beta spectrum.
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The most stringent direct constraint on mg is currently provided by the KATRIN experiment,
which measures the endpoint region of the molecular tritium S-decay spectrum. From an analysis
of 259 days of data, KATRIN obtains an upper limit

mg < 0.45 eV (1.3.6)

at 90% confidence level [6]. This represents the strongest laboratory-based bound on the effective
electron-neutrino mass to date.

1.4 Neutrino detection

Neutrinos are detected via weak interactions, most prominently inverse beta decay (IBD) and
elastic scattering processes. In IBD, an electron antineutrino interacts with a proton to produce
a neutron and a positron, provided the neutrino energy exceeds a threshold of about 1.8 MeV |7].
Despite its small cross-section, this channel enabled the first experimental neutrino detection
by Cowan and Reines using reactor antineutrinos, where the positron annihilation signal was
observed via scintillation light.

Elastic scattering provides an alternative detection method through charged and neutral
current interactions. In charged current interactions, the neutrino converts into its corresponding
charged lepton, which can be detected directly. Experiments such as Borexino exploit this process
by observing scintillation light from recoiling electrons, allowing precise measurements of solar
neutrinos.

In neutral current interactions, the neutrino scatters off a target without changing fla-
vor, transferring energy to the recoiling particle. A notable example is coherent elastic neu-
trino—nucleus scattering (CEvNS), where the neutrino interacts with the entire nucleus. Due
to the very small recoil energies involved, such measurements require highly sensitive, low-
background detectors. This process was first observed by the COHERENT collaboration in
2017 using a pion-decay neutrino source and scintillation detectors [8]. In 2024 the XENON
collaboration observed 8B neutrinos through CEvNS with the XENONnt experiment [9].

1.5 Neutrinoless double beta decay (0v35)

1.5.1 Neutrino masses beyond the Standard Model

Because the minimal Standard Model contains only left-handed neutrino fields, the theory pre-

dicts massless neutrinos, as discussed in section The observation of neutrino oscillations

therefore requires an extension of the Standard Model, for which two possibilities exist [2]: If

right-handed neutrino singlets are added, neutrinos can acquire Dirac masses through Yukawa

couplings to the Higgs field. Alternatively, neutrinos may be Majorana particles, allowing lepton-

number-violating mass terms.

To see how a neutrino mass could arise, consider the Dirac mass term for a fermion field

ﬁD

mass

= —mbv. (1.5.1)
Expressing the field in terms of its chiral components vy and vi gives
ﬁgass = _m(DRVL + DLVR). (152)

This expression shows explicitly that a Dirac mass term requires both left-handed and right-
handed fields. In the minimal Standard Model, however, only the left-handed neutrino field vy, is

7
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present. Consequently, a Dirac mass term cannot be constructed unless a right-handed neutrino
field v is introduced.

An alternative possibility is that neutrinos are Majorana particles, in which case the neutrino
field is identical to its charge-conjugated field. A mass term can then be constructed using only
left-handed fields by coupling the field to its charge conjugate l/g =Crp’:

1

M

Loss = _imVLCVL + H.c. (1.5.3)
The lepton-number properties of the two mass terms can be seen from their behaviour under

a global lepton-number transformation. A neutrino field with lepton number L = 1 transforms

as v, g — €i¢VL7R, while its adjoint transforms as vy g — e*id’?L,R. Therefore, the Dirac mass

term conserves lepton number:
VL, — ¢ e/ URuy, = VRV,

For the Majorana term, however, the charge-conjugated field carries the opposite lepton number,

VLC — e_i‘byg, so that VLC — ei‘byg. The Majorana mass term therefore transforms as

EVL — 62i¢EVL.
and is not invariant under lepton-number transformations. It therefore violates total lepton
number by two units, in contrast to a Dirac mass term.

If neutrinos are Majorana particles, the neutrino fields cannot be rephased freely, since such
phase redefinitions would change the Majorana mass term. As a result, not all complex phases
in the lepton mixing matrix can be absorbed into the field definitions. Compared to the Dirac
case, two additional physical phases remain for three neutrino generations. The PMNS matrix
then contains, in addition to the three mixing angles and the Dirac CP-violating phase §, two
Majorana phases, usually denoted by ag; and ag;. It can be parametrized as |10]:

V=U- diag(l, emﬂ/?eiam/?) : (1.5.4)

where U denotes the standard PMNS matrix given in equation [1.3.2. Unlike the Dirac phase,
the Majorana phases do not enter neutrino oscillation probabilities. However, they do contribute
to the effective Majorana mass

i

which is relevant for neutrinoless double beta decay. Depending on the values of ao1 and asq,
the individual mass-eigenstate contributions can interfere constructively or destructively. As a
result, the value of mgg may be enhanced or partially cancelled even for fixed neutrino masses
and mixing angles.

mgg = (155)

1.5.2 Two neutrino double beta decay

Double beta decay is a rare nuclear transition in which the charge of a nucleus changes by two
units while the mass number remains unchanged. Double 8~ decay, in which two neutrons are
transformed into two protons, can occur in certain nuclei for which the corresponding single S~
decay is energetically forbidden.

The origin of this behaviour can be understood from the nuclear mass parabola at fixed mass
number A. For a given nucleus, the proton number is Z and the neutron number is N = A — Z.

8
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Nuclei with even Z and even N are referred to as even-even nuclei, whereas nuclei with odd Z and
odd N are called odd-odd nuclei. Even-even nuclei are more strongly bound because nucleons
tend to form pairs, while odd-odd nuclei contain one unpaired proton and one unpaired neutron
and are therefore less strongly bound. In terms of the binding energy B(A, Z), this means that
even-even nuclei have a larger binding energy than their neighboring odd-odd isobars. Since the
nuclear mass is related to the binding energy through

M(A, Z) ~ Zmy, + Nm,, — B(A, Z),

a larger binding energy corresponds to a lower nuclear mass. As a consequence, for even A the
isobars split into two branches: a lower branch formed by the even-even nuclei and an upper
branch formed by the odd-odd nuclei.
This splitting has important consequences for beta decay. A single 5~ decay changes the
proton number by one unit,
(A, Z) = (A, Z+1)

and is only possible if the daughter nucleus has a lower mass than the parent nucleus. For certain
even-even nuclei, however, the neighboring odd-odd nucleus lies higher in mass,

M(A,Z +1) > M(A, Z)

so that single 5~ decay is energetically forbidden. At the same time, the next even-even isobar
may lie lower in mass,

M(A,Z +2) < M(A, Z)

which makes a transition with AZ = 2 energetically allowed. In that case, the nucleus cannot
decay through a single = transition to the intermediate odd-odd nucleus, but it can undergo
double 8~ decay to the next even-even nucleus:

(A, Z) = (A, Z +2) +2¢ + 20, (1.5.6)

This situation is illustrated by the mass parabola in figure [1.1] which shows the approximate
quadratic dependence of the nuclear mass on Z for fixed A and the separation into an even-even
and an odd-odd branch due to pairing.

Mass parabola for A=76

Sr

—— even-even
=551 odd-odd

—60 1

M(A,Z) [MeV]
8

-704

—754

30 31 32 33 34 35 36 37 38

Figure 1.1: Schematic mass parabola for fixed mass number A = 76, illustrating how the pairing
term splits the isobars into an even-even and an odd-odd branch. For suitable nuclei, single 5~
decay to the intermediate odd-odd nucleus is energetically forbidden, while double beta decay
to the next even-even nucleus is allowed. Figure adapted from [11].
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The decay described by equation @ is referred to as two-neutrino double beta decay (2v35)
and allowed within the SM. This process conserves total lepton number and can be viewed as a
second-order weak process involving two simultaneous beta decays inside the nucleus. Because
two weak vertices are involved, the decay rate is strongly suppressed and the half-lives are
extremely long, typically in the range 10'8-10%%yr depending on the isotope. For "®Ge, for
example, the most precise half-life measurement yields a value of T12/"2 = (2.022 £ 0.018¢tat £
0.0385yst) x 1021 yr [12].

Neglecting the nuclear recoil, the total energy released in the decay is given by the difference
of the atomic masses of the initial and final states:

Q35 = Masom(A, Z) — Mysom(A, Z + 2) (1.5.7)

In 2v58 decay, this energy is shared among the two electrons and the two antineutrinos. Thus,
measuring the kinetic energies of the emitted electrons yields a continuous spectrum.

1.5.3 Neutrinoless double-beta decay

If no neutrinos are emitted in 55 decay, the process is called neutrinoless double beta decay

(OvBpB decay):
(A, Z) = (A, Z +2) + 2~ (1.5.8)

The observation of this decay would have the following implications: First, it would demonstrate
that lepton number is not conserved. In the Standard Model, leptons are assigned a conserved
quantum number L, with L = +1 for electrons and neutrinos and L = —1 for their antiparticles.
The initial nuclear state in equation carries no leptons and thus has total lepton number
L = 0, while the final state contains two electrons with total lepton number L = 2. The process
therefore violates lepton number conservation by two units (AL = 2) and cannot occur within
the Standard Model.

Second, according to the Schechter-Valle theorem [13|, the observation of Ov33 decay would
imply that neutrinos possess a Majorana mass term, i.e. that neutrinos are Majorana fermions.

The simplest and most commonly discussed mechanism for Ov53 decay is the exchange of
light Majorana neutrinos between two standard weak-interaction vertices. In this case, the de-
cay amplitude is proportional to mgg. Other mechanisms are also possible in theories beyond
the Standard Model, for example heavy Majorana neutrino exchange [14], right-handed weak
currents |15, or supersymmetric contributions |16].

The Feynman diagrams in figure illustrate why the Majorana nature of neutrinos is
required in the light-neutrino exchange picture. At one weak-interaction vertex, an antineutrino
is emitted together with an electron. For the process to proceed without neutrinos in the final
state, this particle must be reabsorbed at the second vertex as a neutrino. This is only possible
if neutrino and antineutrino are identical, i.e. if the neutrino is a Majorana particle.

In addition, the weak interaction couples predominantly to left-handed chirality states. The
neutrino emitted at the first vertex is predominantly right-handed in helicity (since it is an
antineutrino), whereas the neutrino absorbed at the second vertex must be left-handed. This
requires a helicity flip in the virtual neutrino propagator, introducing a suppression proportional
to the neutrino mass. This suppression is one reason why the expected Ov35 decay half-life is
much longer than the corresponding 2v 35 decay half-life.
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Figure 1.2: Comparison of double beta decay modes. Left: standard two-neutrino double beta
decay (2vff decay), allowed in the Standard Model. Right: neutrinoless double beta decay
(OvBpB decay), which requires Majorana neutrinos.

If the decay is mediated by light Majorana neutrino exchange, the relevant lepton-number-
violating parameter is the effective Majorana mass mgg (equation |1.5.5). It characterizes the
strength with which Majorana neutrino masses contribute to OvS3 decay. In this case, the
half-life can be written as )

(18) = Gov Mo, | beﬁ‘ , (1.5.9)

2
e

where G, is the phase-space factor and My, is the nuclear matrix element. Because mgg is
expected to be very small, the decay rate is strongly suppressed, leading to predicted half-lives
typically above 1025 yr.

The dominant theoretical uncertainty in extracting a value for mgg from a measured Ovj343
decay half-life arises from the nuclear matrix element Mgy,. In contrast to the phase-space factor
Gov, which can be calculated rather precisely, present nuclear-structure calculations still show a
spread of a factor of 2-3 in My, |17, 18].

Equation [1.5.9 shows how Ov3 decay can provide information on the absolute neutrino mass
scale: a measurement of the half-life, or a lower limit on it, can be translated into a value or
upper bound on the effective Majorana mass mgg. Since mgg depends on the neutrino masses m;
themselves, rather than only on the mass-squared differences measured in oscillation experiments,
Ov 3 decay is sensitive to the absolute neutrino mass scale.

1.5.4 Experimental searches

Experimental searches for neutrinoless double beta decay aim to detect the two electrons emitted
in the decay and to reconstruct their summed kinetic energy. In contrast to 2v33 decay, where
the energy is shared with two neutrinos, the absence of neutrinos in the final state implies that
the full decay energy @gg is carried by the electrons. Consequently, Ov33 decay would manifest
itself as a monoenergetic peak in the summed electron energy spectrum at @ ggs.

Most experimental approaches search for this peak by measuring the total deposited energy
of the event. In tracking experiments such as SuperNEMO, however, the two outgoing electrons
can also be reconstructed individually, allowing their separate tracks and energies to be measured
[19]. Tracking experiments are mentioned here for completeness, but will not be further discussed
in this work.
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The sensitivity of an experiment is commonly expressed in terms of the half-life TPVQ. If a
signal is observed, the measured event rate allows the determination of the half-life and, through
equation the extraction of the effective Majorana mass mgg. In the absence of a signal, a
lower limit on the half-life can be derived from the experimental exposure.

The experimental sensitivity depends on the exposure M - t, where M is the detector mass
and t the measurement time, as well as on the detection efficiency &, the isotopic abundance a,
and the background level B. In the ideal case of a background-free experiment, the sensitivity
scales linearly with exposure, whereas in the background-dominated regime it scales only with
the square root of the exposure:

M-t background-free

T, xa-¢- 1.5.10
1/2 { BM ’;3 with background ( )

where AFE denotes the energy resolution of the detector. This shows the importance of achieving
both large detector masses and extremely low background levels in Ov33 decay experiments.
Thus, it is advantageous to operate in a background-free regime, where the sensitivity improves
linearly with exposure.

A key requirement for a suitable isotope is that single 8 decay is energetically forbidden,
while double beta decay is allowed. Typical isotopes used in current experiments include "%Ge,
136X e, and 0Te, which combine relatively large ()3p values with favorable nuclear properties.

A variety of experimental approaches are currently pursued, differing in detector technol-
ogy, target isotope, and scalability. The most competitive limits on the half-life of neutrinoless
double beta decay have been obtained in experiments using °Ge 136Xe, and 39Te providing
complementary sensitivity. A comparison of representative results is given in Table

Isotope Experiment 177, limit [yr]
Ge  GERDA Phase IT [12] > 1.8 x 10%0
6Ge Majorana Demonstrator [20] > 8.3 x 10%°
136Xe  EX0-200 |21] > 3.5 x 10%°
136Xe  KamLAND-Zen [22] > 1.9 x 10%°
130Te  CUORE [23] > 3.2 x 10%°

Table 1.2: Lower limits (90% confidence level) on the half-life of neutrinoless double beta decay
for different isotopes. For CUORE a 90% Bayesian credible interval is quoted.

