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® Charge Drift & Simulation
e Signal Formation
o Weighting Potential
o Pulses
® Using Pulse Shapes to reduce background: Multi-site vs. Single-site Event
Discrimination

® Summary




Germanium in Ov[3[3 searches

e Germanium has an isotope, °Ge, that undergoes 2vBf decay and is
therefore also a candidate for OV[3[3

® As asemiconductor (enriched) Germanium can be used to produce solid
state detectors

— Source = Detector

e Solid state detectors come with many favorable properties for rare event
searches
o Excellent Energy Resolution
o Low intrinsic radioactivity
o Fast Signal collection
O

Compact geometries







Band structure of solids
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Fermi Level and Fermi Function
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Probability that E state is occupied
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Doping of Semiconductors
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pP-Nn junction
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https://en.wikipedia.org/wiki/P%E2%80%93n_junction
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Reverse Bias

carrier concentration
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Depletion Zone

A p-n junction is a diode.

Applying a

reverse bias (+ on n-side, - on p-side)

increases the depleted region

—  fixed space charges, E-Field,
no free charge carriers

The depleted region is the
“active region” of the detector
—  Full depletion!

Incident lonizing radiation creates
electron - hole pairs in an amount
proportional to the deposited
energy

The electrons and holes created in
the depletion region move to the
respective electrodes

— Detectable Current!
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Real World Detectors -
p-type Point Contact

—— p+ contact
—— n+ contact

https://github.com/JuliaHEP/SolidStateDetectors. |l

1) Background-free search for neutrinoless double-g decay of 76Ge with GERDA Agostini, M.



http://inspirehep.net/record/1515730?ln=en
http://inspirehep.net/author/profile/Agostini%2C%20M.?recid=1515730&ln=en
https://github.com/JuliaHEP/SolidStateDetectors.jl
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Electric Potential & Charge Drift

Electric Field Lines @9=0.0

Potential: Solve Gauss’ Law

V(e (r)Vel(r)) =

Electric Field:
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Electric Potential & Charge Drift

Electric Field Lines @9=0.0

Potential: Solve Gauss’ Law
e r ﬁ
Ve@ve@) =2, #=(62)

Electric Field:

—

£(r) = =Ve(r)

Charge Drift Model:

e Effects of Crystal Axes

e Different Mobilities for e and h*
[ )
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Weighting Potential @¢ = 0.0
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Weighting Potential & Slgnal Formation

Shockley-Ramo Theorem:
Charge induced on given electrode by
motion of charge carriers according to:

Q = qAypg

g = moving charge,
¢, = Weighting Potential

Solve:

V(er(F)Vo(T)) =0
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Weighting Potential & Slgnal Formation

Shockley-Ramo Theorem:
Charge induced on given electrode by
motion of charge carriers according to:

Q = qAypg

g = moving charge,
¢, = Weighting Potential

Solve:

V(er(F)Vo(T)) =0

Qe(t) = ne - (=1-€) - (o Te(t) ) — po( Te(to) ) )

Qn(t) =nn-e- (o Th(t) ) — @o( Talto) ) )

19




0.05 -

0.04 -

0.03-

-0.01-

Weighting Potential @¢ = 0.0

0.02 0.03

r0.8

0.6

0.4

0.2

Weighting Potential & Slgnal Formation

Shockley-Ramo Theorem:
Charge induced on given electrode by
motion of charge carriers according to:

Q = qAypg

g = moving charge,
¢, = Weighting Potential

Solve:

V(er(F)Vo(T)) =0

Qult) = ne- (1-€) - (ol Folt) ) + soo;/@%w )
Qn(t) =nn - e- (o Falt) ) - ‘*”OW/‘)) ))

Ne = Np, I_:e(t()) = I_:h(t())

Qtot = Qe 7 Qh

Qtot(t) = MNe/h " € ( 900<Fh(t)) - SOO(Fe(t)) )
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Weighting Potential & Signal Formation

Qtot(t) = nesn - - ((o(Th(t)) — @o(Te(t)) )

000 | e- contribution
—— h+ contribution
—— Signal

o
Signal / keV

.02 i . 3
r/m 0.0 time / ns
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signal / keV.

1000

1000

Signature of OV[3[3 in Ge:
2 e depositing their energy
(2.039 MeV) very locally
—  Single - Site Event

Background in the Region of
Interest:

A high energy y energy Compton

scatters within the crystal
depositing 2.039 MeV in total
—  Multi - Site Event
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PSA in GERDA / LEGEND (example)
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Signal Energy: 2039 keV (E)
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— Discriminate on A / E ratio
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Pulse Shape Analysis Cuts on GERDA
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Counts / 15 keV

Pulse Shape Analysis Cuts on GERDA
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Density of
States

Population of
Conduction
Band

Since the conduction band
for a semiconductor is
above the Fermi level, it
must be at an elevated
temperature to have any

Semiconductor
at high temperature
’

population.
Density of energy states E »
in conduction band of g F .
semiconductor. r—  Conduction
bands

2

8«/§7tm3/
p(E) = quE - Egap

E N
gap E, !
P (E) f , Conductor at OK.
The overlap of valence and il
conduction bands in a
conductor gives population l 8\/571711 32
of the conduction band. p(E)= T ‘\/E
Probability of Number of — Actual population
occupation of X available energy = of conduction band.
state siates The sum of all
: these electrons
i gives the
* population of
Conduction x J— the conduction
Band - band:
E 1N = - N, ch
gap
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Signhal and mirror pulses in segments
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p-n-Junction

E A drift (due to E-field)
, ® - Conduction Band

Fermi level

thermal electron-
hole pair creation

Schematic of pn-junction

p




Depletion Region & Reverse Bias

p-type n-type
semiconductor semiconductor
region region

e electron

The combining of
electrons and holes
depletes the holes
in the p-region and

n hole

. negative ion
from filled hole

the electrons in the @ positive ion
n-region near the from removed
junction. electron
depletion
region
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Field calculation

V(e (r)Vop(r)) = —, r=(r,¢,z)

e Electric potential calculated by Gauss’ law

@(r) electric potential, €, vacuum permittivity, =16 dielectric
constant of germanium, p(r) impurity density

e Weighting potential calculats V(GT(F)VSDW(F)) =0

with the boundary conditions that the weighting potential
equals unity on the considered electrode and zero otherwise

M Schuster https://github.com/JuliaHEP/SolidStateDetectors.jl 32




Weighting Potentials
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Drift velocity model

_ .UOE
(1 + (E/E)))H)'/?

e Parallel to the principal crystal axis the drift velocity is parallel to the electric field

Uy = unE

° u,E, B and W parameters different for electrons and holes and for <100> and <111> axes

e Different models for electrons and holes implemented from [1] B. Bruyneel et al., NIM A 569 (2006)
764
also used by e.g. AGATA

M Schuster https://github.com/JuliaHEP/SolidStateDetectors. ||
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Drift velocity model

Electron Drift Velocity Field

re - cut rz - cut
z=29.97 mm ¢ = 0.0 deg
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