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Outline

• What do you mean by “low radioactive background”? 

• How to measure low level of radioactivity? 

• Examples: 

• Detector system design 

• Front-end electronics for Ge detectors 

• Cables and interconnects



Types of Experiments and Backgrounds
• Signals: 

• Backgrounds: 
•  Cosmic-ray primaries and secondaries produced in the atmosphere 
•  Cosmic muons 
•  Neutrons (“Cosmic” and “Environmental”) 
• α, β and γ (“Detector intrinsic” and “Environmental”)
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Heusser 
Annu. Rev. Nucl. Part. Sci. 45: 543 (1995) 
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Cosmic-ray Primaries & Secondaries
•  Minimal overhead burden goes a long way in reducing backgrounds 

induced by nucleonics: 

• But next-generation DM and 0𝜈𝛽𝛽 experiments need to go below 4000’ 
or more.

The deeper the better



Inconvenient truths (for low-background experiments)

• Time scales: 

• Long-lived radioactive isotopes from supernova explosions in the 
past have been in our Earth since its formation.   

• Radiogenic heat from the decays of 238U, 232Th and 40K is a main 
component of our Earth’s internal heat. 

• Half-lives:

Age of the universe 13.8 x 109 years

Age of the Earth 4.5 x 109 years

238U 4.468 x 109 years
232Th 14.05 x 109 years

40K 1.251 x 109 years

These primordial radioisotopes do not decay away quickly



Decay Chains

𝛼: quenched signal, (𝛼,n) 
𝛽, 𝛾: “tail” in the ROI
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How low is low?
• Signal expected in real-time experiments 

• The SNO heavy water D2O was purified to have ~10-15 (g 232Th)/(g 
D2O).  The KamLAND liquid scintillator was purified to even higher 
purity. 

Type of experiment Signal Detection (Background) rate

SNO
Solar neutrino experiment

(1998-2006)
Cherenkov light from e- ~15 events t-1 d-1

LUX
WIMP search

Scintillation light and 
ionization from nuclear recoils (~15 events t-1 d-1)

Majorana
neutrinoless double beta 

decay search
e- in Ge diode detectors (< 1 event t-1 y-1)



Radiopurity of typical electronics 
components

1 μBq ≈ 0.1 / day

500 MΩ SMD resistor used by GERDA

Cattadori, LRT 2015



Radiopurity of typical electronics 
components

• A project started at LBNL, adopted by the community 
• Experiments are adding their radioassay results to this database 



Radiopurity of typical electronics 
components



The ALARA principle
• Choose radiopure materials  
• Keep hot stuff away from active detector volume

Self shielding, fiducial volume cut

Ex: KamLAND-ZEN



The ALARA principle
• Choose radiopure materials  
• Keep hot stuff away from active detector volume

Ex: GERDA - Phase I

FE Box

Cattadori, LRT 2015



The ALARA principle
• Choose radiopure materials  
• Keep hot stuff away from active detector volume

Ex: MAJORANA DEMONSTRATOR

~2.2 m



The ALARA principle
• GERDA Phase-I background results:

 Hard to shield components close to the detectors  
(e.g. front-end electronics and cables)
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The ALARA principle
• MAJORANA DEMONSTRATOR background budget:

MJD goal: 3 cts / 4 keV / t-y (scale to 1 
cts / 4 keV / t-y in large-scaleGe)

Based on achieved assays of materials 
When UL, use UL as the contribution



Making front-end electronics - MJD
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Making front-end electronics - MJD

JFET 
(Moxtek MX11)

aGe film (feedback resistor; up to 
~20 GΩ at 85 K)

Fused silica 
(Corning 7980)

Cable 
(later)