The results show that experiments using “Ge and '36Xe currently provide the most stringent
constraints, reaching sensitivities at the level of 1026 yr. While xenon-based experiments benefit
from large target masses and scalability, germanium-based experiments achieve superior energy
resolution and extremely low background levels, allowing operation close to the background-free
regime.

The 2v68 decay produces a continuous summed electron energy spectrum extending up to
Qpp, but the spectrum is strongly suppressed near the endpoint. Owing to the excellent energy
resolution of high-purity germanium (HPGe) detectors (of order 0.1% at Qgg), only a fraction
of ~ 10714 of 2v3p events fall into the 30 region around Qgg [24]. Consequently, 2v33 decay
does not significantly limit the sensitivity.

Further advantages of "®Ge-based experiments include:

e the possibility to use the detector material simultaneously as source and detector, leading
to high detection efficiency

12
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e good radiopurity of HPGe crystals
e powerful background rejection through pulse shape discrimination
e the ability to achieve a low background index

These properties make "Ge one of the most favorable isotopes for high-resolution, low-
background searches for Ov3/3 decay.

Building on the success of previous germanium-based experiments such as GERDA and the
Majorana Demonstrator, the next generation of searches aims to significantly increase the detec-
tor mass while maintaining ultra-low background conditions. The Large Enriched Germanium
Experiment (LEGEND) follows this strategy by combining large exposure with the excellent
energy resolution and background suppression capabilities of HPGe detectors.

LEGEND is designed to operate in or near the background-free regime over its target ex-
posure, thereby enabling a substantial improvement in sensitivity to the half-life of neutrinoless
double beta decay in "®Ge. This approach directly exploits the advantages of germanium detec-
tors.

A central challenge for Ovg33 experiments is the suppression of radioactive backgrounds,
which can mimic or obscure the signal in the region of interest around (gg. In particular, a- and
B-induced surface events, as well as - interactions in the detector material and surrounding com-
ponents, can contribute to the background level B. Achieving operation in the background-free
regime therefore requires not only material radiopurity and shielding, but also powerful event
discrimination techniques. In HPGe detectors, this is achieved through pulse shape discrimina-
tion (PSD, cf. chapter , which relies on the fact that different energy deposition topologies
lead to characteristic differences in the measured signal shapes. The resulting differences in the
shape of the detector signals allow for an efficient separation of signal-like and background-like
events. The development and optimization of such pulse shape discrimination methods rely on
a detailed understanding of the underlying signal formation processes. Pulse shape simulations
(PSS, cf. chapter [4) provide a framework to model these processes and to predict the detector
response for different event topologies. Such simulations are therefore an essential tool for the
development and validation of PSD techniques and form the basis for the studies presented in
this work.
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Chapter 2

The LEGEND experiment

The Large Enriched Germanium Experiment for neutrinoless 53 decay (LEGEND) is a global
collaboration that uses High Purity Germanium (HPGe) detectors, enrichted to about 90%, both
as a source and detector, to search for Ov83 decay. In particular it aims at detecting the two
emitted electrons in the hypothetical 0v33 decay in “°Ge:

Ge — 70 Se 4 2¢. (2.0.1)

The project consists of two stages: The first stage, LEGEND-200, aims to deploy 200 kg of
detector material and started taking data in early 2023 and will be the focus in this work. The
second stage, LEGEND-1000, aims to use 1000 kg of detector material and is planned to start
in the early 2030s.

2.1 Experimental setup

The experiment is located at the Gran Sasso National Laboratories (LNGS) in Assergi, Italy.
LNGS is an underground research center, where the surrounding rock shields against cosmic
muons. The experimental setup is shown in Figure The HPGe detectors are arranged in
vertical strings inside a tank filled with 64m? of liquid argon (LAr) acting as a shield and,
together with silicon photomultipliers (SiPMs), as a veto. The experiment operates at a temper-
ature of 78 K to reduce electronics noise and thermal effects of charge carriers inside the detector.

The LAr cryostat is located inside a tank filled with 590 m? of radiopure water to shield
against neutrons and external ~ radiation originating from the surrounding rock. In addition,
the water tank is used as a Cherenkov medium which can detect muons with the help of 66
PMTs, acting as a veto.
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Figure 2.1: Experimental setup of LEGEND-200. The water cherenkov tank is used for muon
veto, and it surrounds the cryostat filled with LAr. In the center are the arrays of detector
modules. Figure taken from m and modified.

2.1.1 Liquid argon veto

The detector arrays are inside the LAr cryostat, surrounded by wavelength shifting reflectors
(WLSR). The LAr serves three purposes:

1. As a refrigerant, which is important for the operating conditions
2. Shielding against background
3. Acting as a scintillation medium

The latter allows to identify « backgrounds and acts as a veto for background rejection.

When radiation deposits energy in the LAr it ionizes some of the atoms, which produces
scintillation light with a wavelength of 128 nm. Since the SiPMs are not able to directly detect
this light, the WLSR absorb it and re-emit it at a wavelength of 450 nm making it detectable
by the SiPMs. Thus, only scintillation light created between the detector array and the WLSR
can be detected. A conceptual illustration of the WLSR is shown in figure

The SiPMs are located near the detector array where they detect the light emitted by the
WLSR. A temporal coincidence between the signal in the germanium detectors and the scintil-
lation in the surrounding LAr indicates that energy was both deposited inside and outside the
detector and can therefore not be a Ov55 decay.
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Figure 2.2: Schematic illustration of the wavelength-shifting reflectors used in the liquid argon
veto. Scintillation light produced in LAr at 128 nm is absorbed by the wavelength-shifting
material and re-emitted at longer wavelengths (around 450 nm), making it detectable by the
SiPMs. Figure from .

2.1.2 Muon veto

Thanks to the underground location of the experiment, comsic muons are suppressed by a factor
of 106 . When residual cosmic muons travel through the water tank that surrounds the
cryostat, they emit Cherenkov light, which is detected by the PMTs mounted to the inner walls
of the water tank.

If, within a time interval of £1.75 us, a signal is temporally coincident with a muon signal
from the PMTs it will be flagged and removed in the data analysis . The efficiency of this
technique was demonstrated in GERDA, where a muon rejection efficiency of > 99.99 % was

achieved )

2.2 Germanium detectors

Germanium-76 is a stable isotope where 2v35 decay can occur. Since ordinary beta decay is
kinematically forbidden and the decay has a QQgg value of 2039 keV, it is a suitable isotope for
the search for O35 decay. This comparatively high @-value lies above many prominent natural
radioactive backgrounds and defines the endpoint of the continuous 2v53 decay spectrum, which
falls steeply near (Qgg. As a result, a Ov33 decay signal would appear as a monoenergetic peak
at Qgg. Due to the excellent energy resolution of HPGe detectors, about 0.1% at Qg , the
strongly suppressed endpoint tail of the 2v38 spectrum gives a negligible contribution in the
region of interest, as discussed in Section [I.5.4

Apart from being used as a source of double beta decays, the germanium crystals serve as
detector due to their semiconductor properties, which are elaborated here:
By adding doping atoms to the semiconductor, the conductivity can be controlled. If doping
atoms are added that have one less valence electron than germanium (such as boron), this cre-
ates a vacancy in the crystal structure, called hole. These holes behave like positively charged
particles and can freely move in the semiconductor. Such a semiconductor is called p-type.
If a doping atom with one additional valence electron is added to the semiconductor, the excess
electron can freely move and the semiconductor is called n-type.
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By joinging a p- and n-type semiconductor a pn junction is created. Initially, the two regions
are electrically neutral. Electrons diffuse from the n-type to the p-type region, and holes from
the p-type to the n-type region. Around the region where the two semiconductor types are in
contact an electric field is created which opposes the exchange of charge carriers. The charge
carrier exchange proceeds up to the point where the created electric field exactly counteracts
the diffusion and an equilibrium is formed. As a result, a region free of mobile charge carriers is
created around the junction, called depletion region. The magnitude of the created electric field
as well as the width of the depletion region depend on the impurity concentration used to form
the two semiconductor types.

By further applying a bias voltage to the pn junction, one can control the flow of charge car-
riers across the contact zone, and therefore the potential difference across the depletion zone and
its width. A schematic of a pn-junction and the dependence of the depletion width on applied
bias voltage is depicted in figure [2.3]

no applied bias (built-in potential)

moderate reverse bias

p-type region
n-type region
depletion region

high reverse bias

Figure 2.3: Schematic of a pn-junction operated under reverse bias showing the depletion width
for different levels of applied voltages.

If a positive bias voltage is applied to the n-type material and a negative or zero voltage
to the p-type material, the pn-junction is said to be operated under reverse bias. In this case
the depletion zone and voltage increase with the applied bias voltage. If the detector is fully
depleted, no charge carriers flow between p- and n-type regions.

2.2.1 HPGe detector production for LEGEND

The HPGe detectors used in LEGEND are produced with the Czochralski-method [30]. A small
crystal seed is inserted in a heat resistant container, called crucible, and heated above the melting
point of Ge, resulting in a homogeneous liquid. A crystal seed with known crystallographic
orientation is placed on the melt and the crystal is slowly pulled upwards while rotating. The
molten atoms at the interface between the seed and the molt solidify and adopt the same crystal
structure as the crystal seed. The final crystal has a homogeneous crystal structure rather than
random orientations. A schematic of the procedure is depicted in Figure

The bulk of an HPGe detector consists of nearly intrinsic germanium with a very small
concentration of electrically active residual impurities, of the order of (10®cm™2). The net
impurity concentration determines whether the material is effectively p-type or n-type. During
crystal growth, the incorporation and segregation of these residual impurities leads to a spatially
non-uniform impurity profile, which is often approximated by a variation along the crystal-growth
direction. This impurity profile significantly affects the depletion voltage and the electric-field
distribution inside the semiconductor.
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Figure 2.4: Schematic of the Czochraslki method, used in LEGEND to produce HPGe detectors.
Figure adapted from m

The final, cylindrical crystals are then cut to produce one or more detector per crystal with
various geometries. Afterwards, n+ and p+ contacts are added to create a diode structure so
that an external bias voltage can be applied. The n+ contact is typically created by lithium
diffusion and the p+ contact by boron implantation. Further applying a reverse bias voltage to
the detector depletes the bulk of the detector of mobile charge carriers, which is crucial for the
operation of HPGe detectors.

In LEGEND-200, several detector geometries are employed that are optimized for low-
background operation and pulse shape discrimination. These include Broad Energy Germanium
(BEGe) detectors, coaxial detectors, Inverted Coaxial Point Contact (ICPC), and p-type point
contact (PPC) detectors. While coaxial detectors represent an earlier design with larger volumes,
newer geometries such as BEGe and ICPC detectors are based on a point-contact configuration,
which leads to strongly non-uniform electric fields and characteristic signal formation properties
that are advantageous for background discrimination. BEGe detectors are relatively small and
provide excellent energy resolution and pulse shape discrimination performance, whereas ICPC
detectors allow for significantly larger detector masses while retaining similar signal characteris-
tics.
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2.2.2 P-type point contact (PPC) and inverted coaxial point con-
tact (ICPC) detectors

In this section two detector geometries are discussed in detail, namely PPC and ICPC detectors,
as they will be subject to the studies performed in this thesis. Their geometries are depicted in

figure

PPC detectors produced by Ortec

The geometry of Ortec PPC detectors consists of a cylinder stacked on top of a cone-shaped
taper, and have a radius of ~ 30 mm and height of ~ 50 mm. The n+ contact, which is 1 —2mm
thick, surrounds the detector on the walls and the top. The p+ point contact has an approxi-
mately cylindrical shape with a radius of ~ 1 mm and a height of ~ 2mm. It is located at the
center of the bottom plane. Since PPC detectors operate under reverse bias the voltage (typically
between 1000 and 3000 V) is applied to the n+ contact, while the p+, where the signal is read
out, is grounded.

At the bottom area between the p+ and n+ contact a passivation layer is added, usually made
from non-crystalline amorphous germanium. This is done to prevent leakage current, i.e. charges
moving fromt the n+ to the p+ contact.

ICPC detectors produced by Mirion

In LEGEND-1000 only ICPC detectors will be deployed, because their signals are better suited
for analysis (cf. chapter. ICPC detectors are made of a p-type semiconductor, which, similarly
to the PPC, has a 1 — 2 mm thick n+ contact coating around the surface. At the bottom center
the grounded p+ contact is located, whose dimensions vary significantly between each detector:
its radius is between 1 and 12 mm, depending on the specific detector. A bias voltage of 2000 -
3000 V is applied to the n+ contact.

They typically have a diameter and height of around 80 mm. A large hole in the upper part,
which varies in shape from detector to detector, extends into the bulk for around 40 mm. A
circular ditch around the p+ contact, in addition to a passivated surface, mitigate the risk of
leakage current.
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Figure 2.5: Cross-section of the geometry of PPC (left) and ICPC (right) detectors. The n-+

contact is shown in orange with a thickness of ~1 mm. The p+ contact is shown in blue at the

bottom, with a thickness of ~ 0.1 mm for PPCs and < 0.1 mm for ICPCs. PPC detectors have a

small point-like p+ contact, which is seperated by a large passivated surface (magenta) from the

n+ contact. ICPC detectors have a larger p+ contact with a smaller passivated surface along
the circular ditch.

2.2.3 Crystal structure of germanium

Germanium crystals have a face-centered diamond-cubic lattice. Its unit cell is depicted in figure
Each germanium atom forms four covalent bonds in a tetrahedral arrangement with its
nearest neighbours. This lattice gives rise to well-defined crystallographic directions, commonly
denoted by the families (100), (110), and (111). They are commonly used to describe both
crystal growth and charge transport properties.

Figure 2.6: Unit cell of a germanium-crystal. Figure created with the software VESTA .

The crystal symmetry also influences the motion of charge carriers in germanium. Since
the electronic band structure is direction-dependent, the mobility of electrons and holes, and
consequently their motion, is anisotropic.

This anisotropy is relevant for HPGe detectors. In an isotropic semiconductor, one would
expect the drift velocity to be parallel to the electric field and proportional to it through a
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scalar mobility. In germanium, however, the mobility is effectively direction dependent: the
drift velocity depends not only on the magnitude of the electric field, but also on its orientation
with respect to the crystal axes. Therefore, charge carriers generally do not drift exactly along
electric-field lines. Instead, both the longitudinal and transverse components of the drift velocity
depend on the local field direction in the crystal frame.

