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Outline

1/ The importance ofatomic collisions
2/ Simulation of atomic collisions
3/ Adetailed example: CRABT accurate calibration of bolometers
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Energyossof anatomin acrystal

Complex process, depends on the atom energy mass and on thetarget

Nuclear recoil in the target(f. g. neutron interaction), ionfrom radioactive source or ionbeam

incident
particle
(back scatterir%
Nuclear energy loss /\ Electronic energy loss
Cascade of elastic collisions with ( sputterin) Dominant at highenergy
the atoms in the absorber of a hotons
cryogenicdetector lattice defects/ | " ﬂuoresceme
_ s
Energystored in crystal defects :g,egi I | clectrons.
\ J FromP.Egelhof S. KraftBermuth, Prog. Part.

. Phys.132, 104 202
heat

Simplified image of the energy flow in the absorber
Energy notdetected as heat


https://doi.org/10.1016/j.ppnp.2023.104031
https://doi.org/10.1016/j.ppnp.2023.104031

Duration: ~10ps

Incoming Particle
(n, p*, etc.)

Primary Knock-on
Atom (PKA)

Animation courtesy of A. Couetand C.Parkin, WisconsinUniversity
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Animation courtesy of A. Couetand C.Parkin, WisconsinUniversity



Energy

Displacemenbfatoms .

Reaction coordinate

A
]----- .

>
0 E4 Kinetic energytransferred

to the atom

FromG. S.Was, Springer (2016)

E,: threshold displacement energy

A Kinetic energyneeded to create a defect

A Dependson the recoil direction

A Not asharp threshold (atomic vibrations, impurities etc.)

E:: formation energy
Energy of thedefect


https://doi.org/10.1007/978-1-4939-3438-6

Atomic collisions ifholometers
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Energy loss in low energy nuclear recoils in dark matter detector materials
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Recent progress in phonon-mediated detectors with e V-scale nouclear recoil encrgy sensitivity requires an

undercandine of the offect of the crvaalline defecic on the enerev cnectrm exnected from dark matter or

Crystal Defects: A Portal To Dark Matter Detection

Fedja Kadribasie, Nader Mirabolfathi
Department of Physies and Astronomy. Teras AEM University, College Station, TX, USA

Kai Nordlund and Flyura Djurabekova
Helsinki Institute of Physics and Department of Physies, PB |3, University of Helssnks, Fenland
(Dated: February 12, 2020)

We propase to use the defect creation energy loss in commonly used high energy physics solid state
detectors as a tool to statistically identify dark matter signal from background. We simulate the
energy loss in the process of defect creation using density functional theory and molecular dynamics
methods and calculate the corresponding expected dark matter spectra. We show that in phonon-
mediated solid state detoctors, the encrgy loss due to defect creation convolved with the expected
dark matter interaction signal results in a significant change in the expected spectra for common
detector materials. With recent progress towards ~10 eV threshold low-mass dark matter searches,
this variation in expectod dark matter spectrum can be used as a direct signature of dark matter

RESEANGH ANTICLE | AUOW
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Energy loss due to defect formation from *Pb recoils in
SuperCDMS germanium detectors ©
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Impact of Crystal Lattice Defect
Quenching on CEVNS at reactors

Excess Workshop 2022, Vienna

Thierry Lasserre & Chloé Goupy
CFA & TUM-SFR125R

the resoduth

Lattice Damage in Superconducting
Microcalorimeter Detectors

Robert D. Horansky, Katrina E. Kochler, Mark P. Croce, Gerd J. Kunde,

Ihere b currently significant interest in wsing so.
detectons for messorveent of lon Kineth energies.
M resolution s posaible with an order of magmitude
ovvr semicondocton. Sepercomducting delecton are

Michacl W. Rabin, Barvy L. Ziok, and Jocl N. Ullom

detectors. Then we will use the calculations of Andersen.
Lindhard o ol and Haines of al. as well as simulatsons
with SRIM to compare (o expected results from our detecton

e d by struc. |16} Some comparisons 10 cxperimental results will also be

1 troscopy. tramsition.edpe semsor.

