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0. 0nubb signal

1.Muon vetoed

2.Anti coincidence vetoed

3.Pulse shape discriminated

4a. LAr vetoed from outside

4b. LAr veto from inside

Background Rejection in GERDA

• Goal: Optimize LAr veto for main backgrounds in Phase II 
• Tl208 and Bi214 from outside (holding structure)
• Po210 and K42 on detector surface (point contact)
• Ga68/Ge68 inside crystals
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• Light yield: 40.000 𝛾 / MeV 

• Single reemission peak (ƛ=128nm)

• Not directly detectable

• Wavelength shifter needed       
(e.g. VM2000 + TPB)

• Scattering length 128nm: ≈ 80cm

• Scattering length 450nm: > 1km

• Properties highly dependent on 
impurities: e.g. Xe, N2

Scintillation in Liquid Argon

Gosjean, Phys. Rev. B 56 (1997)
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peaks by orders of magnitude. This means that the contribu-
tion of the other peaks can be neglected when using the
photodiode, even though its efficiency increases by a factor
of two in the wavelength region of the atomic features. Any
features at wavelengths greater than 1500 Å can also be ne-
glected since the photodiode efficiency becomes negligible
for energies less than 8 eV.
The inset of Fig. 3 shows UV and visible features induced

by 30-keV H⇤ corrected for the efficiency of the spectrom-
eter ⇥no differences in the spectra were seen for different
energies of H⇤ from 10–50 keV⇧. Three features are appar-
ent in the spectrum at 1265 Å ⇥9.8 eV⇧, 1650 Å ⇥7.6 eV⇧, and
2000 Å ⇥6.2 eV⇧; no other features were seen out to 5000 Å.
Similar spectra induced by ion bombardment were measured
by Busch et al.2 and Riemann, Brown, and Johnson.5 These
latter authors attributed the features at 7.6 eV and 6.2 eV to
N2 and O2 impurities,29 respectively. Langhoff30 and Grigo-
rashchenko et al.,31 however, attribute the 6.2-eV feature, the
so-called ‘‘third continuum’’ in the gas phase, to the decay
of (Ar2⇤Ar) to the repulsive ground state of Ar⇤⇤Ar⇤. An
alternative explanation is the breakup of impurity water mol-
ecules in the film, giving rise to Ar2O and Ar2H lines at 6.2
and 7.5 eV reported by Kraas and Gürtler.32 Regardless of
the origin of these low-energy features, the 9.8-eV feature
clearly dominates, accounting for 94% of the energy in this
spectrum.

III. CALCULATION OF ABSOLUTE EFFICIENCY

We determined that the response of the photodiode is di-
rectly proportional to the ion-beam current from 0.15 to 400
nA. If Id is the current measured on the photodiode and q is
the elementary charge, then the photon flux measured by the
photodiode is given by

Id
q f̄

⇥�
�
⇤⇥�⇧d� , ⇥1⇧

where � is the solid angle seen by the photodiode, ⇤⇥�⇧ is
the angular distribution of the luminescence emitted into
vacuum, and f̄⇥0.017 is the weighted average efficiency of
the photodiode over the M band.
We assume that the initial distribution of luminescence

emission from each source inside the film is unpolarized and
isotropic:

⇤⇥⌃⇧⇥
I0
4⌅ , ⇥2⇧

where I0 is the total number of photons created inside the
film per second. Self-absorption and scattering within the
film are neglected; refraction at the Ar/vacuum interface
modifies the external emission distribution and makes ⇤⇥�⇧
anisotropic. Here we assume that the films are flat and
smooth. If ⇤⇥⌃⇧ represents the internal emission distribution
⇥see Fig. 4⇧, then ⇤⇥⌃⇧sin⌃ d⌃⇥⇤(�)sin� d� , assuming
there are no reflection losses or multiple reflection gains that
need to be included. Using Snell’s law as well as its differ-
ential form, we solve for

⇤⇥�⇧⇥
cos�

nAn2�sin2�
⇤⇥⌃⇧ ⇥3⇧

where n⇥1.48 is the index of refraction for 10-eV photons
in solid Ar ⇥Ref. 33⇧ and  is a unitless factor that accounts
for substrate reflectivity and surface reflections. These will
be discussed in the paragraphs below. This expression is
valid with the assumption that the film surface is flat on a
spatial scale larger than the wavelength of 9.8-eV light.
Part of the luminescence will reflect from the substrate

and reach the surface of the film. The substrates had a mir-
rorlike finish and are thus assumed to reflect specularly. The
fraction of the light reflecting from the substrate is R(⌥), the
reflectance of the substrate for an incidence angle ⌥, where
⌥⇥⌃. For 10-eV photons, RAu(0)⇥0.15 and RSi(0)⌦0.3 for
Si with an oxide layer ⇥see the appendix for details of how
these values were obtained⇧. The fraction of light ⇥unpolar-

FIG. 3. UV luminescence spectrum of a 4000-Å solid Ar film
bombarded by 2-MeV He⇤. The inset shows a spectrum produced
by 30-keV H⇤ on a 4000-Å Ar film that includes lower-energy
features. No luminescence features were seen in the range of 2200–
5000 Å.