2.2.4 Signal formation

When radiation deposits energy in an HPGe detector, electrons of the semiconductor are moved
from the valence band to the conduction band, leaving a vacancy in the valence band, called
hole; thus creating an electron-hole pair. The hole behaves like a positively charged particle.

The band gap of germanium is comparatively small and temperature dependent. For the
fundamental indirect band gap, a commonly used parametrisation is |32, 33]:

4.8 x 1074772
T+235

with T in kelvin. This gives E, ~ 0.73 eV at liquid-argon temperatures, for example E4(80K) ~
0.732eV. Nevertheless, the mean energy required to create one electron-hole pair in germanium
is much larger, about 2.95eV. The reason is that only a fraction of the deposited energy is used
to promote electrons across the band gap; a significant part is transferred to the lattice through
phonon excitation [34].

The number of electron-hole pairs created by a single energy deposition is proportional to the
amount of deposited energy. Since the detector is fully depleted the electric field inside the de-
tector causes the created charge carriers to drift towards the contacts. If the detector is operated
under reverse bias, the electrons move to the n+ contact and the holes move to the grounded
p+ contact, where the signal is read out. The electric field determines for the most part the tra-
jectory of the charge clouds, while thermal diffusion and self-repulsion add minor contributions.
Self-repulsion is the effect of mutual Coulomb forces acting between charge carriers within the
same charge cloud, leading to expansion.

E,(T) = 0.742 —

The motion of charge carriers inside the detector induces charge on the electrodes. The
charge on an electrode can be related to the electric flux through a closed surface surrounding
the electrode using Gauss’s law [35]:

Q=c¢ E-dSs (2.2.1)
Sk
where Sj denotes a closed surface surrounding electrode k. A more convenient way to describe
signal formation is the Shockley-Ramo theorem. For an electron-hole pair, the induced charge
and current at electrode k can be expressed in terms of the weighting potential Wy(x) and
weighting field Ey i (x) = —VIWg(x).

Q(t) = q [Wi(zn(t)) — Wi(ae(t))]
I(t) = —q[vn - Ewpk(xn(t)) — ve - Ewg(ze(t))]
where v,/ is the velocity of electrons/holes, ¢ the absolute value of the elementary charge,

and ./, (t) are the electron/hole trajectories. The weighting potential is calculated by solving
Laplace’s equation with the readout electrode Sy set to one and all other electrodes to zero:

(2.2.2)

AWk(df) =0
Wk’Sk =1
Wils,,, =0.
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The charge @) is continuously induced while the electrons and holes are moving in the detector,
until they are collected at the contacts. This results in a time dependent current pulse that is
read out, whose integral is proportional to the deposited energy. Every waveform has a hole
component and an electron component with each contributing with opposite sign to the signal.

The weighting potential determines the relative contribution of a charge carrier to the signal.
Regions where the weighting potential has higher values, the signal contribution is stronger.
For point-contact detectors, the weighting potential is strongly concentrated around the point-
contact.

A signal may be created by two or more spatially seperated and independently moving charge
clouds, called multi-site events (MSE), as opposed to single-site events (SSE), which result from
single charge clouds. The two event topologies are depicted in Figure
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Figure 2.7: Simulated waveforms of a single-site event (left) vs. a multi-site event (right) of
point-like energy depositions. The top figures show the drift paths of the electrons and holes,
the bottom figures show the charge pulses induced at the p+ contact.
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2.2.5 Surface charge effect

During the operation of HPGe detectors, electric charges may accumulate on the passivated
surface. Since the passivated region is located between the p+ and n+ contacts, the result-
ing surface charge modifies the local electric potential and electric field, and consequently the
depletion voltage. The sign and magnitude of surface charge during operation is unknown.

The influence of surface charge is particularly important in the vicinity of the passivated
surface. Depending on its sign and magnitude, the surface charge can cause the electric field
lines either to point away from or towards the passivated surface, thus determining whether more
electrons or holes tend to drift into it.

These effects are especially relevant for PPC detectors because they have a large passivated
surface close to the readout electrode. Surface charge can therefore alter pulse shapes, charge
collection times, and the amount of charge collected from events occurring close to the passivated
region.

The behaviour of the electric field for different surface charge values in a PPC detector is

shown in figure 2.8

SSD: Electric field, o — 0.0 x 10" o/cm? SSD: Electric field, o = — 015 x 10" ¢/cm? SSD: Electric field, o = 015 x 10" ¢/cm?

500 60
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Figure 2.8: Electric field in a PPC detector (PO0698A) with zero (left), negative (middle), and
positive (right) surface charge o in the passivated surface. Negative surface charge pulls the
electric fieldlines towards the passivated region, while positive surface charge repells them. The
electric field was calculated with the software SolidStateDetectors. jl.

2.3 Charge transport in HPGe detectors

The trajectories of charge clouds for the most part determine the shape of the induced signals.
Thus, it is important to understand charge transport in HPGe detectors and be able to model it
properly. Charge transport can be modelled with the continuity equation, which describes the
time evolution of the number densities n,/;,(x,t) of electrons and holes [36]:

ane/h(ma t)

ot =V. De/h(m)vne/h(mvt) _Me/h(m)ne/h(m¢t)Et0t(w) (2.3.1)

diffusion drift+self-repulsion

In this equation D,/ () is the diffusion coefficient and p./(2) the mobility. The diffusion
term describes the random macroscopic behaviour of charges due to of the charge carriers due
to collisions and thermal effects. The drift + self-repulsion term dominates the equation and
describes the movement of charge carriers due to an electric field Eiot = Eget + Fcloud- The
main contribution comes from the electric field E o that is present in the detector. It depends
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on the bias voltage, impurity profile, and boundary conditions between detector surface and sur-
roundings. The second order contribution F jo.q comes from the mutual Coulomb self-repulsion
of equally charged carriers within a cloud. It depends on the charge cloud size and number of
carriers within the cloud.

2.3.1 Charge drift in HPGe detectors

The most important contribution to the trajectory of the electrons and holes is the drift, which
is driven by the electric field due to the applied bias voltage. In this section the contributions of
diffusion and self-repulsion are neglected, which reduces Equation [2.3.1 to the following;:

on h(x>t)

e/T = =V (pefn(@)nen(®@; 1) Bger () (2.3.2)
Jarite

In equation 2.3.2 jaus = ¢ - Mejn - Veyn is the current density, and the drift velocity can be

identified to be:

Ve/n = Me/hEdet (233)
where ./, is the mobility of electrons (negative sign) and holes (positive sign). Equation @ is
called Ohmic behaviour and its validity in germanium crystals depends on the crystal temperature
and electric field strength. In particular, for the operating temperature in LEGEND-200 (78
K), equation [2.3.3 is valid for E < 100 V/cm.

However, if the temperature of electrons rises above the lattice temperature, as is the case in
LEGEND, the drift velocity depends on the orientation of the crystal and is not parallel to the
electric field anymore. This can be modelled with an anisotropic mobility for both electrons and
holes.

Both the longitudinal (the component parallel to the electric field) as well as the transversal
component (the component perpendicular to the electric field) depend on the orientation of the
crystal with respect to the electric field. Along the principal axes of germanium, (100), (110),
and (111), the drift velocity must be parallel to the electric field because the physics does not
change when the crystal is rotated around any of the symmetry axes. This can only be the case
if the transverse component of the drift velocity is zero. For each crystallographic direction [,
the drift velocity can be computed with the empirical parametrization proposed by [37, |38]:

o — poll
(Lt (/B0

The temperature dependent parameters Ey and [ can be fitted to experimental data for all of
the crystallographic directions. For low electric field strengths (E < 100 V/cm) the drift velocity
v; becomes independent of the symmetry axes and one recovers Equation [2.3.3.
The negative term u, E only holds for electrons and accounts for the Gunn-effect. The Gunn-
effect is the decrease of the electron mobility at high electric field strengths. It is caused by
electrons moving from the global minimum in the conduction band to a local minimum with
smaller curvature. Since the effective mass is inversely proportional to the curvature of the
conduction band this results in a higher effective mass and consequently decreases the mobility.
At electric field-strengths of ~ 1000 V/cm the drift velocities for both electrons and holes are
of the order of 107 cm/s in Ge at 78K [39)] .

— i E (2.3.4)

2.3.2 Charge cloud effects

In the rest-frame of the charge cloud itself, E4o = 0 and Equation [2.3.1 only describes diffusion

and self-repulsion. The diffusion coefficient D = ,u% follows from the Einstein-Smoluchowski
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relation 40|, with kp being the Boltzmann-constant.

Note that the charge clouds are modelled as spherical charge distributions, and therefore inside
the charge clouds there is an electric field according to Gauss’ Law. When integrating over the
charge cloud with radius R, this results in the following equation [36]:

D
q/ ogn(r, t)dV = q/ (73&(7“267"71(7", t) — uV - (n(r, t)E(r))) (2.3.5)
Q Q
The first term on the right hand side in Equation [2.3.5] evaluates to the following:

IrQ(R, 1)
R
where Orp denotes the second partial derivative with respect to the charge cloud radius R.

The second term can be calculated using Gauss’s Law for the electric field, and the divergence
theorem for the integral:

Q/Q T%@r (r*0yn(r,t))dV = D <8RRQ(R,t) -2 (2.3.6)

p OrQ(R,t)
47R? Q(R,t)

/QHV “(n(r,t)E(r,t))dV = (2.3.7)

Finally, Equation [2.3.1 can be simplified to the following differential equation, that ignores
drift and only describes diffusion and self-repulsion:

0Q(R.0) =D (unQ(r) 22U ) by (238)
diffusion self-repulsion

This equation does not have an analytic solution and [41] propose to analyze diffusion and self-
repulsion independently.

Diffusion

The diffusion term in Equation is simply the Laplace operator in spherical cooridinates
without angular dependencies. Its solution depends on the initial conditions. Assuming a Gaus-
sian distribution at ¢t = 0 with n(r,0) ~ N(0, 0¢), the charge concentration propagates as follows,
with N being the total number of charges per cluster:

diff _ N _ r
) = 2 (o0 + 2002 Y ( 2(0g + 2Dt)> (2:2.9)

Equation describes the radial propagation of a charge cluster, only subject to diffusion.
It assumes a spherical cloud, with the density following a Gaussian distribution with variance
o2(t) = 02 + 2Dt.

Self-repulsion
To describe self-repulsion, spherical charge clusters are assumed while neglecting diffusion and
drift due to the external electric field. Equation [2.3.8 then reduces to:

ke Q(r,t)

de 12

0 Q(r,t) = 0rQ(r,t) (2.3.10)
This nonlinear first-order partial differential equation is homogeneous in both @ and r, and
can be solved using a self-similar ansatz, which leads to the closed-form solution

d7e 13

Q=37 (2.3.11)
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where € = €,¢¢ is the absolute permittivity of germanium, with ¢, the relative dielectric constant
and ¢ the vacuum permittivity.

Equation describes the spatial and temporal evolution of a spherical charge cloud,
whose total charge remains constant. It allows to see how the radius of the charge cloud evolves

as a function of time:
3uQ
t) = ¢/ <t 2.3.12
r(t) = {22 (23.12)

In figure the evolution of the charge-cloud radius, as described by equation [2.3.12] are
plotted for electron and hole clouds, assuming a deposited energy of £ = 2039keV. For the
electron mobility p. = 3.6 x 10* cm?/(V's) and for holes 1, = 4.2 x 10 cm?/(V s) was used [42].
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Figure 2.9: Illustration of how the radius of a charge cloud evolves over a time of 1000 ns, for
electrons and holes, if drift and diffusion are neglected, based on equation [2.3.12] An initially
deposited energy of E = 2039keV is assumed.

2.3.3 Charge trapping

The discussion in this section follows the treatment of charge trapping in germanium detectors
presented in [43|. Charge trapping in germanium arises when drifting electrons or holes are
captured by localized defect or impurity states in the crystal, including disordered regions pro-
duced during crystal growth, detector processing, or radiation damage. When this happens, the
amount of free charge available to induce signal on the electrodes decreases while drifting, so
the measured pulse height is reduced and the deposited energy is underestimated. In a sim-
ple picture, the surviving free charge decreases approximately exponentially with the total path
traveled through the crystal, which is set by the density of trapping centers n and their capture
cross section ¢. For germanium, the relevant path length is not determined by drift motion
alone: because the carrier thermal velocities (1.7 x 107 cm/s for electrons and 1.3 x 107 cm/s
for holes) at operating temperature are comparable to their drift velocities, thermal motion also
contributes to the distance a carrier travels before collection. This is why charge trapping in Ge
is more fundamentally described by the trapping product (no)~! rather than by a pure trapping
time or a pure mean free drift length.
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Electrons and holes are not trapped equally. In undamaged HPGe detectors, electron trapping
is often stronger than hole trapping, whereas radiation-induced damage tends to enhance hole
trapping more strongly and can eventually make it dominant. Since the probability of trapping
increases with carrier path length, interactions occurring further from a collecting electrode
generally suffer more incomplete charge collection, producing a depth-dependent bias in the
measured signal. Event-to-event variations in the amount of trapping broaden monoenergetic
peaks and therefore degrade the energy resolution, even when the average charge loss is small. For
a detector with characteristic drift dimension d and mean free trapping length A, the fractional
charge loss varies approximately as d/\ in the weak-trapping limit. Therefore, trapping becomes
relevant for the spectral resolution once

d AFE

o~ ==, 2.3.13

S~ E ( )
For HPGe detectors with energy resolutions of order a few keV at MeV energies, this corresponds
to relative effects of order 1073. Thus, in high-quality undamaged detectors, charge trapping
typically contributes at the sub-keV to few-keV level, while stronger trapping, for example due
to radiation damage, can lead to a significantly larger degradation.

2.4 Electronics

In this section, the electronics chain of LEGEND-200 is described according to [44]. The elec-
tronics chain of LEGEND-200 processes and stores the signals induced by moving charge in
HPGe detectors for later analysis, and is subject to several constraints: the detector environment
must be radiopure and operated at cryogenic temperatures, which limits the amount of active
electronics that can be placed in close proximity to the detectors. At the same time, the signal
cables should be kept as short as possible to preserve signal integrity and timing performance,
since the rise time of the waveforms is of the order of 50 ns. A schematic of the electronics chain
is shown in Figure [2.10.

