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Crystal Lattice Defect Quenching 

(CLDQ)



CEVNS interaction in a crystal lattice
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• Step 1) the neutrino scatters off the nucleus, transferring a defined momentum q 
• Timescale << picosecond – spatial range: point-like

• Step 2) the nucleus oscillates in the lattice's potential well. 
• Case a) The nucleus scans it potential and dissipate energy but relaxes back to its initial state 

• Dissipation of phonons
• Dependence on the material and momentum q
• Mild dependence on direction of the signal upon incoming direction

• Case b) The nucleus escape from its potential and create a vacancy
• Creation of a lattice vacancy (defect)

• Some energy may be used (quenched) for this process
• Direction dependent (in the crystal frame)
• Depends on the material and momentum q>qmin

• Subsequent dissipation of phonons

• Step 3) the primary recoil atom (PKA) may start moving other atoms of the lattice
• Timescale : 100 ps – range : few nm



Crystal defect induced energy loss
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• Crystal defects can be formed whenever incident radiation strikes an atom, transferring sufficient 
energy to remove the atom from its lattice site, resulting in a vacancy

• After a few recombinations (100’s ps or so), « part of the incident energy » is used for the 
creation of defects, defect clusters, dislocations... This is also referred to as the Wigner energy (𝛿𝐸!)

: 𝐸!"#$%&

𝛿𝐸!



Example of crystal defects
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Vacancy interstitial Frenkel pair

• Other defects: Schottky pairs, dislocation (aligned set of defects), cluster of defects, … not considered here …

• The defect tagging itself may be used to detect rare radiation events (DM) and potentially their direction!



Frenkel pair: formation / recombination
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• Frenkel Pair (FP)

• Creation
Need E > EF + EA
EF: Formation Energy

• Temperature-dependent
recombination
Need E > EA
EA: Activation 

Energy

Nature Scientific Reports volume 7, Article number: 3403 (2017)



Radiation induced CLDQ
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• Penetrating radiations of all forms induce lasting defects in most of materials 

• In solid-state detectors:
• High-energy electromagnetic radiation interacts primarily with the electron system

• Indirect induction of crystal defects (for high energy radiation of 100’s of keV, E>>EF)
• Neutrons (Nuclei) interact primarily with lattice nuclei 

• Can create long-lived defects for Erec > 10’s eV

• Coherent Neutrino Scattering off nuclei inside a crystal
• Induce a 10-500 eV nuclear recoil: 𝑬𝒓𝒆𝒄𝒐𝒊𝒍 à corresponds to the energy scale of defect formation
• Part of the energy may create a long-lived defects: 𝛅𝐄𝐖(𝐄𝐫𝐞𝐜𝐨𝐢𝐥(𝜽), 𝐩𝐚𝐫𝐭𝐢𝐜𝐥𝐞 𝐈𝐃, material)
• Possible bias in energy reconstruction: 

𝑬𝒗𝒊𝒔𝒊𝒃𝒍𝒆 = 𝑬𝒓𝒆𝒄𝒐𝒊𝒍 − 𝛅𝑬𝑾(𝑬𝒓𝒆𝒄𝒐𝒊𝒍 𝜽 , 𝐩𝐚𝐫𝐭𝐢𝐜𝐥𝐞 𝐈𝐃,𝐦𝐚𝐭𝐞𝐫𝐢𝐚𝐥)



Published in: Bu Wang; Yingtian Yu; Isabella Pignatelli; Gaurav Sant; Mathieu Bauchy; J. Chem. Phys. 143, 024505 (2015) - DOI: 10.1063/1.4926527 Copyright © 2015 AIP Publishing LLC

Threshold displacement energy (Ed) along
different directions in quartz crystal

Sizable variation 
with respect the 

incoming radiation 
direction
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Dummy-scenario

for illustration

(CLDQ is enhanced)
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Dummy CLDQ energy loss function

[0001] Al 

[1120] O 

Consider a constant energy loss fraction at 𝐸≿ 50 eV.

