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New Tools bring New Discoveries

• The Lens: 7th century BCE

– Eyeglasses: 13th century

– Microscope: 1590

– Telescope: 1608

– HST and JWST



New Tools bring New Discoveries

• The Lens: 7th century BCE

– Eyeglasses: 13th century

– Microscope: 1590

– Telescope: 1608

– HST and JWST

• First Ge diode 1946

• First transistor (Ge) 1947

• First Ge(Li) detectors 1960s

• First HPGe detectors late 1970s

• First Compton-suppressed 
arrays early 1980s
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Gammas in Germanium

Compton Scattering

• Important for gamma-ray detection

• Higher-energy gamma rays generally scatter 

inside the detector, losing energy until low 

enough for a photoelectric event

• But also leads to background in gamma-ray 
spectra

– Gamma rays can enter a detector and 
Compton-scatter out without being fully 
absorbed



Compton Suppression 

• Surround Ge by high-density scintillator for use as a veto shield

– Peak/Total improves from ~ 0.2 to ~ 0.55 (60Co)



TESSA (Daresbury)

• TESSA I:

– Four Ge detectors with NaI Compton-
suppression shields

• TESSA II:

– Six Ge detectors with NaI Compton 
suppressors

– An inner array of 63 BGO crystals

• TESSA3

– 12 Compton-suppressed detectors



The Argonne-Notre Dame BGO Gamma-Ray Facility

1983: My first exposure to designing and 
building a Compton-suppressed HPGe array

– With Robert, Teng-Lek, and Umesh

• An outer ring of 12 high-resolution 
Compton-suppressed Ge spectrometers

– Excellent energy resolution

– BGO suppressors provide good 
peak-to-background ratio 

• An inner array of 50 BGO crystals with high 
gamma-ray stopping power and detection 
efficiency

– Total gamma energy emitted in reaction

– Gamma multiplicity, related to spin
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The 8pi Spectrometer at Chalk River

• BGO ball
– 72 detectors (60 hexagons, 12 pentagons)

– 20 viewing ports for the Ge detectors

• HPGe array
– 20 25% HPGe detectors

– BGO Compton suppressors
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Compton Suppressed Arrays Show their Power

• Example: The search for nuclear Superdeformation at high spin

– Elongated prolate nuclear shape, axis ratio 2:1

– First seen as fission isomers in actinide nuclei



First SDB: 152Dy

• TESSA3

• 1986



Second SDB: 149Gd

• 8pi

• 1988



A new SD Region: 191Hg

• ANL-ND Array

• 1989



An Aside: Super-Deformed Rotation

• A rotating quadrupole-shaped charge emits electromagnetic radiation

• When a level near the top of a 152Dy super-deformed band is populated in a 
reaction, the nucleus emits 20 gamma rays in about 10-13 s

– 20 MeV in 10-13 s is 32 W (!) from a single nucleus

– Average rotational frequency    ω ≅ 500 keV

 107 rotations in 10-13 s,  roughly the number of days in 30,000 years

• The decay to the ground state passes through a long-lived (86 ns) level

– About 5×1012 rotations, roughly the number of days in the age of the universe

h



C4 Symmetry

Transition energy
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• Eurogam phase I

• 1993



Identical SD Bands and C4 Symmetry

• An unresolved puzzle



Time to Move On

• TASCC facility closed in 1997



Radioactive Beams: CLARION at the ORNL HRIBF

• 12 Compton-suppressed 
clover detectors, 
designed for RIB 
experiments

• Coulex

• Neutron transfer in 
gamma-ray coincidence



GRETA (Gamma Ray Energy Tracking Array)

• 120 large volume 36-fold segmented Ge crystals 
in 30 quadruple-crystal modules

• Total efficiency (1332 keV): 25 - 40%

• Angular Resolution: ~1 ̊ 

• Similar European instrument is AGATA



A New Direction: Neutrinoless Double Beta Decay of 76Ge?