caused by Incoming fons. Here we will cakculate
iresolution Nmits due to loa damage. as well 2 use
ardo simulation SRIM o compare resubts. Finally,
b en-going experiments will be made when posible.
—Lattice  defects, microcalorimeter. Q  spec.

discussed

I CRYOGENIC MICROCALORIMETERS

Cryogenic calorimetens are made up of two hasic clements
an alnarber and o thenmometer. In 0Ur group, We e super 7




The importance of atomic collisions

Highenergycascades:

| -spectroscopy



.{ - S p e CtrOSCO py'eso I Utl O n Mixed isotope Pu J particle spectrum

200 (a)

|dentification of trace nuclear materials performed with J -spectroscopy

150 L 1 “¥py

Counts

Example: measurement of the 240Pu/?3%Pu ratio
indicate the intented purpose of a Pusample : —
Witha Si diode

R. D.Horanskyandal., Appl. Phys. Lett. 93, 123504 (2008) Resolution~8keV@5MeV |20
Straggling~5keV

100

0
200
Al aperture
Absorber
o 150
[ e
Thermometer 3
O 100 |
- Thermal weak link With the microcalorimeter o
Resolution~ 1.1keV@5MeV|°°
Heat bath Straggling~1.7keV
Al 80 mK shield —¥ 0 '
5000 5050 5100 5150 5200
R. D.Horansky andal., J. Appl. Phys. 107, 044512 (2010) Energy (keV)

Energyresolution is a key factor for nuclear
materials identification with J -spectroscopy 9



https://doi.org/10.1063/1.3309279
https://doi.org/10.1063/1.3309279

] -spectroscopyresolutionlimit

R. D.Horansky andal., J. Appl. Phys. 107, 044512 (2010) 1st estimation in H. H. Andersen,NIM-B 15, 722(1986)
TABLE 1. Resolution degradation mechanisms. A fluctuation of the energygoingto atomic movementE,

A fluctuation of the number of created defects for asame E,

E fl i . ) :
fergy Tuctuation Limit of the resolution for 5MeV | -particles : ~1keV

Mechanism (eV)
Total measured resolution 1090
Thermodynamic 98 . " "
Room temperature amplification 265 Relies on the "NRT" formula for theumber of created defects
Temperature fluctuations 134 En ( E )
Electron emission 80 TL(E) — O42E—
Anomalous thermalization 320 d,ef f
Total degradation in quadrature 520 M. Norgett, M.T. Robinson, |. Torrengylucl. Eng. Desigr83, 50 (1975)
Cf. K. Nordlund, et al.,J. Nucl. Mat512, 450 (2018for a recent model
Unaccounted energy fluctuation 960
Comparison of calculations with SRIM simulations andavailable
/ experimental results:
R. D.Horansky, et al., IEEE Trans. Appl. rcond. 23, 2101104 (2013)

Fluctuation of the energy stored in defects ?

10


https://doi.org/10.1063/1.3309279
https://doi.org/10.1016/0168-583X(86)90399-X
https://doi.org/10.1016/0029-5493(75)90035-7
https://doi.org/10.1016/j.jnucmat.2018.10.027
https://doi.org/10.1109/TASC.2013.2237938

The importance of atomic collisions

Lowenergynuclearrecolls
DM andCEVNS



Sub-keVnuclearrecolls

Directdetection of light DarkMatter

10" e
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J. Billardet al., Rep. Prog. Phys85, 056201(2022)
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Moved !/

from NUCLEUS comics
C. Goupy, CEA- IRFU

tiny nuclear
recolls

Precisiormeasurementsvith coherentneutrinos/nucleiscattering

AV
/
7’

EJ]WOM~1Jé

Nuclear recoill
E = 16100eV

—&6

Complementary tests of Standard Model
Reactor antineutrinos: few MeV

Nuclear recoils <1keV with low-threshold bolometers
Sensitive to thedisplacement thresholds and energystored in
few created defects

--> possible bias in energyreconstruction

12


https://nucleus-experiment.org/nucleus-bubbles
https://doi.org/10.1088/1361-6633/ac5754

Simulation of atomic collisions

BinaryCollision Approximation:
SRIMetc.