~2cm

Reduced the component count by using stray capacitance 
as feedback capacitance



Production: wafers
Ti/Au	
  spu)ering pa)erning	
  traces aGe	
  spu)ering

pa)erning	
  aGe electrical	
  tests dicing	
  boards



Production: on-board electronics
cable	
  threading silver	
  epoxying wire	
  bonding

transport	
  tray



Production: loading on electroformed Cu clips

Paul	
  Barton



Production: QA
mechanical	
  QA electrical	
  QA
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  baseline	
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  check	
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Sophia	
  Elia



Making front-end electronics - MJD

• Component assays prior to production: 

• Largest backgrounds: fused silica substrate, gold traces 
• Full board assays: ~2-3x higher in background

Less handling is always better



Less is (usually) better 
• N-type segmented Ge detectors vs P-type detectors 

• N-type high-segmentation detectors have higher backgrounds from 
small parts (due to more readout components) and surface 
backgrounds (due to dead layer)
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Aside: Understanding radioactivity of Au

𝛾-ray spectroscopy 
• large sample size needed 
• lower sensitivity

Mass spectroscopy 
• small sample size; sampling 

issue 
• higher sensitivity



Aside: Understanding radioactivity of Au
• High 232Th observed in gold ICPMS 
measurements but not in a gamma cross-check 
• Found to be complexing of 197Au with 
    35Cl in the aqua regia 

- Presence of unphysical mass 197Au + 2 x 35Cl 
- Reduction with less 35Cl

Sputtering plate

Shot

Sputtered foil

Do both types of assays if possible



Cables
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• GERDA Phase-1

Coaxial Cables - GERDA

[arXiv:1212.4067v1]

228Th: 1.1±0.5 mBq/kg  
238U < 59 mBq/kg 
Cu/PTFE 1 mm OD 
linear density = 2.7 g/m

Over an order of magnitude too radioactive for MJD



• GERDA Phase-1

Coaxial Cables - GERDA

[arXiv:1212.4067v1]

228Th: 1.1±0.5 mBq/kg  
238U < 59 mBq/kg 
Cu/PTFE 1 mm OD 
linear density = 2.7 g/m

Over an order of magnitude too radioactive for MJD 
•  Silver-plated Cu is likely hot 
•  Scaling to a HV cable (5 kV DC rating) means even 

 higher activity



Other commercial options?

Mouser catalogue

Radiopurity concerns: 
• dye in the jacket  
• silver-plated copper alloy  

in braid and central conductor

It became clear that we needed to do a special production run



• FEP and PFA  
• have high dielectric strength (Dupont: 260 kV/mm) 
• are radiopure 

• The radiopurity of the Cu drives the background budget: 
• reduce OD of central conductor 
• reduce OD of inner dielectric 
• helical shield (instead of braid)

Coaxial Cables - MJD

Cu

dielectric



• Contracted Axon’ in France to make the “picocoax” cable

Coaxial Cables - MJD

Material Signal HV

1 central 
conductor Bare Cu 0.0762 mm 𝜙 0.152 mm 𝜙

2 inner 
dielectric FEP / PFA 0.254 mm 𝜙 0.77 mm 𝜙

3 helical shield Bare Cu AWG50 AWG50

4 jacket FEP / PFA 0.4 mm 𝜙 1.2 mm 𝜙

Linear mass density 0.4 g/m 3 g/m



• Contracted Axon’ in France to make the “picocoax” cable 
• Additional testing, cleaning in ultrasonic bath and drying between 

production steps (conductor prep, inner dielectric extrusion, 
shielding, jacket extrusion).  

Coaxial Cables - MJD

HV Cable Technique Th
(c/ROI/t/y)

U
(c/ROI/t/y)

Projection Simulation & assay <0.02 <0.06

Axon’ - Run 1
(QA issue at factory - 

no cleaning steps)
ICPMS 1.1 16.5

Axon’ - Run 2 ICPMS & Gamma <0.004 <0.081

Goal: << 1 c/ROI/t/y



• Contracted Axon’ in France to make the “picocoax” cable 
• The cables were stored in dry N2 environment until they were being used.   
• Room 222Rn can stick to the outer jacket if not stored properly

Coaxial Cables - MJD

Proper clean storage of components is essential



Making connectors
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Technical Issue: Plug Design

• Cable connection: solder to tiny pins 

• Pins are held in vespel housing that also 
provides strain relief 

• Press-fit, keyed shell interface for ease of 
assembly in the glove box 

• Vacuum tests indicate no significant virtual 
leaks.   