Al203 - Toy-model… Consider neutrinos arriving from a specific direction
Enhanced energy loss for illustration !
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CLDQ + resolution: transfer matrices

+ =

Ed:
threshold
effect

Ef:
#vacancies
(descrete)
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Impact on CEVNS spectrum (Al2O3 – analytical evaluation)

• Blue Curve:
Input reactor
CEVNS spectrum
versus true recoil energy

• Red Curve:
CE𝜈NS Spectrum including
lattice defects energy loss
versus the visible energy

• Gold Curve: 
relative energy loss
(no shape distortion for 
E>100eV)

Peaked structure ! 
A fraction of the 
events are shifted to a 
lower visible energy

!!! CLDQ is enhanced for illustration !!!
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Simplified CLDQ 

Simulation

(Ge, Al2O3, CaWO4)

Thierry Lasserre – 16/07/2022



Displacement energies & Formation energies

CEVNS Dummy Spectrum at Nuclear Reactor

Displacement energies matches the 
CEVNS@Reactor Regions Of Interest! 

Thierry Lasserre – 16/07/2022



SRIM - Calculate the stopping and range of ions into matter
• A moving atom is considered as an “ion” 

and all target atoms as “atoms”
• Uses a quantum mechanical treatment

TRIM - (the Transport of Ions in Matter)  - Monte Carlo
• 2D Target
• Anamorphous
• Specific recoils generated at a specific target location/orientation

Radiation Damage MC simulation
• Emulation of cascades in crystal – fair estimate
• Input parameters

• Edisp : Threshold displacement energy
• Elatt : Defect formation energy
• Material density

One step further: TRIM/SRIM simulation

Thierry Lasserre – 22/07/2021
"SRIM - The Stopping and Range of Ions in Solids", by J. F.
Ziegler and J. P. Biersack in 1985 (a new edition in 2009)



Kinchin-Pease recoil cascade’s simulation

PKA 
recoil
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TRIM inputs and outputs 

Inpuy: Target simulated
- Germanium
- Al2O3
- CaWO4

Specific weighted set of Ed/Ef to 
emulated the crystal orientation

Input: CE𝜈NS @Reactor
Recoil Spectrum
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Visible/Recoil transfer matrix (here α − Al2O3)

Thierry Lasserre – 16/07/2022

• Transfer Matrix (TRIM): 
Visible energies ≡ 𝐟(𝐑𝐞𝐜𝐨𝐢𝐥 𝐄𝐧𝐞𝐫𝐠𝐲)

• Visible energy < Recoil Energy
• CLD Quenching
• Specific values depend on Ed’s, Ef’s
• Ed’s, Ef’s still not well known

• A range of visible energies can 
be tied to a single recoil energy!
• Energy cannot be assigned

on an event-by-event basis!

• Energy spectrum reconstruction 
can be statistically processed



Visible/Recoil transfer matrices
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CEVNS@reactor: visible & recoil spectral shapes

Generic trend: the overall spectrum
is slightly pushed towards lower energies
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CEVNS@reactor: CLDQ spectral distorsion
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Peak location/amplitude rely on ‘single’ 
simulations that can’t be easily verified …



Impact on CE𝜈NS cross-section measurement

• Goal: estimate the impact of the CLDQ on the 
CE𝝂NS cross section measurement

• Method: 
• Use SRIM simulations to evaluate CLDQ impact on 
CE𝜈NS spectrum (conversion from recoil energy to 
visible energy) 

• Compare (fit) mock data with CLDQ to the CE𝜈NS 
model not including CLDQ 

• Consider infinite statistics – 100 millions CE𝜈NS int. –

• Normalization bias = estimator of the CLDQ systematics

mock data 
with CLDQ 

Model 
without CLQD
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Impact on CE𝜈NS cross-section measurement
Fit Ge CE𝜈NS mock data with model without CLDQ 
ROI between 20 eV and 100 eV 

Best fit
CE𝜈NS model
no CLDQ

CE𝜈NS mock data
with sim. CLDQ

CLDQ systematics:
2.1%
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Proxy-setup : NUCLEUS@Chooz – Phase I & II
Meeting minutes Nu-cleus @ Saclay (18/07/2018) 