The charge-sensitive amplifier (CSA) integrates the current pulse induced in the detector
and produces an analog voltage signal proportional to the collected charge. This signal is then
digitized by an analog-to-digital converter and stored by the data acquisition (DAQ) system.
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Figure 2.10: Schematic of the electronics chain in LEGEND-200. The low-mass front-end
(LMFE) implements a charge-sensitive amplifier that integrates the induced current pulse. The
signal is transmitted via low-mass coaxial cables to the CC4 preamplifier, which provides further
amplification and drives the signal to the readout electronics. The pulser capacitor is used to
inject test pulses with known amplitude and frequency.

2.4.1 Charge-sensitive amplifier

The charge-sensitive amplifier (CSA) used in LEGEND-200 is split into two stages: a radiopure
Low-Mass Front-End (LMFE), located close to the HPGe detector, and a second-stage CC4
preamplifier board based on the GERDA readout electronics. It contains a feedback capacitor
Cy and a feedback resistor Ry. The CSA integrates the input current, resulting in a voltage
signal

_Q
of

where @ is the collected charge. The feedback resistor provides a continuous discharge path for
the capacitor, preventing saturation and producing an exponentially decaying tail of the pulse,

1% (2.4.1)

Vit)xe T, 1 =R O (2.4.2)

A summary of example values of these parameters are listed in table

parameter ‘ example value
Q [pC] 0.1pC
Ry |GQ] 1GQ at 87K [45]
Cy |pF| 0.1 [46]
7= Ry - Cy |ns| 100

Table 2.1: Example values for the electronics parameters in the CSA. The value for Q) is calculated
for an energy deposition of 2039 keV, assuming 1 electron-hole pair is created per 2.95¢eV.

28



Electronics Samuel Hauser

The CC4 is located approximately 30 cm above the detector array and is connected to the
LMFE by low-mass Axon pico-coaxial cables. These are miniature shielded coaxial cables used
for the short, noise-sensitive connection between the LMFE and the second amplification stage.
The CC4 then provides a differential output to drive the signal over an approximately 10 m long
Kapton flat cable to the cryostat flange [45].

The CSA must have a high input impedance to ensure that the induced current is efficiently
integrated, so that the pulse amplitude is proportional to the energy deposited by the detector.

2.4.2 Digitization and data acquisition (DAQ)

After amplification by the CSA, the signal is transmitted as an analog voltage signal to the
FlashCam system, which performs the digitization and serves as the interface between the front-
end electronics and the DAQ.

The analog signal is continuously sampled with a period of 16 ns (corresponding to a sampling
frequency of 62.5 MHz). Each readout channel is digitized using multiple interleaved analog-to-
digital converters (ADCs), whose outputs are combined to form a single waveform.

The digitized signal is then processed digitally. The raw CSA output contains a slowly
decaying exponential tail caused by the finite feedback time constant of the preamplifier. In
the digital signal-processing chain, a pole-zero correction is applied to compensate this decay
before energy filtering, resulting in an approximately step-like charge waveform. The pole-zero
correction is illustrated in figure 2.11

To monitor the stability of the detector and electronics response, test pulses corresponding to
an energy of approximately 1 MeV are injected into the front-end electronics of each germanium
detector every 20s, corresponding to a repetition rate of 0.05 Hz.

1.0 4 r
o 0.8 |
©
2
=
€ 0.6
©
o
(9]
N
© 0.4
£
o
=4
0.2 1
—— Raw CSA output
0.0 Pole-zero corrected
40 50 60 70 80 90
Time [us]

Figure 2.11: Illustration of pole-zero correction applied to a waveform with exponentially decay-
ing tail from the CSA, resulting in a step-like waveform.
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Illustration of trap filter applied to pole-zero corrected waveform
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Figure 2.12: Illustration of a trapezoidal filter applied to a pole-zero corrected waveform.

2.5 Energy calibration in LEGEND-200

The energy deposited in an HPGe detector is reconstructed from the digitized charge waveform
by applying digital shaping filters. For illustration, a simplified trapezoidal filter with rise and
fall times of (2000 ns) and a flat-top duration of (500 ns) is shown in Figure[2.12. The amplitude
of the shaped waveform, evaluated on the flat top, is proportional to the deposited energy. In the
full LEGEND-200 reconstruction, the filtering procedure is more involved and includes several
filters used for energy estimation, timing, and charge-trapping corrections. Since the DAQ records
waveforms in arbitrary units, given by ADC counts, the detector response has to be calibrated
using radiation sources with well-known gamma-ray energies. This calibration determines the
relation between the measured pulse amplitude in ADC counts and the corresponding deposited
energy [46, 47).

In weekly calibration runs 222Th is used for the calibration of the energy scale for HPGe detectors,
the monitoring of the gain stability and energy resolution, and for the tuning of the event selection
criteria.

228T1 is suitable for calibration for several reasons:

e The energy spectrum of the decay-chain ranges from 0.0 - 2.6 MeV, which includes the Qgg
value

e The energy spectrum contains multiple high-intensity =~ lines that can be used to tune
event-selection criteria

e The 2614 keV line from the decay of 28Tl has a double escape peak (DEP) at 1592 keV,
which can be used to tune event-selection criteria

It is important not to place the calibration source too close to the detector (to avoid pile-up)
and not too far away (to get enough statistics in a reasonable time). During calibration runs one
aims to uniformly expose the detector array to the calibration source such that enough statistics
is achieved in all detectors.
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The decay chain of 2?8Th consists of 6 alpha and 4 beta decays, during which ~ radiation

is emitted. The charged « and [ particles produced in the decay chain are strongly attenuated
by the steel encapsulation. Consequently, the calibration spectrum measured by the HPGe
detectors is dominated by 7 radiation, which is much more penetrating and provides well-defined
monoenergetic calibration lines.
One important high-intensity line in the spectrum is the E, = 2614.5 keV line from the beta
decay of 2°8T1. The photon undergoes pair production inside the detector, creating an electron-
positron pair. The electron deposits its energy resulting in a signal while the positron annihilates
with an electron from the detector material producing two photons, each with an energy of 511
keV. This results in three prominent peaks in the energy spectrum:

e If both photons escape from the detector only the remaining energy is deposited in the
detector, resulting in a double-escape peak at £, — 2moc? = 1592.5 keV, where moc? =
511 keV is the energy corresponding to the rest-mass of the electron and positron.

e If only one photon escapes the total deposited energy is that of the other photon and the
the electron. This creates a single escape peak at £, — moc® = 2103.5 keV.

e If no photon escapes the full energy is deposited in the detector, visible in the full energy
peak at I, = 2614.5 keV
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Chapter 3

Background in LEGEND-200 and
Pulse Shape Discrimination

3.1 Motivation

In LEGEND-200, the search for Ov33 decay relies on a combination of signal-identification and
background-suppression techniques [27]. These include anti-coincidence cuts between different
germanium detectors, the liquid-argon and muon veto, and pulse shape discrimination (PSD).

Signal events from Ov /3 decay are expected to deposit their energy within a small volume of
1 mm? inside a single detector and therefore typically appear as single-site events [48]. Many rel-
evant background processes, in contrast, produce multi-site energy depositions or involve energy
released outside the detector crystal. PSD exploits the fact that the topology of the energy de-
position inside the detector is reflected in the shape of the measured waveform. By analysing the
pulse shape, signal-like and background-like events can therefore be distinguished even when they
have similar deposited energies. In this way, PSD provides one of the central analysis tools for
background rejection in LEGEND-200. Its performance depends on a detailed understanding
of how charge creation and transport inside the detector determine the observed signal.

This chapter introduces pulse shape discrimination as a central analysis tool in LEGEND-
200 and discusses how different background classes affect pulse-shape observables, with particular
emphasis on a-induced surface events.

3.2 Principles of Pulse Shape Discrimination

Pulse shape discrimination uses observables derived from the digitized detector waveforms to
distinguish different event topologies. The relevant distinction for OvBf3 searches is between
single-site events (SSEs), which are signal-like, and background-like events such as multi-site
events (MSE) or surface events. In LEGEND-200, PSD is only applied to detectors and data
periods for which the PSD performance has been validated [49].
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Figure 3.1: Example charge pulses (blue) together with the current pulses (orange), resulting
from different event-toplogies. From left to right: single-site (SSE), multi-site (MSE), n+ events,
and p+ events. Classification labels for the waveforms were created by Yuri van der Burg.

3.2.1 A/E parameter

The A/E parameter is defined as the ratio of the maximum current amplitude A to the re-
constructed energy E. The current signal is obtained from the time derivative of the charge
waveform. For a localized single-site energy deposition, the charge carriers are created in a small
volume and their drift produces a relatively compact current pulse with a large maximum ampli-
tude. For a multi-site event, the same total energy is distributed over several spatially separated
interactions. The charge carriers then arrive over a broader time interval, which lowers the max-
imum current amplitude relative to the total collected charge. As a result, single-site events tend
to have larger, narrowly distributed A/FE values, while multi-site gamma events tend to populate
lower A/E values.

3.2.2 Late charge (LQ) parameter

The late-charge parameter (LQ) is designed to identify events with delayed charge collection.
Such delayed components are typical for surface events, especially alpha events on or near the
p+ contact. In these regions, the electric field and charge-collection conditions differ from those
in the detector bulk, so part of the charge can be collected later than in ordinary bulk events.

The LQ parameter quantifies the amount of charge collected in a late part of the waveform.
It is defined as the integral of uncollected charge after the waveform has reached 80% of its
maximum (referred to as tp80) [20]. Bulk single-site events usually have fast and complete charge
collection and therefore small late-charge values. Surface alpha events can show an enhanced
late component and are rejected by an LQ cut. In the LEGEND-200 alpha analysis, p+ surface
alpha events are expected to have unusual pulse shapes and to be efficiently removed by PSD
cuts [49]. Figure illustrates how the LQ-parameter is calculated.
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Figure 3.2: Schematic illustrating how the LQ-parameter is calculated.

3.3 Backgrounds and their pulse shape signa-
tures

A low background index (BI) is essential for the sensitivity of LEGEND-200. The BI is usually
expressed as the number of background events per unit energy, and exposure, and therefore
quantifies the expected background rate in the region of interest around @ gg.

The different background components in LEGEND-200 can be classified not only by their
physical origin but also by their characteristic pulse-shape signatures. This connection is central
for PSD, as it determines which observables are effective for suppressing a given background class.

The background model of LEGEND-200 contains several classes of sources. These include
radioactive contaminants in or close to the HPGe detector array, radioactive impurities in the
liquid argon, external gamma radiation from the cryostat and surrounding materials, cosmogenic
and muon-induced contributions, and activity in other detector-support and instrumentation
components [49]. In the data analysis, events are suppressed by a sequence of cuts, including
data-quality cuts, multiplicity cuts, the muon veto, the liquid-argon veto, and PSD cuts.

3.3.1 Gamma background

Gamma radiation originates primarily from radioactive contaminants in materials surrounding
the detector array, including isotopes from the 23U and 232Th decay chains, as well as 4K
and cosmogenic isotopes such as %°Co. Gamma rays interact in germanium via photoelectric
absorption, Compton scattering, or pair production.

A key feature of gamma-induced background is that it often leads to multi-site energy depo-
sitions. For example, a gamma ray may undergo multiple Compton scatterings before being fully
absorbed, resulting in spatially separated interaction points within a single detector or across
multiple detectors.

These multi-site events produce charge carriers that arrive at the electrodes over an extended
time interval. Consequently, the induced current signal is broadened, and the maximum current
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amplitude is reduced compared to a localized single-site event with the same total deposited
energy. This results in systematically lower A/E values for gamma-induced events, making the
A/E parameter an effective discriminator.

Additional suppression is achieved through detector anti-coincidence cuts, which reject events
depositing energy in multiple detectors, and through the liquid-argon veto, which tags events
accompanied by energy deposition in the surrounding LAr [49].

3.3.2 Beta background

Beta background in LEGEND-200 is dominated by decays of 2K, which is produced by the
decay of #2Ar in the liquid argon. Since 42K ions are positively charged, they can drift in electric
fields and accumulate on detector surfaces.

The resulting beta decays can occur either directly at the detector surface or in its immediate
vicinity. Depending on the exact interaction location, these events can exhibit different pulse-
shape characteristics. Energy depositions in the detector bulk tend to resemble single-site events
and can therefore be difficult to distinguish from signal using A/E alone. In contrast, events
occurring very close to the detector surface may experience modified charge-collection conditions,
leading to distortions in the waveform.

In addition, the liquid-argon veto is highly effective for this background, because MeV-scale
beta particles have ranges of order mm to cm in LAr. For example, a 1 MeV electron has a range of
about 4 mm in LAr (from the NIST ESTAR database for electrons in argon [NIST ESTAR]).
Therefore, beta decays occurring in the LAr close to the detector can deposit part of their energy
in the argon, producing scintillation light that can be tagged by the LAr veto.[49).

3.3.3 Muon and cosmogenic background

Prompt muon-induced events, i.e. energy depositions occurring in temporal coincidence with
a muon or its immediate secondary shower particles, are suppressed by the water-Cherenkov
muon veto. In addition, cosmic-muon-induced neutrons can activate the germanium detectors
underground, most importantly through the production of 7’Ge and ""™Ge by neutron capture
on 9Ge. These isotopes beta-decay with Qs ~ 2.7 MeV and can therefore contribute in the
region around @gz. However, simulations for GERDA show that this delayed muon-induced
component can be reduced by active background rejection and delayed coincidence cuts to a
level well below the LEGEND-200 background goal. Longer-lived cosmogenic isotopes produced
before underground storage, such as %°Co, are expected to be small because the detectors are
stored underground as in GERDA; residual contributions are included in the background model
when relevant [49, [50].

3.3.4 Alpha background

Interaction of a particles in germanium

The rate of a-induced background events can vary significantly depending on detector type,
detector location within the cryostat, and operating conditions. Alpha particles originate from
radioactive contaminants on detector surfaces and nearby materials.

One possible source is 219Pb which decays to 2'9Po via two consecutive 3~ decays, which even-
tually decays into 2°°Pb under the emission of an alpha particle with an energy of 5.41 MeV |51].