• BeCu contact is too radioactive for MJD (~10 
cts/t/y).  Iterative prototyping to establish 
reliable connection during thermal cycling.  

• Full body ICPMS indicates the connectors are 
sufficiently clean for MJD



Solder

• “Typical clean solder”:  

• Low background ideas: 
• Roman Pb 
• Source clean solder (e.g. SnAg), use abietic acid as flux. 

  



PCB in low-background experiment

• CuFlon is cleaner than Kapton in U and Th, but it’s much worse in 40K



Processing PCBs

Cattadori, LRT 2015



A cryogenic temperature sensor 
Microelectronics with parylene substrate: 
• Low background 
• “flexible circuitry” 
• applications in medical fields



A cryogenic temperature sensor 

Designs
Details in arXiv:1508.05757



Design and fabrication

a-Ge sensor

Micro-90

Fused 
silica wafer

Optically-flat fused silica, coated with soap solution.



a-Ge sensor

Micro-90

First parylene layer (0.25 mil)

Parylene

Fused silica wafer

Design and fabrication



a-Ge sensor

Fused silica wafer

Micro-90Parylene

Au Ti

Sputtered titanium (150 nm) and gold (1 um)

Design and fabrication



a-Ge sensor

Fused silica wafer

Micro-90Parylene

Au Au Ti

Photolithography (0.2 mil precision)

Design and fabrication



a-Ge sensor

Fused silica wafer

Micro-90Parylene
a-Ge

Au Au Ti

Sputtered germanium

Design and fabrication



a-Ge sensor

Fused silica wafer

Micro-90Parylene
a-Ge

Au Au Ti

Photolithography

Design and fabrication



a-Ge sensor

Fused silica wafer

Micro-90Parylene
a-Ge

Au Au Ti

Copper lead

Wire-bond leads

Design and fabrication



a-Ge sensor

Fused silica wafer

Parylene
a-Ge

Ti

Micro-90

Au

Copper lead

Au

Second layer of parylene (0.25 mil)

Design and fabrication



a-Ge sensor

Peel off the substrate

Design and fabrication



Thermal testing

The variable temperature cryostat, design for front end board testing

Silicon diode

Sensor bolted 
under washer here

aGe	
  sensor



Radiopurity



Other circuit components (concepts)



Can we make coaxial cables with parylene?
• MJD tried.  Issues: 

• When the thickness of the parylene becomes thick (> ~5 mil), the “film” 
becomes more rigid.  Whiskers begins to form. 

• Hard to do a good ground shield for surface that becomes non-uniform (from 
cutting the whiskers)

A prototype: 
wrapped Cu foil; 
heat shrink outside



Summary
• The next-generation underground rare-event search 

experiments demand ultrapure targets, and 
electronics and associated components. 

• Painstaking sourcing and assaying of materials are 
necessary to meet the stringent radiopurity goals. 

• Assays and special handling can add substantial cost 
and time to project.



The End



Conversion factors

1 𝜇Bq/kg

238U 8.1 x 10-14 g/g

232Th 2.46 x 10-13 g/g

40K 3.23 x 10-11 g/g natK



Detector choice
• Both GERDA and MJD use p-type point-contact detectors

~20 pF ~1 pF Weighting
Potential

IEEE Trans. Nucl. Sci, 36, 926 (1989)
JCAP , 9, 9 (2007)

• Low capacitance: low noise possible
• p-type: easier handling in assembly
• “minimal” number of contacts: reduced component count
• Two commercial manufacturers can deliver P-PC detectors
• No timing / event position info