BinaryCollision Approximation

\/4‘

N é

-
A lontravel in matter approximated by
A asequenceof independent 2-body elastic collisions
A straight path between collisions (takinginto account
electronic stopping power)
A Recursivetracking of secondary recoils

A Developedfor irradiation experiments

A Universal roughinteratomic potential

A Most codes: random material (no crystal structure)

'Dep‘t.h vs. Y-Axis

> ? | | | | |
0A Target Depth 1000 A

Imagefrom a SRIM simulation

SRIM:vastlyused, BCA benchmark but

code is poorly documented
J.F. Zieglernyww.srim.org

IRADINA:open source alternative,veryfast

C. Borschel, C. Ronning Nucl. Instrum. Methods Phys.
Res. Sect. B 269, 2133 (2011)

J-P. Crocombette and C. VanWambeke EPJ Nuclear Sci.
Technol. 5, 7 (2019)

14


http://www.srim.org
https://doi.org/10.1016/j.nimb.2011.07.004
https://doi.org/10.1016/j.nimb.2011.07.004
https://doi.org/10.1051/epjn/2019003
https://doi.org/10.1051/epjn/2019003

BinaryCollision Approximation

K Qualitative

A Very fast

A Modelling of high-energycollision
cascades

\depth

~

ﬁ Qualitative \

A Displacementthreshold energyis an
entry parameter

A Confusion between the number of
displaced atoms & the number of defects

A Commonlyused to estimate implantation

J

\ANO access to energystored in defects /

15



] -spectroscopyresolutionlimit

R. D.Horansky andal., J. Appl. Phys. 107, 044512 (2010) 1st estimation in H. H. Andersen,NIM-B 15, 722(1986)
TABLE 1. Resolution degradation mechanisms. A fluctuation of the energygoingto atomic movementE,

A fluctuation of the number of created defects for asame E,

E fl i . ) :
fergy Tuctuation Limit of the resolution for 5MeV | -particles : ~1keV

Mechanism (eV)
Total measured resolution 1090 . " "
- . Relies on the "NRT" formula for theaumber of createddefects
ermodynamic 98
Room temperature amplification 365 En (E )
Temperature fluctuations 134 n(E ) — 042
Electron emission 80 d.eff
Anomalous thermalization 320 M. Norgett, M.T. Robinson, I. Torreng\lucl. Eng. Desigr33, 50 (1975)
Total degradation in quadrature 590 Cf. K. Nordlund, et al.,J. Nucl. Mat512, 450 (2018for a recent model
Unaccounted energy fluctuation 960 Comparison of calculations with SRIM simulations andavailable
experimental results:
/ R. D.Horansky, et al., IEEE Trans. Appl. Supercond. 23, 2101104 (2013)

Fluctuation of the energy stored in defects ?
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https://doi.org/10.1016/0168-583X(86)90399-X
https://doi.org/10.1016/0029-5493(75)90035-7
https://doi.org/10.1016/j.jnucmat.2018.10.027
https://doi.org/10.1109/TASC.2013.2237938

Simulation of atomic collisions

MolecularDynamics



Goal: a movie of the cascade

Simulate the cascadeitself with the correct dynamics and energy. Molecular Dynamics

A step by step displacements with time discretization (; ©1015s):
A Newtonian Dynamics

d’r, -
Mgy~ (t)
A Numerical method (Verletintegration algorithm)

(i?Qﬁ(t) + 0 ((6t)*)

ri(t+dt) =2r(t) — ri(t — 0t) +

18
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L. VanBrutzel, M. Rarivomanantsoaet D. Ghaleb,
J. Nucl. Mater354, 28 (2006)

80keVrecoil in UG,

Sl


https://doi.org/10.1016/j.jnucmat.2006.01.020
https://www.dropbox.com/scl/fi/mzhmhn3t7xd6n76ukve4x/20240329_atomic_collisions_in_bolometers.pptx?rlkey=0fdjy8tjiu2kg3aj7dw4wokwz&dl=0
https://www.dropbox.com/scl/fi/mzhmhn3t7xd6n76ukve4x/20240329_atomic_collisions_in_bolometers.pptx?rlkey=0fdjy8tjiu2kg3aj7dw4wokwz&dl=0
https://www.dropbox.com/scl/fi/mzhmhn3t7xd6n76ukve4x/20240329_atomic_collisions_in_bolometers.pptx?rlkey=0fdjy8tjiu2kg3aj7dw4wokwz&dl=0