When massive particles penetrate germanium they eventually get attenuated as they lose
energy while traversing matter. For charged particles, the mean energy loss E per unit distance
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x travelled, also called stopping power, can be roughly estimated with the Bethe-Bloc formula
[52]:
dE  4mq?e? 2moc? 32 9
——=——=NZ|In| —— | — 3.3.1
dz  moyc2p3? . I(1 - j?) g ( )
In this expression:

e 7 =32 and N = 44 are the atomic number and number density of the absorbing material
(in our case "5Ge).

e mg and e are the rest-mass and charge of the electron.

e I represents the average excitation and ionization potential of the absorber. For "6Ge
I =350¢eV [53].

e 3 = v/c is the velocity in units of the speed of light ¢ and ¢ the charge of the primary
particle. Since an alpha particle consists of two neutrons and two protons, ¢ = 2e

To calculate the range R an alpha particle with initial energy Ey can penetrate into germa-
nium, one has to integrate the inverse stopping power S(E) over the range of energy:

R(0) = — /OE (‘3’:)1 dE = /UE S‘igj) (3.3.2)
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Figure 3.3: Stopping power —dFE/dz as a function of penetration depth for an alpha particle

with initial kinetic energy Eg = 5MeV in germanium. The particle penetrates approximately
20 pm before coming to rest.

The curve in figure [3.3| was obtained by calculating the stopping power S(E) = —dE/dz of
alpha particles in germanium from the Bethe—Bloch formula as a function of their kinetic energy.
The penetration depth was then determined by numerically integrating the inverse stopping

power .
0 !
rE)= [ S
e S(E)
which gives the depth reached when the alpha energy has decreased from its initial value Ej
to E. In this way, both the stopping power S and the penetration depth R can be expressed
as a function of the alpha particles kinetic energy E. The total penetration depth corresponds

to the point where the alpha particle has lost its full kinetic energy and comes to rest. For an

36



Backgrounds and their pulse shape signatures Samuel Hauser

alpha particle with initial kinetic energy Ey = 5 MeV in germanium this is approximately 20 pm.
However, it should be noted that this is just a rough estimation.

The n* contact, with a typical thickness of 1-2 mm, effectively absorbs a particles and
prevents them from contributing to the detected signal. In contrast, the p+ contact and the
passivated surface layer are only a few pm thick, allowing « particles to penetrate into the active
volume. As a result, a-induced background events predominantly originate from regions near
the p+ contact and the passivated surface.

Pulse-shape signatures of a events

The pulse-shape signature of a events is determined by two main features: the short range of
the particle and the location of the energy deposition. Since « particles stop within only a few
tens of micrometers in germanium, their energy deposition is highly localized and always occurs
close to a detector surface. In this respect, « events are single-site-like in their spatial extent.
However, unlike Ovf( events, they are not distributed throughout the detector bulk, but are
confined to regions where the electric-field and charge-collection conditions can differ strongly
from those in the bulk.

In particular, charge clouds originating from « interactions tend to move through the pas-
sivated surface. In this region, the effective mobility is reduced resulting in incomplete or de-
layed charge collection. This produces waveforms with a reduced component and an extended
tail. Such delayed charge collection was observed in point-contact HPGe detectors in the Ma-
jorana Demonstrator and motivated the use of delayed-charge-recovery observables for rejecting
passivated-surface « events [54]. In LEGEND-200, the related late-charge parameter LQ is used
to identify events with charge collection at late times 27| 49].
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Chapter 4

Pulse Shape Simulation

4.1 Motivation

Since PSD is based on the waveform shape, its interpretation requires a detailed understanding
of how detector physics affects a measured signal. In HPGe detectors, the pulse shape is deter-
mined not only by the deposited energy and the interaction topology, but also by the interaction
position and by detector-dependent properties such as geometry, electric field, impurity profile,
temperature, and bias voltage. These quantities influence charge-cloud formation, charge drift,
diffusion, self-repulsion, and finally signal induction at the electrodes. A pulse shape simulation
(PSS) aims to model this full chain and to predict the waveform for a given set of physical and
detector parameters. Such a simulation is essential for understanding the origin of signal-shape
to discriminate between signal and background.

To model these processes, dedicated software frameworks have been developed that numeri-
cally describe the detector geometry and electric field, simulate charge transport, and calculate
the induced signal. In the context of LEGEND and this work, the two most relevant frameworks
are SolidStateDetectors.jl (SSD) [55] and EH-Drift |[56]. Both provide tools for pulse shape
simulation and form the basis for the studies presented in this chapter. Their main features and
implementations are discussed in sections 4.2 and

4.2 SolidStateDetectors.jl

In the LEGEND collaboration the main tool used for PSS is SSD, a software package written in
the programming language julia. It allows to simulate detector geometry, electric potential and
field calculation, and charge transport including charge cloud effects. Based on these inputs, the
trajectories of charge carriers are calculated, from which the induced signal is derived in the ideal
case (i.e. without detector response and noise). Furthermore, it allows to include charge trapping
in the simulation. Figure depicts the simulation chain in SSD from detector simulation to
ideal PSS.
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Figure 4.1: Flowchart of the simulation chain in SSD starting from detector simulation to the
generation of ideal charge pulses. Dashed boxes denote simulation inputs, while solid rounded
boxes represent processing steps performed by the simulation. Figure adapted from [57].

4.2.1 Detector simulation

The detector simulation starts with defining the detector geometry, impurity profile, bias volt-
age, and crystal temperature, based on which the electrostatic calculations are performed. These
parameters are defined in a yaml config file.

4.2.2 Detector geometry

SSD uses a constructive solid geometry (CSG) approach to describe various geometries. In this
framework, complex detector shapes are built from a set of simple volume primitives, which
can then be combined and transformed to obtain the final geometry. Typical primitives include
shapes such as boxes, tubes, cones, prisms, ellipsoids, polycones, or toroidal volumes. Each prim-
itive is defined in its own local coordinate system and is initially centered around the origin. More
elaborate detector components are then constructed by applying Boolean operations, namely the
union, difference, and intersection of two or more primitives. The union operation allows mul-
tiple volumes to be merged into a single object, while the intersection keeps only the common
overlapping region of the participating shapes. The difference operation is used to subtract one
volume from another, which is particularly useful for introducing cavities, grooves, bore holes,
or contact structures into an otherwise simple detector body. In this way, the detector bulk,
electrodes, dead layers, passivation regions, and other structural parts can all be represented
geometrically within the same formalism.

To position these objects correctly, primitives or whole sets of primitives can be translated
and rotated. Translations are specified by a Cartesian displacement vector, whereas rotations
can be given either by angles about coordinate axes or by a full rotation matrix.
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Figure schematically illustrates how simple primitives can be combined by Boolean op-
erations to construct more complex detector geometries. As an example, the bulk of a PPC
detector can be represented as the union of a cylindrical tube and a conical section. The tube is
specified by its radius and height, whereas the cone is defined by its lower radius, upper radius,
and height, rotated 360° around the vertical axis.
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Figure 4.2: Nlustration of how the detector bulk of a PPC detector can be constructured as the
union of a cone and a cylinder. The cone is defined through a lower and an upper radius, a
height, and a 360° rotation around the z-axis.

4.2.3 Impurity models

The impurity profile in HPGe detector is important for the electrostatic properties. SSD allows
to use different impurity models that calculate the impurity density throughout the detector
volume based on values that were measured during production. A user can define their own
impurity model, or use one that is already defined, and pass the necessary parameters.

In SSD it is convention that for p-type semiconductors all impurity values pimp are stored as
negative numbers as the holes diffuse to the n-type region and thus the fixed electrons remain
throughout the bulk.

cylindrical impurity model For PPC detectors, the relevant impurity model is the
cylindrical_impurity_model, as to the colaboration the impurity density for two points in the
vertical direction are available.

The user provides the initial impurity concentration pimp, 0 at 2 = 29 and r = ¢ with a
corresponding gradient in the r and z directions. Using the initial impurity concentrations and
gradients, SSD then computes the impurity concentration at every point in the bulk of the
detector.

Due to the production process for HPGe detectors in L200, the impurity concentrationn in radial
direction is uniform and only the z-dependence is considered. During production, the impurity
value pimp, 0 at z = 2o and at a higher point in the crystal pimp, 1 at 2 = 21 are measured. The
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user calculates the linear gradient as

Pimp, 1 — Pimp, 0
Z1 — 20 ’

and passes it to the yaml config file. Typical values for pimp, 0,1 are in the range of 10°—10'%¢/ cm®

boule impurity model For ICPC detectors, the relevant impurity model is the
boule_impurity_model, which describes the impurity density in the coordinate system of the
original crystal boule. In this model, the impurity distribution is defined along the crystal growth
direction, corresponding to the z-axis of the boule.

The impurity density is parameterized as a function of the boule coordinate z, using a lin-
ear combination of polynomials and an exponential. The parametrization used in the studies
performed in this work is the linear parabolic exponential boule model, which has the following
form:

pimp(2) = a +b(z0 — 2) + ¢(20 — 2)* + nexp((z0 — z — 1)/m) (4.2.1)

where a, b, n, [, and m are parameters obtained from measurements during crystal production.
Since the detector is cut from the boule, its coordinate system does not necessarily coincide with
the boule coordinates. Therefore, a translation between the two systems is required. This is
implemented via the parameter zy, which specifies the position of the detector origin in boule
coordinates.

Furthermore, a scale f and offset ¢ can be applied to the impurity pimp(2):

f : pimp(z) +1 (422)

These parameters are chosen such that the depletion voltage matches the one measured in the
experiment.

This approach allows the impurity profile of the detector to be derived directly from the mea-
sured impurity distribution of the entire boule, taking into account the position and orientation
of the detector within the crystal.

As for the PPC detector, typical impurity values are in the range of 109 — 109 ¢/ cm®.

4.2.4 Electric potential and field calculation

The electrostatic potential ¢(x) is obtained by solving Poisson’s equation with spatially varying
permittivity,

V (e(x) Vo(x)) = —prot(x), e(x) =eper(x), (4.2.3)

where gq is the vacuum permittivity and e,(x) is the relative dielectric constant of the local
material. The total space charge density piot(x) contains (i) the ionized impurity model in the
semiconductor and (ii) optional fixed space-charge contributions (e.g. charged surface layers in
passive regions).

The applied detector voltages enter as Dirichlet boundary conditions on the electrode/contact
surfaces: for each contact ¢ SSD enforces ¢ = ¢; on grid points belonging to the corresponding
contact surface. The computational domain is defined by a “world” volume surrounding the
detector; cylindrical simulations may exploit ¢ symmetry and treat the azimuthal coordinate as
periodic.

Material interfaces (e.g. HPGe-vacuum or HPGe-LAr) are handled via the spatially varying
permittivity e,(x). This enforces the electrostatic interface conditions, namely continuity of ¢
and the correct behaviour of the normal electric displacement field D = €E across permittivity
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jumps. Any additional free surface charge can be represented through a volumetric charge density
in a thin layer.

The potential is computed on an adaptive 3D grid. SSD starts from an initial grid that
resolves geometric features (contacts, surfaces, and material boundaries), then iteratively solves
the discretized Poisson equation using successive over-relaxation (SOR) until convergence. Sub-
sequent grid refinements insert additional ticks in regions where the potential difference between
neighboring grid points exceeds a user-defined refinement criterion, while enforcing a minimum
tick spacing to avoid over-refinement.

After convergence, the electric field is obtained by numerical differentiation,

E(x) = —Vo¢(x), (4.2.4)

and stored on the corresponding grid. In cylindrically symmetric (2D) simulations, the poten-
tial can be replicated to a full 27 azimuthal representation prior to field calculation in order to
produce a 3D field.

At the interface between detector and surrounding medium, different dielectric constants
modify the relation between the electric field E and the electric displacement field D. The
normal component of D satisfies the boundary condition

(D2 — D) - ma1 = o5 (4.2.5)

where o, denotes a possible free surface charge density at the interface, D; denotes the electric
displacement field in medium %, and ns; is the unit normal vector pointing from medium 1 to
medium 2. In the absence of free surface charge, the normal component of D is continuous
across the interface. Since D = ¢FE, a dielectric mismatch can therefore lead to a discontinuity
in the normal component of E. In the case of LEGEND-200, medium 1 corresponds to the HPGe
detector material and medium 2 to the surrounding LAr.

For LAr e, ~ 1.5 |58] and for HPGe ¢, ~ 16 |[59].

4.2.5 Charge transport

In SolidStateDetectors. j1, charge transport is simulated by tracking individual particles: the
electron and hole components of each energy deposition are propagated as discrete charge packets
in time steps of length At, which can be set by the user and defaults to 1ns. For each event,
the user choses the coordinate of the energy-deposition, including charge cloud parameters like
radius, energy, and number of point-like charge-carriers within the cloud. All parameters are
applied to the electron and hole clouds, which are propagated separately from the same initial
position.

At each time step, the displacement of a charge packet is built from the contributions of
drift, diffusion, and, self-repulsion, whereas including the effects of diffusion and self-repulsion is
optional. In schematic form the drift-step 7 4+ 1 is computed as

Tit1 = T4 + A"“driftJrselffrepulsion + AT‘diffusion (426)
where the drift step is computed from the local electric field, possibly modified by the field of
the other charges in the cloud.

Drift + self-repulion
SSD simulates the displacement of drift and self-repulsion together. More explicitly, SSD first
constructs an effective electric field

Etot(iB) = Edet(w) + Ecloud(in) (427)
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where E4¢ is the detector field obtained by interpolation on the precomputed field map. E¢ouq
is the contribution from self-repulsion and is calculated for every charge packet in a cloud as the
Coulomb field generated by all other packets in the same cloud. This total field is then passed
to the chosen charge-drift model, which returns the carrier velocity v, ;. The drift displacement
is therefore

ATdrift = Ue/h - At (4.2.8)

If the user choses to not include self-repulsion in the simulation, Foug = 0.

SSD supports different drift models. In the simplest case, an electric-field drift model assum-
ing Ohmic behaviour is used, such that

Ve/h = Me/hEtot- (4.2.9)

In this model the drift velocity is parallel to the local electric field and the mobility is treated
as isotropic. For HPGe detectors, however, SSD also implements the so-called ADL drift model,
which accounts for the anisotropy of charge transport in the crystal, as described in section [2.3.1.

In the ADL model, the drift velocity is not assumed to be parallel to the electric field. In-
stead, the field is first expressed in the crystal coordinate system, whose orientation with respect
to the detector geometry is specified by a rotation matrix. The anisotropy of the carrier mo-
tion is then described through parametrizations along the symmetry directions of the crystal
together with effective-mass tensors. For holes, the drift along the principal crystallographic
axes is parametrized using the empirical velocity laws for the (100) and (111) directions. For
electrons, the model additionally includes the multi-valley structure of the conduction band via
reciprocal mass tensors for the different valleys. In this way, the drift velocity becomes a function
not only of the electric-field magnitude, but also of its orientation with respect to the crystal
axes. As a consequence, the simulated trajectories can deviate from the field lines.