• Discovery of 0ββ decay would dramatically revise our foundational 
understanding of physics and the cosmos

– Lepton number is not conserved 
(matter can be created without an equal amount of antimatter)

– The neutrino is a fundamental Majorana particle 
(its own anti-particle)

– There is a potential path for understanding the matter − antimatter 
asymmetry in the cosmos, through leptogenesis

– The very small, nonzero neutrino mass can be explained

• MAJORANA DEMONSTRATOR   (SURF, SD)

• LEGEND-1000    (LNGS, Italy)



The LEGEND-1000 Discovery Sensitivity

• LEGEND-1000 is designed to discover 0νββ decay at a half-life beyond 1028 years

• A half-life of 1028 years is less than one decay per year per ton of 76Ge isotope

– Need about 1028 atoms of 76Ge (one metric ton)

– Need 10 years of data to get a few counts

One way to think of this:

• Build seven GammaSpheres out of enriched 76Ge

• Bury at least a km underground

• Run for 10 years

• Look for a peak with < 5 counts at 2039 keV



The LEGEND-1000 Discovery Sensitivity

• LEGEND-1000 is designed to discover 0νββ decay at a half-life beyond 1028 years

• A half-life of 1028 years is less than one decay per year per ton of 76Ge isotope

– Need about 1028 atoms of 76Ge (one metric ton)

– Need 10 years of data to get a few counts

• Need exceptional signal-to-background ratio 
to get statistical significance

– A very low background event rate

– The best possible energy resolution

It’s all about getting rid of the background

– “But U and Th are everywhere!”

  – Paddy Regan

Typical simulated example spectrum, after cuts, 
from 10 years of data



Background Challenge

Measured backgrounds in typical 1 kg 
surface-based Ge detector shielded by 
12 inches of clean Pb

2νββ

0νββ  (x100) 
Need 9 orders of magnitude 

background suppression



Background Challenge

• Go deep underground (cosmic muons)

• Use only the cleanest materials available

• Minimize the amount of those materials

• Minimize time for the Ge above ground  

– 2 radioactive atoms/day/kg!

• Pulse-shape discrimination to select only single-site events in the detector bulk

• Compton suppression!

– Liquid argon



LEGEND-1000: LAr

• Large “Inverted-Coaxial Point-Contact” 
HPGe detectors

– Excellent performance demonstrated for 
masses up to 4 kg

• Minimum additional materials
– Underground-electroformed copper

– PEN plate

– Ultra-pure Kapton cables

– ASIC preamp

Figure 4, page 14

ICPC Ge 

Detector

ASIC preamp 

Readout



LEGEND-1000: LAr

• Large “Inverted-Coaxial Point-Contact” 
HPGe detectors

– Excellent performance demonstrated for 
masses up to 4 kg

• Liquid argon serves as both cryogen and 
active (scintillating) radiation shield 

– Low-background wavelength-shifting fibers 
and SiPMs for single-photon detection 

Figure 4, page 14

Pulse-shape 
analysis

Ar light 
anticoincidenc
e



LEGEND-1000 Concept

Ge 
Strings

LAr Cryostat 

Water 
Shield

WLS Fiber 
Curtains

• Inverted-Coaxial Point 
Contact 76Ge detectors

• Made from Ge enriched 
to >90% in 76Ge isotope 

• ~3kg each 

• 42 strings of 8 detectors each, 
surrounded by light readout fibers

• Immersed in 20 tons of 
underground liquid argon 
(low level of 42Ar) 

• LAr is both active shield and 
cryogen

UGLAr

String

Fiber shrouds are 

built in 3 equal arc 

sections, mount to 

assembled string

•Detectors in holders hang 

from the detector above to 

form a string.

•Nominally 8 detectors per 

string, but can vary 

depending on actual 

masses and heights

String prior to fiber 

shroud installation

Related Detail talks:

•String installation and 

commissioning

Installed in a large (~ 6 m) cryostat at LNGS (Italy)



Conclusion

• My personal journey with Compton-suppressed 
Ge began with Robert at ANL

• As these tools were developed and refined, they 
gave us incredible, unimagined insights into the 
nucleus

• Robert has been a wonderful companion to all of 
us along this journey

• For me, this journey has culminated in the 
ultimate Compton-suppressed array,
LEGEND-1000



Thank You, Robert

• Superb physicist

• Mentor and colleague

• Wonderful friend in a difficult time

• Best man



Backup Slides



ICPC Ge Detectors: Pulse Shape Analysis

Acceptance Window

Weighting Potential and Charge Drift

Shockley-Ramo Theorem:

       Weighting Potential:  

 signal (single site)

• Event Topologies through Pulse-Shape Analysis 

Gamma-ray background (multisite)

More details in presentation A05

Weighting Potential and Charge Drift

Acceptance Window Charge signal

Current signal

Animation only visible in pptx



Evolution of In-Beam Gamm-Ray Detection

Ge(LI)

• Resolving power:  The ability to observe weak gamma rays 
or cascades from rare and exotic nuclear states
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