Exampledisplacementascade simulation

|dea: accelerate an atom in a big simulation box, follow the motion of alatoms, analyzefinal positions

The PowerPoint version including

animations and videos can I:e ::3?7236?;%
/scl/fi/mzhm

httgs://www.drogbox.oom fi : ‘

ukve4x/20240329 atomic_collisions 1N bolometers

thx’?rlkey=0fd]y8t]iu2kg3ai7dw4wosz&dl=0

80keVrecoil in UG,
global view

Onlydisplaced atoms (>0.8 A)

At the end:

26000atoms displaced by morethan 2A
404 Frenkelpairs created

L. VanBrutzel, M. Rarivomanantsoaet D. Ghaleb,
J. Nucl. Mater354, 28 (2006)
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https://doi.org/10.1016/j.jnucmat.2006.01.020
https://www.dropbox.com/scl/fi/mzhmhn3t7xd6n76ukve4x/20240329_atomic_collisions_in_bolometers.pptx?rlkey=0fdjy8tjiu2kg3aj7dw4wokwz&dl=0
https://www.dropbox.com/scl/fi/mzhmhn3t7xd6n76ukve4x/20240329_atomic_collisions_in_bolometers.pptx?rlkey=0fdjy8tjiu2kg3aj7dw4wokwz&dl=0
https://www.dropbox.com/scl/fi/mzhmhn3t7xd6n76ukve4x/20240329_atomic_collisions_in_bolometers.pptx?rlkey=0fdjy8tjiu2kg3aj7dw4wokwz&dl=0

Energy and force engines

A Molecular Dynamics simulations request an "energy and force engine":

Atomic positions

v

ri(t)

Energy
Force oneachatom f(t)

A Byproduct: relaxation of a structure to a localenergyminimum

(e. g.minimization algorithm: conjugate gradient)

A 3 types of engines:

000 0000
o‘ofo o © %
Q.,Q. ®©0g o©
o0 000 0 000

A "Ab initio": DensityFunctional Theory ofelectronic structure

A Empirical interatomic potential

A Machine Learninginteratomic potential

21



Simulation of atomic collisions

Energy and force engine:

"Ab Initio": Densitfrunctionallheory o€lectronicstructure



Hartree units

Electronicstructure hmme=e= 3L =1

Schrddinger equation : N nuclei and n electrons problem

Hy = E
. 13, 181, 7 717 1
H=—-35> Vi—52 iy Vi— 2 = ZI?"—TI 2 TF
i—1 =1 " i1 |7 — R 2 Iri—r; 147 |[Br — Ry
\ Y /A I ' \ T ' l ! '
Kinetic energies Nuclei T electrons Electronsr electrons NucleiT nuclei
attraction repulsion repulsion

First simplification: Born -Oppenheimer 7 << M4

A Movementof electrons decoupled from movementof nuclei
A Electronic ground-state for each position of nuclei
-->nuclei aretreated classically

--> positions ofnuclei are parameters of the Hamiltonian (not variables)
23



DensityFunctionallTheory (DFT)

Ground-state energy of the system is a functional of the electronic density p () (Hohenberg-Kohn, 1964)

L Zrp(T / ) p(r) ! 2147
E [p(7)] = Z/ HT‘—RIH HT_T didr’ + Ege + ; Hﬁj—gJu

\ ]
1

Classical part (Hartree) l

Small quantum remainder
"exchange T correlation functional "

24



DensityFunctionallTheory (DFT)

Ground-state energy of the system is a functional of the electronic density p () (Hohenberg-Kohn, 1964)

E[p(r)] =

??77?