Diffusion

The diffusion contribution is treated stochastically as an isotropic random walk. After the
drift step has been computed, SSD adds an isotropic random displacement. Its magnitude is
determined either from fixed diffusion coefficients D, ;, provided in the material properties (i.e.
literature values), or, if supported by the chosen drift model, from the local mobility u through

kT
De/h = /'Le/hT

For a time step At, the diffusion length is taken as

A?”‘diff = 1 /6De/hAt (4.2.10)

The propagation of charge carriers, is repeated until the carriers are collected at an electrode,
leave the active detector volume, or the maximum number of drift steps is reached. SSD also
contains dedicated boundary handling: if a step crosses into a contact, the carrier is taken as
collected; if it reaches a floating boundary, the step is projected onto the local surface, so that
surface drift can be approximated. Electrons and holes are tracked independently and can there-
fore have different total drift times.

Overall, SSD simulates charge transport as the propagation of discrete charge packets in the

combined detector and cloud field, with modular drift models and optional stochastic diffusion
and self-repulsion. This approach is numerically efficient and sufficiently flexible to reproduce
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the main transport effects relevant for pulse-shape formation in HPGe detectors.

The output of the charge transport simulation are the trajectories @, for electrons and holes
respectively. A trajectory ./, = [ri,, ..., Tty] consists of 3D coordinates r¢; that are stored at
each time-step during the simulation, where N is the number of time-steps the charges undergo
during simulation.

4.2.6 Signal calculation

The signal calculation uses the electron and hole trajectories obtained from the charge-transport
simulation as input. It is based on the Shockley-Ramo theorem [35], introduced in Section @,
which relates the motion of charge carriers inside the detector to the charge induced on a readout
electrode. For a given contact k, the induced charge from one electron-hole pair is calculated as

Qr(t) = q[Wi(zn(t)) — Wi(ze(t))], (4.2.11)

where Q(t) is the charge induced on contact k, Wy is the weighting potential of that contact,
and x./,(t) are the electron and hole trajectories, and ¢ denotes the absolute value of the ele-
mentary charge. For several charge carriers, the total induced charge is obtained by summing
the individual contributions.

The weighting potential is calculated using the same field solver as for the electric potential
¢, but with different boundary conditions. The readout contact is set to one, all other contacts
are set to zero, and the space-charge density is set to zero throughout the detector. It acts as a
geometry-dependent weighting function for the contribution of the carrier to contact k.

The length of an ideal waveform corresponds to the length of a trajectory x.,, where each
point in the trajectory r;, corresponds to a signal value Q(tx).
The simulated pulse is what is called an ideal waveform, which means that only the signal in-
duced by the moving charges is simulated. In contrast, experimentally measured waveforms
include additional effects such as a baseline offset, electronic noise, the finite bandwidth of the
readout chain, and the response of the preamplifier. To obtain a more realistic approximation
of the measured pulse shape, the ideal waveform is therefore embedded in a longer trace and
convolved with an effective detector-response function. One way to model this response is with
a convolution of a Gaussian-like bandwidth response with an exponential RC response, with the
corresponding time constants tuned to each detector.

Charge trapping

Charge trapping degrades the signal during the charge transport. In the current version of SSD,
charge trapping does not affect the transport of the charge carriers itself, but its effect is added
during the signal-calculation after the simulation of the transport is finished and the trajectory
is determined. In particular, the so-called Boggs charge trapping model [43] (cf. section is
implemented. At each time step ¢ the induced charge ¢, (calculated according to the Shockley-
Ramo theorem) is reduced by Ag,, which depends on the trapping cross-section o, the density
of trapping centers n, and the displacement length |Ary, | = |[riy1 — 7ril:

Aqy,, = qi,no|Ary | (4.2.12)
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4.3 EH-Drift

EH-Drift is a simulation framework written in C for charge transport and signal formation in
HPGe detectors, with particular emphasis on passivated surface events and the influence of
surface charge |56]. It builds on the siggen framework and extends it to model effects that are
especially relevant for surface « interactions, including modified transport along the passivated
surface, diffusion, self-repulsion, and the impact of additional surface charge (cf. on the
detector fields. The steps that EH-Drift undergoes in a full simulation are depicted in figure

Read the configuration file Set up the grid and Calculate Electric field
eometry, impurity parameters, add densities based and potential, and weighting
8 ,b' P 1 p ? on interaction energy ot;antial
1as voltage at event locations P

Y

Step over time steps while calculaling}
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Y
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Shockley-Ramo
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Y

Calculate potential and electric field

)
J

Calculate electric field in
r and z direction

drift charges to
neighbouring pixels

Calculate electric field in
r and z direction

diffuse charges to
neighbouring pixels

Figure 4.3: Flowchart illustrating the steps undergone in EH-Drift simulations. Figure from [56],
with minor adaptations.

4.3.1 Grid initialization and detector simulation

The detector is represented on a two-dimensional (r, z) grid assuming azimuthal symmetry. For
a PPC detector, the grid spans the detector cross section from the point contact at the bottom
center to the outer radius and top surface. The electric potential and weighting potential are
calculated on this grid from the detector geometry, the applied bias voltage, and the impurity
profile. For EH-Drift an impurity model equivalent to the cylindrical impurity model in SSD
with gradient in z direction is available, defined in the same way in the config file. The detector
fields are initialized before waveform generation and then used throughout the drift calculation.
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Figure 4.4: Representation of the 2-D grid in EH-Drift for a PPC detector. Figure taken from
[56].

Because the numerical grid spacing is typically much larger than the physical thickness of the
passivated layer, the passivated surface is implemented effectively as a dedicated region at the
detector boundary. Additional surface charge can be specified by the user and is incorporated
into the detector model through the field calculation, thereby modifying the electric field and
the subsequent signal formation.

A crucial difference between SSD and EH-Drift lies in how the detector boundary is treated
in the field calculation. In SSD, the computational domain extends beyond the crystal into
the surrounding materials, so changes in the dielectric constant at interfaces such as HPGe-
vacuum or HPGe-LAr are included explicitly in Poisson’s equation. This allows the continuity
of the electric potential and the appropriate behaviour of the normal component of the electric
displacement field to be enforced directly across material boundaries. In contrast, the grid on
which EH-Drift solves the potential only covers the detector itself and does not explicitly include
the surrounding medium.

Instead, the boundary is treated effectively within the finite-difference scheme: conceptually,
one introduces artificial grid points just outside the computational domain so that the finite-
difference for Poisson’s equation can still be evaluated at grid points on the detector boundary.
The potential at these ghost points is then set equal to that of the corresponding mirrored interior
or boundary points, i.e.

gb(?“,z = _1) = (;5(7“,2 = O)a

where ¢(r,z = —1) denotes an artificial potential outside the detector and ¢(r,z = 0) the
potential at the detector boundary. This treatment imposes a reflecting Neumann boundary
condition, d¢/dn = 0. The situation is illustrated in figure
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Figure 4.5: Illustration of how EH-Drift handels the potential calculation at the boundary by
imposing reflection symmetry. This treatment results in electric fieldlines parallel to the detector
surface.

As a result, EH-Drift does not solve the full exterior electrostatics in the same way as SSD,
but approximates the influence of the detector boundary within the internal detector grid.

After the potential calculation, EH-Drift calculates the electric field according to equation

4.2.4

4.3.2 Charge transport

EH-Drift models the motion of charge carriers on a cylindrical (r, z) grid and treats electrons and
holes as separate time-dependent charge-density distributions. For a given interaction position
and deposited energy, both carrier types are initialized on the grid and then propagated in
discrete time steps. The initialized carrier density (both for electrons and holes) is proportional
to the deposited energy divided by the energy needed to create an electron hole pair, which is
approximately 2.95eV (cf. .

The transport is formulated in a two-dimensional, azimuthally symmetric approximation,
so that the charge cloud is represented as a ring-shaped density rather than as a fully three-
dimensional distribution. The local electric field is obtained from the detector potential, and
field-dependent drift velocities for electrons and holes are determined from tabulated transport
parameterizations. The drift is modelled anisotropically, using the parametrization in equation
2.3.4.

At each time step, the charge densities are first broadened by diffusion and then moved
through the detector according to the local drift field, with interpolation between neighboring
grid cells to account for motion within a cell. Diffusion is therefore included directly in the
charge-density evolution and causes the charge cloud to spread continuously during the trans-
port. In addition, EH-Drift accounts for self-repulsion by updating the effective space-charge
distribution from the evolving electron and hole densities and recalculating the electric field dur-
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ing the simulation. The subsequent drift step is then performed in this updated field, so that
the carrier motion and the Coulomb interaction of the cloud are treated consistently.

Passivated surface modelling

A special treatment is applied to passivated regions. Charges that drift into a passivated surface
are transferred to a dedicated surface-charge distribution, where they continue to propagate with
a reduced effective drift velocity controlled by a user-defined surface-drift factor. Depending on
the local field configuration, charges can also transfer between the surface layer and the adjacent
bulk. This treatment is important for describing the delayed and broadened charge collection
characteristic of surface events. The time-dependent electron and hole charge densities obtained
from this transport simulation are then used for signal formation via the weighting potential, so
that the final waveform naturally includes the combined effects of drift, diffusion, self-repulsion,
and surface transport.

4.3.3 Signal calculation

The signal is calculated from the time-dependent electron and hole charge densities using the
Shockley-Ramo theorem. At each time step during the transport simulation, the instantaneous
carrier distributions are combined with the weighting field to determine the induced signal con-
tribution from all charges present in the detector. The total waveform is therefore built up from
the full spatial evolution of the electron and hole clouds rather than from single point-like carrier
trajectories. The output is an ideal waveform that encodes the simulation of the charge trans-
port. It has a step-like shape and is normalized so that the height of the waveform reflects the
fraction of the initially deposited charge that is collected.

4.4 Simulating passivated surface events

In contrast to EH-Drift, there is currently no model implemented in SSD to simulate events
drifting through the passivated surface. In this work, following the same conceptual approach
as EH-Drift, surface event simulations were performed, using tools already implemented in SSD.
In particular, the use of passives volumes and virtual_drift_volumes for this purpose was
suggested by the authors of EH-Drift.

SSD allows to manipulate the drift velocity of charges moving through the passivated surface.
This was implemented by defining a virtual_drift_volumes in the region where the passivated
surface is expected. By overwriting the method modulate_driftvectors the simulated drift ve-
locity is suppressed by a user-chosen factor. This results in a reduction of the overall step-vector,
which includes the contributions of drift, diffusion, and self-repulsion.

The other major effect of the passivated surface that was included in the simulation was
the effect of additional charge in the passivated surface. This was implemented by defining a
passives volume, in which the user can define a charge density. The passives volume was
placed at the bottom of the detector, ranging over the radial distances of the passivated region.
Its thickness was chosen to be 20 pm, to reflect the thickness of the grid in EH-Drift, over which
the surface charge was distributed.

The implementation of surface charge differs between the two frameworks. In EH-Drift, the
surface charge is defined as a two-dimensional distribution on a circular sheet, whereas in SSD it
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is represented as a volumetric charge distributed over a thin cylindrical layer with finite height.
In the SSD simulations, the thickness of this passives region was chosen to correspond to the
grid spacing used in EH-Drift (20 gm), which is approximately one order of magnitude larger
than the expected physical thickness of the passivated surface. The volumetric charge density
was then adjusted such that the total integrated charge within this layer reproduces the total
integrated surface charge density employed in EH-Drift.

Table summarizes the main implementations of SSD, as a comparison to EH-Drift.

SSD EH-Drift
Detector grid 3D, adaptive 2D, fixed
Boundary conditions | permittivity jumps reflection symmetry
Charge carrier repre- | point-like, each representing densities across grid cells, one
sentation collection of charges charge carrier per 2.95eV
Surface charge distributed over cylindrical distributed over rectangular
passives volume (this work) area
Passivated  surface | virtual_drift_volumes, splitting of lowest grid-points,
modelling modulate_drift_vector, user-defined surface to bulk

user-defined surface to bulk velocity factor
velocity factor (this work)

Table 4.1: Overview of implementations in SSD and EH-Drift.
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Chapter 5

Comparison of SolidStateDetectors.jl
to EH-Drift

This chapter explains the work performed to compare SSD and EH-Drift for the simulation of
passivated surface events. The comparison includes both the detector simulation, namely the
calculation of the electric potential and electric field, and the subsequent pulse shape simulation.
The primary focus is on PPC detectors, since their comparatively large passivated surface makes
passivated surface effects particularly relevant. In addition, ICPC detectors are studied because
they represent the only detector technology for LEGEND-1000. The simulations are based on
detectors deployed in the experiment, using experimentally measured detector parameters as
input.

5.1 Detector simulation

The parameters used for the detector simulation (geometry of the bulk and the contacts, bias
voltage, and impurity values) were taken from legend metadata.

For the PPC detector, the config file was created manually for SSD, while for EH-Drift the
config file created by the author was used. In both frameworks the cylindrical_impurity_model
was used. The linear gradient in z-direction was manually calculated from the two impurity val-
ues provided. These numbers matched the ones used in EH-Drift.

For the ICPC detector, the config file was automatically generated by SSD. The passives
volume and virtual_drift_volumes were manually added in the SSD config file. In SSD we
use the boule impurity model, which is not available for EH-Drift, which uses the
cylindrical_impurity_model.

As explained in sections [4.2.4 and [4.3.1, the handling of boundary conditions differs between
the two frameworks, leading to different electric field behaviour near the detector surface due to
induced surface charge o, at the interface between HPGe and LAr.

To test whether SSD is able to reproduce the field-calculation of EH-Drift with reflection
symmetry, a world was defined that ends at the bottom of the detector, while imposing reflection
symmetry at the boundary. The vertical components of the electric field were then compared

Simulation parameters

The detector simulations in both frameworks were based on experimentally determined param-
eters from detectors deployed in the LEGEND-200 experiment. Only the parameters directly
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relevant for the electric field calculation are summarized here; detailed geometry definitions are
omitted for brevity.