 
Attendents: 

• V. Wagner (Irfu/DPhP) 
• C. Nones (Irfu/DPhP) 
• Anastasiia Zolotarova (Irfu/DPhP) 
• Florence Ardellier-Desages (Irfu/DIS) 
• Loris Scola (Irfu/DIS) 
• Jean-Marc Gheller (Irfu/DACM) 
• Patrick Pari (Iramis/SPEC) 
• R. Strauss (MPP Munich) 
• M. Vivier (Irfu/DPhP) 

 
General presentation + status of the project (R. Strauss) 

• ERC funding granted (still unofficial, should remain “confidential” until final decision 
in August) 

• Visit of the Hanbit nuclear reactor complex in South Korea. Interesting location in the 
tendon gallery of one of the reactor containment building, actually where the NEOS 
detector was operated. Baseline < 20 m from the core + ≈ 20 m.w e overburden 

• Possible visit to the Kaliningrad nuclear power plant (offered by GEMMA/DANSS 
collaboration people). Possibility for a visit end of 2018  

 
Status of the very near site @ Chooz (M. Vivier) 

• Article in preparation (lead by Victoria) 
• Project memo drafted and circulated to EdF for their information. To be continuously 

updated with the latest project developments 
• CEA/EdF agreement still being discussed and worked on 

 
General discussion about cryogenic infrastructure and shielding (all) 

• Two cryostat solutions are under consideration: “deported” cryostat and top-loader 
cryostat 

• We should aim for a “mobile” setup, which can be moved in a straightforward way to 
a reactor site after commissioning.  

 

    

muon veto 
Dilution 
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polyethylene 

Cu 
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shallow overburden 

fidVCD 

100-120cm 
20cm 

180-200cm
 

coldfinger + 
exp. volume 

Compact 
shielding 
(2 parts) 

Muon veto 
(main) 

Rail system 

Distribution 
plate 

Rack for 
cryostat 

“Top-loader”	cryogenic	setup	
Design	concept	for	NU-CLEUS	
20.7.2018	

Muon veto 
(top cover) 

Chooz Power Station, Fr

2 x 4.25 GW PWR

“Very Near Site” - VNS

- 85 m - 3 mwe

- flux: 3.1012 cm-2 s-1

No background

in this study

2 years – 50% yield 

ROI [20-200] eV

VNS

Detectors: 10g / 1 kg

Ge / CaWO4 / Al2O3
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σstat ≫ σCLDQ

CLDQ Systematics for CE𝜈NS cross-section

Simulation of CE𝜈NS 
cross section measurement

NUCLEUS-10g NUCLEUS-1kg 

σstat ≲ σCLDQ
CLDQ

Thierry Lasserre
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Limitations of this study

• Displacement energies
& formation energies
are still not yet known

• Limited type of defects
have been considered (others?)

• TRIM/SRIM : 2D amorphous material
A user-friendly toolkit for a fair estimate

Thierry Lasserre
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Conclusions
A quantitative study of the impact of the Crystal Lattice Defect Quenching
for the forthcoming reactor neutrino CE𝜈NS measurements
• Rely on:
• Litterature values of Edis / Ef
• Frenkel defect only
• TRIM/SRIM cascade simulations

• « Phonon detector »: Visible Energy ≠ Recoil Energy
• Impact on energy calibration
• Non-linear effect for Evis ≲ max(Ed) 

• A 1-3% systematics effect on the CE𝜈NS cross section (if neglected) 
• Could this jeopardize beyond standard model physics searches?

Thierry Lasserre
16/07/2022



Perspectives by 2024

Ongoing collaboration with solid state 
physicists at CEA – Saclay

• Dedicated VASP 
simulations

• Identify defects and calculate
their formation energies

• Calculate displacement energies
Thierry Lasserre

16/07/2022

@G. Soum



Thank you for your attention









all directions Al2O3

all directions in CaWO4 specific direction in CaWO4

all directions Ge