FIG. 4. Geometry for absolute luminescence determination as-
suming specular reflection at the substrate.
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Suppression factors @ Qbb:
Ge events / not vetoed Ge events
LAr: ≈ 1200, PSD: ≈ 2.4, Combined ≈ 5200 

R&D with LArGe: Experimental Verification (Th228 source) 
M. Heisel, PhD thesis, 2011

DEP 2616 keV 
Tl208

1621keV 
Bi212

128nm
450nm
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4.4. SUPPRESSION EFFICIENCY FOR DIFFERENT GAMMA SOURCES 65

Table 4.2: A list of the sources utilized in the suppression measurements of this chapter. The
uncertainty of the activities is typically about 3%, except for 228Th external (15%).

source position nominal
activity
[kBq]

reference
date

half life
[y]

measurement
start date
(year 2010)

current
activity
[kBq]

137Cs external 42.2 01/02/2002 30.07 01/06 34.9

60Co
external 413 13/02/1990 5.27 04/05 28.8

internal 0.641 28/01/2005 5.27 02/07 0.314

226Ra
external 95.2 01/06/2002 1600 21/05 94.9

internal 0.936 01/12/2004 1600 17/06 0.934

228Th
external 100 01/09/2007 1.91 07/05 38.9

internal 3.06 01/02/2006 1.91 15/06 0.63

CC2

BEGe

external
source

internal
source

50 cm
45 cm
7 cm

135 cm

21 cm

45 cm

Figure 4.12: A schematic view of the source positions ‘external’ and ‘internal’, and the BEGe
detector in the LArGe setup. The position error is estimated to be ±3 cm for inner sources, and
±5 cm for external sources.

LAr suppression factors @ Qbb

R&D with LArGe: MC Verification (Th228 source) 

Bg Exp MC

Tl208

Bi214

Co60

Tl208

Bi214

1180 ± 250 909 ± 235

4.6 ± 0.2 3.8 ± 0.1

27 ± 1.7 16.1 ± 1.3

25 ± 1.2 17.2 ± 1.6

3.2 ± 0.2 3.2 ± 0.4

• Tuning of optical properties with MC and auxiliary 
measurements

• Material reflectivities (Ge, Cu, VM2000, ...)

• Absorption and emission spectra

• LAr attenuation length, light yield and triplet 
lifetime

• Good MC description for multiple sources after 
tuning
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Fiber Design for GERDA
• Read out with KETEK 3mm x 3mm SiPM in die

• Fibers close to detectors for maximum light 
collection

• Bg compatible with PII goals even without self veto

• Fibers: Th232: 58 muBq/kg

• Fiber attenuation length measured and modeled (up 
to 3.8m)

Optical coupling: 9 
fibers per SiPM

3 SiPM in Cuflon holder

Fibers and coating R&D:                           
Bare scintillating fiber vs WLS coated fiberPrototype under construction and tested in small scale 

2 x h =100cm d=25cm           
0.5kg fibers ≈2m2 detector         
60 SiPM
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3rd Option:
• SiPM / APD close to crystals
• Direct detection of 128 nm photons
• Compatible with Mini Shroud

PMT Design for GERDA

R11065-10 MOD: (3-inch) 
QE 25% @ 420nm
ultra-low bg-version: 
2 mBq / PMT (Ra226 & Th228)

low bg voltage divider
operational in LAr

Reflective foil (VM2000 ) 
coated with WLS (TPB)

• Induced bg compatible with Phase II 
goals

• Technology proven in LArGe

• PMT long term tests                        
ongoing

3 connected 
copper shrouds
h = 210cm, d=50cm
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• MaGe (Geant4) based simulation of nuclear 
decays

• If Ge event passes cuts, optical photons 
are propagated. Otherwise event is 
discarded

• Storage of PMT/Fiber hits; Use empirical 
acceptance model for Fibers  

• MC Comparison extremely CPU 
consuming (600.000 CPUh for comparison)

• Comparison based on:

• Veto efficiency for different bg sources

• Instrumentation induced background

• Hardware availability & stability

PMT

Fiber

Nuclide PMT Fiber
No veto
Self veto

0.19 0.48
0.0017 0.0025

Induced bg 10-3 [cts/kg/yr/keV]
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Design Comparison

Nuclide Position PMT Fiber
Tl208 
Bi214
Co60
2.6 MeV
K42
Bi214
Bi214
K42

holders 261.8 ± 21.0 581.4 ± 11.8
holders 39.3 ± 0.9 12.0 ± 0.1
crystal 24.9 ± 0.4 15.2 ± 0.1
external 12.8 ± 0.2 20.8 ± 0.4
LAr 11.1 ± 1.8 24.7 ± 17.1
LAr N/A 32.5 ± 7.0
surface 37.5 ± 5.9 13.0 ± 0.3
surface 1.22 ± 0.01 1.16 ± 0.01

Comparison of suppression factors including anti 
coincidence and LAr veto

• Fiber design option prevails for Tl208

• PMT design option prevails for Bi214 and Co60

• Not sensitive to alpha and beta decays on detector 
surface

• Self induced bg agree with Phase II specs

• Both design applicable without LAr drainage
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Outlook: Hybrid Design

• Collaboration decided to use the 500mm 
Lock design

• Idea: Integrate both PMT and Fiber design 
into a “Hybrid” design

• Two options for Fiber / PMT configuration

• Two options for germanium array 
configuration

• Hardware constraints favor a dense packing

• MC results are very preliminary

• Suggest that the Hybrid is more efficient 
than either single design

• Suppression factors do not differ 
significantly between the 4 options

loose packing of string: 148mm

dense packing of string: 110mm

PMT &
fibers in & outside

PMT &
Fibers outside
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Conclusions
• R&D on two LAr veto design options: PMT and Fiber

• Hardware for both options are available 

• Prototype/test setup construction started

• Monte Carlo simulation set up and verified with LArGe 
data

• Hybrid design is currently considered and its 
performance is assessed

• LAr veto suppression factors promising: >200 for Tl208 
and >20 for Bi214 with single designs
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LAr Veto
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Anti Coincidence
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LAr and AC
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