Where possible, the same parameters were used in both frameworks. For the ICPC detector,
EH-Drift uses a cylindrical impurity model, whereas in SSD the parabolic exponential boule
impurity model was used (cf. equation @ and expression . The relevant parameters are
listed in table[5.1] and the parameters for the parabolic exponential model in table

PPC ICPC
Name P00698A VO7647A
Bias voltage V] 3000 2700
Impurity model cylindrical S5D: ?ﬁ?%iﬂlé:eiigggﬁzzi boule
Impurity at z = 0 [e/mm?] —1.11 x 107 —7.4 x 10°
Impurity gradient (z) [e/mm?]  9.62 x 10? 3 x 10 (EH-Drift)

Table 5.1: Relevant simulation parameters for the PPC and ICPC detectors used in this work.
For the ICPC detector, the impurity values are only defined for the cylindrical impurity model
employed in EH-Drift, while SSD uses a parabolic exponential boule model, whose values are

shown in table

Parameter Value

a le/mm3]  —7.923 x 10°
b [e/mm?] 0.0

¢ [e/mm?] —358.5

[ [mm] 324

m [mm?3] 9.6

n [C/mm?] —231.6

2o [mm]| 70.3

f T 0.93

t [e/mm~3] —3.169 x 10°

Table 5.2: Parameters for the parabolic exponential boule impurity model (equation [4.2.1)) used
for the ICPC detector VO7647A in SSD. The parameters f and ¢ are the scale and offset applied
to the impurity profile to match the experimentally measured depletion voltage (equation .

5.2 Pulse shape simulation

5.2.1 Simulation setup

Events were simulated on a two-dimensional (r, z) grid, with each event depositing an energy of
2039 keV. The simulations were performed using identical physical parameters in both frameworks
wherever possible.

A surface-to-bulk velocity factor of 1072 was applied in all simulations. For PPC detectors,
three different surface charge densities were considered (—0.15, 0.0, and 0.15) xlOloﬁ, whereas
for ICPC detectors only the case ¢ = 0 was studied, as surface charge effects are expected to
be less significant. Charge diffusion and self-repulsion were included in all simulations. In

SSD spherical charge clouds with 100 charge carriers were simulated, with the deposited energy
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equally distributed over the point-like charge carriers. The choice of 100 charge carriers was
chosen as a compromise between computational efficiency and numerical accuracy. This trade-
off is illustrated in figure [5.1] where a waveform of the same event was simulated three times,
each time with a different amount of charge carriers per cloud.

SSD waveforms: number of charge-carriers vs. sim-time

4.0x10°
9, 3.0x10° |
()
0
>
o
0 2.0x10° |
—
©
<
O
1.0x10°
—— N charge carriers = 10, sim-time = 0.5 s
——— N charge carriers = 100, sim-time = 3.6 s
—— N charge carriers = 500, sim-time = 25.0 s
0 N 1 1 1
0 5.00x10° 1.00x10* 1.50x10%

t [ns]

Figure 5.1: Simulated charge pulses for the same event with F = 2039keV near the passivated
surface of a PPC detector, using different numbers N of point-like charge carriers per cloud. The
corresponding simulation times are shown in the legend. Increasing N improves the sampling
of charge-cloud effects, but also increases the computational cost. In this example, values larger
than NV = 100 lead only to small changes in the waveform while requiring substantially longer
simulation times. Each simulation was run with 16000 simulation steps.

The spatial distribution of simulated events covers the full detector volume, with an increased
sampling density near the passivated surface. This region is of particular interest, as waveform
characteristics exhibit the strongest spatial dependence there.

For the studies with the detector VO07647A waveforms that were kindly provided by the author
of EH-Drift, Kevin Bhimani, were used. We simulated some additional waveforms ourselves in
regions of interest. In SSD we then simulated events at the same locations in the detector.

5.2.2 Post-processing and comparison metrics

To enable a direct comparison between SSD and EH-Drift, several observables were defined based
on the simulated charge pulses. The SSD waveforms were downsampled to a sampling interval
of 16 ns to match both EH-Drift output and experimental conditions, except for the activeness
study, where the sampling frequency of 1ns, corresponding to the simulation time-step in SSD,
was kept. Furthermore, the SSD charge pulses were normalized to their initially deposited energy,
such that the signal values correspond to the fraction of collected charge. The output of EH-Drift
already is in this form.
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Activeness The activeness is defined as the ratio of collected to deposited energy,

. Ecollected
activeness = — (5.2.1)
deposited

This quantity and its evaluation procedure follow the approach introduced in [56], where it was
used in the context of EH-Drift simulations. The implementation used in this work is based on
that study, with minor adaptations to interface also with the present simulation framework.

The activeness is estimated by applying a trapezoidal filter to the normalized charge pulses.
To ensure consistent processing, SSD waveforms were extended with a flat tail such that all
waveforms have identical length prior to filtering. The resulting activeness values were evaluated
at each simulated (7, z) position and interpolated to obtain spatial maps.

In figure the simulated waveforms of a typical passivated surface event, simulated with
SSD and EH-Drift is shown, together with the output of the trapezoidal filter used to estimate
the activeness.

Original vs. Trapezoidal Filtered Waveform; estimated activeness = 0.9 Original vs. Trapezoidal Filtered Waveform; estimated activeness = 0.99

[ 1|

Amplitude
Amplitude

—— Original Waveform —— Original Waveform
Filtered Waveform Filtered Waveform
0.0 «ee Pick-off Point 0.0 «ee Pick-off Point

0 2000 4000 6000 8000 10000 12000 14000 16000 0 200 400 600 800 1000
Time Steps Time Steps

Figure 5.2: Example waveforms of an event near the passivated surface in a PPC detector,
simulated with SSD (left) and EH-Drift (right). The blue curves show the ideal charge pulse,
normalized to the initially deposited energy. The red dashed curve is the output of the trapezoidal
filter, which is used to estimate the energy collection efficiency (activeness). In both simulation
frameworks, the primary interaction of the event is located at (r,z) = (11.0,1.28) mm with a
deposited energy of F = 2039keV. In the SSD simulation one time-step corresponds to 1ns,
while in EH-Drift one time-step corresponds to 16 ns.

A/FE parameter To compute the A/E parameter, the charge pulses were first convolved with
a Gaussian response function including an exponential tail with 7 = 25 ns, approximating the
detector response. This smoothing suppresses numerical artifacts and enables a stable calculation
of the current signal via differentiation. Since the charge pulses are normalized, the maximum
current amplitude directly corresponds to the A/E value. The resulting A/FE distributions were
then compared between the two frameworks.

Waveform residuals and RMS A direct waveform comparison was performed by evaluating
the residual between SSD and EH-Drift charge pulses. Prior to this, the smeared waveforms
were temporally aligned using the position of their maximum current amplitude. The residual
waveforms were analysed both visually and quantitatively using the root mean square (RMS) of
the difference. The RMS values were mapped onto the (r, z) grid to assess spatial variations in
the agreement between the two frameworks.
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Chapter 6

Surface-event simulation results

This chapter presents the results of the comparison between SolidStateDetectors. j1 and EH-
Drift described in Chapter [5] for zero and negative surface charge. The results with positive
surface charge are presented in the appendix. The results are organized by detector geometry.

6.1 PPC detector (PO0698A)

6.1.1 Detector simulation

Analysing the vertical components of the electric field shows that imposing reflection symmetry
in SSD reproduces the behvaiour from EH-Drift.

However, when the dielectric interface between HPGe and LAr is taken into account, the
different dielectric constants modify the boundary condition relating the electric field E and
the electric displacement field D. As a result, the electric field near the passivated surface is
distorted, and its vertical component points in the negative z direction, as shown in figure [6.1]
This effect is crucial for the charge-transport simulation near the passivated surface.

SSD: Electric field, o = 0.0 x 10" ¢/cm?

EH-Drift: Electric field with 0= 0.0 x 110 e/cm?

40

30

20

z [mm]
kV/m

150 10

Figure 6.1: Comparison of the electric field in a PPC (P0O0698A) detector, calculated by SSD
(left, using dielectric interfaces at detector boundaries) and EH-Drift (right), without adding
additional surface charge to the passivated surface.
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EH-Drift vs SSD reflection symmetry: E,(r), o= 0.0 x 10%°e/cm? s SSD dielectric-interface treatment: E,(r), 0=0.0 x 10%%e/cm?
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Figure 6.2: Vertical component of the electric field E,(r) in the vicinity of the passivated surface,
calculated by EH-Drift and SSD. For EH-Drift reflection symmetry is imposed at the boundary
(left plot, solid curves), while for SSD two boundary treatments are shown, reflection symmetry
(left plot, dashed curves) and taking into account the dielectric interface (right plot, blue and
green curves).

6.1.2 Pulse shape simulation

Waveform residuals and their RMS

The charge pulses obtained with EH-Drift and SSD, together with their residuals, are shown in
Fig. The z-coordinate of each simulated event is encoded in the color scale. Results are
presented for three surface charge densities, o = (0.0, —0.15,40.15) x 10'%/cm?.

For the case without surface charge (¢ = 0), the agreement between the two frameworks
is generally good. The maximum absolute residual reaches approximately 0.03 for normalized
waveforms. The agreement is best for events located at larger z values, i.e. deeper in the detector
bulk, while larger deviations are observed for events close to the passivated surface.

Introducing a negative surface charge (¢ = —0.15 x 10%/cm?) leads to significantly larger
discrepancies. The maximum residual increases to approximately 0.15, with elevated deviations
extending several centimeters into the bulk. At larger depths (on the order of 10 c¢m), the
agreement improves again, and residuals below 0.01 are observed.

Overall, the residuals exhibit a clear spatial dependence, with the largest discrepancies con-
sistently occurring in regions close to the passivated surface, where the electric field configuration
is most sensitive to the treatment of boundary conditions and additional surface charge effects.
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Figure 6.3: Charge pulses of SSD and EH-Drift and their residuals in a PPC detector (PO0O698A)
for different values of surface charge. The waveforms are time-aligned to their maximum current
amplitude (red dashed line) and the z coordinate of the event is color-coded. The residuals
are calculated as SSD minus EH-Drift, which means regions where the residuals are negative,
are regions where the EH-Drift waveform has a higher value than the SSD waveform. For each
surface charge value, a total of 108 waveforms are plotted.
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RMS between SSD and EH-Drift; PO0698A, 0 = 0.0 x 1010 e/cm?
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Figure 6.4: RMS map between SSD and EH-Drift for a PPC detector (PO0698A) for zero (left)
and negative (right) surface charge values.

A/E parameter

The spatial distribution of the A/FE parameter for SSD and EH-Drift is shown in figure In
both frameworks, reduced A/E values are observed for events near the passivated surface.

For zero surface charge (o = 0), this reduction is significantly stronger in SSD than in EH-
Drift. While both frameworks show a localized suppression close to the surface, SSD predicts
systematically lower A/FE values and a stronger spatial gradient.

In the presence of negative surface charge (o = —0.15 x 10'%/cm?), the suppression of A/F
extends further into the detector bulk in both frameworks. This effect is considerably stronger
in SSD, where the region of reduced A/FE reaches deeper into the detector.
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Figure 6.5: A/FE parameter of events simulated in a PPC detector, comparing SSD and EH-Drift
for different surface charge values. Events were simulated near the passivated surface and in the
detector bulk.

Activeness

The interpolated activeness maps for SSD and EH-Drift are shown in figure In both frame-
works, a reduction in activeness is observed near the passivated surface, indicating incomplete
charge collection for surface events.

For zero surface charge (¢ = 0), SSD exhibits a higher reduction in activeness compared
to EH-Drift. The region of incomplete charge collection is larger and extends further from the
surface. This behaviour is consistent with the modified electric field near the detector boundary
in SSD, which affects the drift paths and increases the probability of charge loss.

In the case of negative surface charge (0 = —0.15 x 1019 e/cm?), the reduction in activeness
becomes more significant in both frameworks. However, the spatial extent of this effect is again
larger in SSD, where the region of reduced activeness penetrates deeper into the detector bulk.
This indicates a stronger influence of surface charge on charge transport when combined with
the boundary treatment implemented in SSD.
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Figure 6.6: Activeness maps of SSD (left) and EH-Drift (right) for different surface charge values.
Without adding additional surface charge (o = 0) in the passivated region, a significantly energy
degraded region is observed in SSD, due to the negative surface charge o, at the interface between
HPGe and LAr, causing holes to drift through the passivated region. For the o < 0 (bottom)
energy degradation is higher in SSD than EH-Drift, since the effects of o5 and o add up.

Typical passivated surface events and their drift paths for different surface charge values in
a PPC detector, as simulated in SSD, are shown in the appendix in figure

6.2 ICPC detector (VO7647A)

In this section, the simulation results for the ICPC detector are presented. In contrast to the
PPC detector studied previously, surface-related effects are expected to be less pronounced due
to the different detector geometry and electric field configuration. In particular, charge carriers
generated near the passivated surface are not expected to drift through extended low-field surface
regions as observed in PPC detectors.

The comparison between SSD and EH-Drift for ICPC detectors therefore focuses primarily
on verifying the consistency of the detector and pulse shape simulations in the absence of strong
surface-drift effects. Particular attention is nevertheless given to the treatment of events close to
the passivated surface, since this region is most sensitive to differences in boundary conditions
and charge transport models.

6.2.1 Limitations of the simulation setup

Before presenting the comparison results, several limitations of the present ICPC simulations
must be discussed.

In SSD, no drift of charge carriers toward the passivated surface is observed for the ICPC
geometry. This differs significantly from the PPC case, where charges generated near the detector
surface drift through extended low-mobility regions along the passivated surface. Instead, the
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electric field configuration in the ICPC detector guides charge carriers predominantly through
the detector bulk.

As a consequence, charge carriers initialized near the passivated surface do not exhibit the
characteristic slow surface drift observed in PPC detectors. Surface-related effects on the wave-
form formation are therefore expected to be considerably weaker in the ICPC geometry.

Furthermore, numerical limitations occur in SSD, when events are initialized too close to the
passivated surface. In such cases, individual point charges of the simulated charge cloud can
leave the detector volume already during the first drift step. These charges are subsequently
lost and no longer contribute to the induced signal, leading to artificially degraded waveforms.
This behaviour is not interpreted as a physical effect of incomplete charge collection, but rather
as a limitation of the present simulation approach. These limitations were not present in the
simulations with the PPC detector. It could not be verified whether EH-Drift handles these
situations differently.

Due to these effects, the present study does not fully probe charge transport in the immediate
vicinity of the passivated surface for ICPC detectors. The comparison between SSD and EH-
Drift is therefore effectively restricted to regions where stable charge transport within the detector
volume is ensured.

6.2.2 Qualitative waveform comparison

We begin by comparing charge pulses simulated near the passivated surface for different surface
charge densities, as shown in figure In both frameworks, the waveform shapes exhibit only
a weak dependence on the surface charge density.

This behaviour contrasts strongly with the PPC detector, where surface charge substantially
modifies the charge transport near the passivated surface and leads to significant changes in the
waveform shapes. For the ICPC detector, the influence of surface charge on pulse formation
appears to be minor, indicating that surface-related drift effects are considerably less important
for this detector geometry.

Some SSD waveforms exhibit degraded charge collection. However, this behaviour is not
associated with physical slow surface drift, but originates from the simulation artifact discussed
above, namely charge carriers leaving the detector volume during the drift simulation. Since this
effect does not exhibit a systematic dependence on the surface charge density, it does not alter
the conclusion that surface charge has only a minor impact on waveform formation in the ICPC
detector.

Based on these observations, the following quantitative comparisons are restricted to the case
of zero surface charge density (o = 0).

6.2.3 Detector simulation

The electric fields calculated with SSD and EH-Drift for the ICPC detector are shown in Fig. [6.8]
In contrast to the PPC detector, both frameworks yield very similar electric field configurations
throughout the detector volume, including regions close to the passivated surface. No strong
distortion of the electric field toward the passivated surface is observed in SSD, despite the
inclusion of dielectric interfaces at the detector boundaries. This is consistent with the absence
of significant surface drift effects in the waveform simulations. The electric field configuration in
the ICPC geometry predominantly guides charge carriers through the detector bulk rather than
along the passivated surface.Overall, the detector simulations indicate good agreement between
SSD and EH-Drift for the ICPC detector. In particular, the strong near-surface differences
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Figure 6.7: Charge pulses of events simulated near the passivated surface in an ICPC detec-

vation, the following ICPC studies are restricted to the o = 0 case.
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observed in the PPC detector are not present for the ICPC geometry, suggesting that boundary-
condition effects play a less important role in this case.

10
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Figure 6.8: Comparison of the Electric field in a ICPC (V07647A) detector, calculated by SSD
(left, using dielectric interfaces at detector boundaries) and EH-Drift (right), without adding
additional surface charge to the passivated surface. The electric field-calculation appears to be
consistent between the two frameworks.

6.2.4 Pulse shape simulation

Waveform residuals and their RMS

The comparison of charge pulses obtained with SSD and EH-Drift for the ICPC detector is shown
in Fig. The residuals between the normalized waveforms are very small across all simulated
positions. The maximum deviations are within +0.006, indicating excellent agreement between
the two frameworks.

The spatial distribution of the residuals does not exhibit a clear dependence on the event
position. This is confirmed by the RMS map shown in Fig. [6.9] The RMS values are uniformly
small throughout the detector volume, with values ranging from approximately 2 x 10 to
1.6 x 1073, The largest RMS values are observed in the detector bulk, although the magnitude
remains negligible.

Overall, the waveform comparison demonstrates that SSD and EH-Drift yield nearly identical
pulse shapes for the ICPC detector. In contrast to the PPC case, no significant discrepancies
are observed near the passivated surface, indicating that surface-related effects are significantly
less relevant for this detector geometry.
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Figure 6.9: Charge pulses of SSD and EH-Drift and their residuals in an ICPC detector
(VO07647A). The z-coordinate of the event is color-coded; the magnitude of the residual waveform
does not appear to depend on it.
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Figure 6.10: RMS of the residual waveforms between SSD and EH-Drift in an ICPC detector
(VO7647A).

A/E parameter

The spatial distribution of the A/FE parameter is shown in figure The results obtained with
SSD and EH-Drift are nearly indistinguishable across the entire detector volume.

The A/E values lie in a narrow range between approximately 3.99 x 10~% and 4.03 x 10~*
for both frameworks. The spatial patterns are highly consistent, with no significant deviations
observed either in the detector bulk or near the passivated surface.
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Figure 6.11: A/E values at 2039keV in an ICPC (V07647A) detector, comparing SSD and EH-
Drift.

Activeness

The activeness maps for SSD and EH-Drift are shown in figure[6.12] In SSD, full charge collection
is observed throughout the entire detector volume, including regions close to the passivated
surface.

In EH-Drift, the behaviour is largely consistent with SSD, with full energy collection in
most of the detector. However, a localized region near the passivated surface exhibits reduced
activeness of approximately 90%. Outside this region, the activeness remains close to 100%.

This discrepancy is small and spatially limited, but it indicates a difference in the treatment
of charge transport close to the detector boundary. In SSD, charge carriers are not allowed to
move through the passivated surface. In contrast, this behaviour could not be explicitly verified
for EH-Drift. It is therefore possible that differences in boundary handling contribute to the
observed deviation.

It should also be noted that in SSD, we were not able to initialize charge carriers arbitrarily
close to the passivated surface, as this would lead to trajectories exiting the detector volume
within one timestep. Such configurations were excluded from the present study to ensure a
consistent comparison between both frameworks.

SSD: detector = VO7647A, E = 2039.0 keV, sc = 0.0x1el0 e/cm? EH-Drift: detector = V07647A, E = 2039.0 keV, sc = 0.0x1el0 e/cm?
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Figure 6.12: Linearly interpolated activeness maps of an ICPC detector (VO7647A) for SSD and
EH-Drift.

In summary, all comparison metrics show very good agreement between SSD and EH-Drift for
the ICPC detector. Deviations are small and do not exhibit a clear spatial structure, indicating
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that boundary-condition effects, which dominate the PPC comparison, are of minor importance
for this detector geometry.

It should be noted, however, that the present comparison is limited by the fact that events
could not be placed arbitrarily close to the passivated surface in SSD without leading to unphys-
ical charge transport outside the detector volume. As a result, the study does not fully probe the
behaviour of both frameworks in the immediate vicinity of the passivated surface. It therefore
cannot be excluded that larger differences may arise for events located closer to the surface than
those considered here.
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Chapter 7

Conclusion and outlook

In this thesis, pulse shape simulations of events close to the passivated surface of high-purity
germanium detectors were studied using the SSD simulation framework and compared to simula-
tions performed with EH-Drift. The main objective was to evaluate whether SSD can reproduce
the surface-event behaviour previously studied with EH-Drift, and to identify differences in how
the simulations are implemented and how they affect the simulated waveforms.

The study focused on two detector geometries relevant for the LEGEND experiment: a
PPC detector and an ICPC detector. PPC detectors were investigated in detail because their
comparatively large passivated surface makes them particularly sensitive to surface-related charge
transport effects. ICPC detectors were included because they represent the detector technology
foreseen for LEGEND-1000, although passivated surface-drift effects are expected to be less
important for this geometry.

For the PPC detector, the comparison of the detector simulations showed that the treatment
of the detector boundary has a significant influence on the electric field close to the passivated
surface. When reflection symmetry is imposed in SSD, the vertical component of the electric
field agrees well with the field calculated by EH-Drift. In contrast, when the dielectric interface
between HPGe and LAr is taken into account, a dielectric mismatch between the electric and
displacement field leads to a discontinuity in the normal component of the electric field. This
modifies the electric field close to the passivated surface and changes the direction and strength of
the field components relevant for surface charge transport. This difference is important because
charge carriers generated close to the passivated surface can drift through regions of reduced
mobility, leading to delayed charge collection and modified pulse shapes.

The pulse shape comparison for the PPC detector confirmed that both frameworks predict
qualitatively similar surface-event behaviour. Events close to the passivated surface show slow
pulse components and reduced charge collection, depending on the applied surface charge density.
This indicates that SSD is able to reproduce the general physical mechanism of surface drift that
is implemented in EH-Drift. However, quantitative differences were observed. The waveform
residuals and their RMS values show that the agreement between the frameworks is good for
events in the detector bulk, while larger discrepancies occur close to the passivated surface.
These deviations are strongest for negative surface charge and are reduced, but still present, for
positive surface charge. The spatial structure of the RMS maps indicates that the differences
are not random numerical fluctuations, but are correlated with the near-surface region where the
electric field is most sensitive to the boundary treatment.

The A/FE distributions provide a complementary comparison of the simulated pulse shapes.
Since A/FE is related to the maximum current amplitude normalized by the deposited energy, it
is sensitive to the time structure of the charge collection. In the PPC detector, reduced A/FE
values were observed close to the passivated surface in both frameworks. This is expected for
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surface events, where charge carriers may drift more slowly and the induced current is distributed
over a longer time interval. The reduction is more visible in SSD, especially for zero and negative
surface charge. This suggests that the effective surface-affected region is larger in SSD under
the present simulation conditions. The activeness maps support this interpretation: reduced
activeness near the passivated surface indicates incomplete charge collection, and the affected
region extends further into the detector in SSD than in EH-Drift.

For the ICPC detector, the comparison led to a different conclusion. The electric field con-
figurations obtained with SSD and EH-Drift are very similar, and no surface drift was observed
in SSD. This is consistent with the ICPC geometry, where the field configuration guides charge
carriers through the detector bulk rather than along the passivated surface. The simulated wave-
forms agree very well between the two frameworks, with residuals at the sub-percent level and
uniformly small RMS values across the studied detector volume. The A/E distributions are
nearly indistinguishable, and both frameworks predict values in a narrow range throughout the
detector. The activeness is also close to one in both simulations, with only a small localized
deviation near the passivated surface in EH-Drift.

The ICPC comparison is therefore consistent with the expectation that surface-related charge
transport effects are much less relevant in this detector geometry than in PPC detectors. How-
ever, the study is limited by the fact that events could not be initialized arbitrarily close to the
passivated surface in SSD. For such positions, parts of the simulated charge cloud could leave
the detector volume within the first drift step, leading to artificial charge loss. These events
were therefore not interpreted as physical surface events. At present, it is not clear whether this
behaviour is caused by limitations in the way the ICPC surface configuration was implemented
in SSD in this work, or by an issue in SSD itself. Consequently, the immediate vicinity of the
passivated surface could not be fully probed.

Overall, the results show that SSD can reproduce the main qualitative features of passivated
surface-event simulations known from EH-Drift. For PPC detectors, the agreement is good in
the detector bulk, while significant differences remain close to the passivated surface. These
differences are mainly attributed to the different treatment of boundary conditions and the
resulting electric field configuration near the HPGe-LAr interface. For ICPC detectors, the
agreement between the two frameworks is very good in all studied comparison metrics in the
probed detector volume.

The results also show that the interpretation of surface-event simulations requires several
observables. Waveform residuals provide a direct comparison of the simulated pulse shapes
and are useful for identifying where the two frameworks disagree. The RMS of the residuals
summarizes these differences spatially and highlights detector regions where the agreement is
worse. The A/FE parameter characterizes changes in the current-pulse amplitude and is therefore
sensitive to slow charge collection. The activeness quantifies incomplete charge collection and
identifies regions where energy degradation occurs. Taken together, these observables allow one
to distinguish between differences in pulse shape, drift time, and total collected charge.

Several improvements could be pursued in future work. First, the treatment of boundary
conditions in both frameworks should be investigated in more detail. In particular, a systematic
study of the induced surface charge at dielectric interfaces and its dependence on detector ge-
ometry, bias voltage, and impurity profile would help to clarify the origin of the observed PPC
differences. Second, the charge transport model near the passivated surface should be further
validated, ideally using experimental surface-event data from calibration measurements. Such
a comparison would make it possible to determine which boundary treatment more accurately
describes real detector behaviour.

For ICPC detectors, future studies should focus on improving the numerical treatment of
events initialized very close to the passivated surface. This could include smaller drift time
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steps, modified charge-cloud initialization, or a dedicated treatment of charge carriers close to
detector boundaries. Such improvements would allow the immediate surface region to be studied
more reliably. In addition, the comparison should be extended to more ICPC detectors with
different geometries and impurity profiles to verify whether the weak surface sensitivity observed
here is generally valid.

Finally, a comparison of the simulated surface-event observables to experimental data should
be performed. Such a comparison is not straightforward for LEGEND physics data, since the
interaction position of individual events is generally not known and events close to the passivated
surface cannot be selected directly. A possible approach is to use a-induced events as a surface-
enriched sample. Owing to the short range of a particles in germanium, events with reconstructed
energies in the range 4 MeV < E < 6 MeV can be attributed to interactions close to the detector
surface, in particular near the p+ contact. However, the available statistics in the LEGEND
physics data are limited. In the ICPC data set considered here, only one detector contains a
sizeable sample, with 174 events in this energy region, while for PPC detectors only a few events
per detector were found. This makes a quantitative validation of the surface-drift model using
physics data alone difficult.

A more suitable strategy would therefore be to perform dedicated measurements in test stands
using an external a source directed at well-defined detector surfaces. Such measurements would
provide substantially higher statistics and better control over the interaction region. They would
allow the simulated activeness, A/E distributions, waveform shapes, and drift-time behaviour
to be compared directly to data. In this way, the surface-drift models implemented in SSD
and EH-Drift could be validated and, if necessary, calibrated against experimental surface-event
samples. This would be an important step toward using these simulations for reliable background
modelling and pulse-shape-discrimination studies in LEGEND.
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Appendix

Passivated surface events PPC
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Figure 7.1: Electron and hole components of simulated passivated surface events in a PPC de-
tector (PO0698A), with their corresponding trajectories. For o = 0 (left) electrons drift partially
through the passivated surface, slightly reducing the signal. For ¢ < 0 (middle) holes, which
dominate the signal, drift through the passivated surface, strongly degrading the signal. For
o > 0 (right) electrons drift through the passivated surface, but only slightly degrading the
signal due to their relatively weak contribution. The drift velocity is reduced by a factor of 1000
inside the passivated region.
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Results for o > 0 in PPC detector
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Figure 7.2: Charge pulses of identical events simulated with SSD and EH-Drift, and their resid-

uals
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RMS map
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Figure 7.3: RMS map between SSD and EH-Drift for a PPC detector (PO0698A) for positive
surface charge.
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Figure 7.4: A/E values of waveforms simulated by SSD (top) and EH-Drift (bottom) for detector
coordinates near the passivated surface and across the bulk, with positive surface charge.
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Figure 7.5: Interpolated activeness map for a PPC detector (PO0698A) for positive surface charge.
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