Z/ Zip / Pp(r) dFdr’ + e + Z 212
|- RfH -~ 75 || - B
Classical part (Hartree) l
299 . Small quantum remainder 299

"exchange T correlation functional "

25



DensityFunctionallTheory (DFT)

Simplifications:
A Monoelectronicwavefunctions ¥ (71, ..., Tp) = Hwi (7)) —— p(r) = ZH%

A Electronic Hamiltonian A(7) is a function of electronic density

Kohn-Sham 1

HVaelp] (

hi

equations (M) = eithi(7)  with h(r) = —Sv2 - > Hr—RIH +/ . )7

??77?

26



DensityFunctionallTheory (DFT)

Simplifications: n . L
A Monoelectronicwavefunctions ¥ (71, -+, 7n) = H Vi (1) —— p(F) = Z |4 (7)]]
1=1 ;

A Electronic Hamiltonian h(7) is a function of electronic density

ggggigim h(r)i(r) = €ivi(r)  with h(f’):_;v2_i H ZI*H +/HP(T

I=1

Exchange-correlation : manymanydifferent available ways to approximatethe functional

LDA (Local Density Approximation)inhomegeneouselectronic density modelled locally as anhomogeneouselectron gas
D. M.Ceperleyand B. JAlder, Phys. Rev. Letid5, 566 (1980)

GGA(GeneralizedGradient Approximation):Group ofmethods based on the localelectronic density + the gradient of theelectronic density
Ex:J. PPerdew, K.Burke and M.Ernzerhof Phys. Rev. Lett77, 3865 (1996)

27


https://doi.org/10.1103/PhysRevLett.45.566
https://doi.org/10.1103/PhysRevLett.77.3865

DFT irpratice

Simplified algorithm :

Readatomic positions
Initialize p () with trial ¥;(7)

'

Calculate h(?:)

I W'

y

Solve KohnShamequations

h(r)yi(r) = eibi(7)

!

Compute the newelectronic density

p(7) =D llvi (]

i

Calculation of energyand forces

v

lterate to self-
consistency

Displacement of nuclei

28



DFT irpratice

I\/_Ianypo&_‘,5|b!e choices for basis sets,functionals, @Best description availa® / \
diagonalizationschemesetc. A O(m)scaling: limited
' |
+ many different codes! A Cancompute energy to ~1000atoms and
w stored in defects through 1000steps
: structure relaxation
Formost solid-state DFT codes: A Not suitable to
é Periodic systemswith sampling of thereciprocal space A Cairlie veed e il & simulate cascades. ..
Valenceelectrons + ions
. : database for ML
A Minimum radius around the atoms where the potentials \ /
description starts to fail --> atoms too close do not \ /

interact correctly
A O(nd) scaling

29



Simulation of atomic collisions

Energy and force engine:

Empiricalinteratomicpotentials



Empiricalpotentials

A Quantum mechanical / electronic effects are hidden in anempirical
potential of interatomic interactions

A Attractive part (model the bond) +epulsive part at short distance

A Assumed shape based on thetype of chemical bonding

A Depend on atomic positions + afew parameters (~2-100)

A Fitted on physical properties : crystallographic structure, elastic
constants, formation energyof defects etc.

of the material"

A Very fast:adapted for
MD simulations of
\_ cascades

(& Basedon the 'physics\

A Qualitatively accurate at best

A Lackof transferability

J

Lennard-Jones potential for van der
Waals interactions in noblegas crystals
(pair potential: depends only on the
interatomic distance)

RN (EE)

=]

Interatomic
distance (A)

i
[}
T

!
-
o
T

Potential energy
Potential energy (ergs x 10'%)

Rav)
The potential energy of pairsof inert gas atoms as a function of their distance apart in A

J. E. Lennarelones, Proc. Phys. Soc43, 461(1931)
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https://doi.org/10.1088/0959-5309/43/5/301

MD simulationsvith empiricalpotentials

S. Sassietal., Phys. Rev. 106, 063012 (2022)

Box of 4096atoms @40mK
Recoils:
A Atom in the central unitcell

A Randomdirection
A Energy 1200eV 6tep: 2eV)

Borderregionwith temperature
control @40mK

Simulation for 20ps

>1000 directions

Defect probability

0.8
0.6
0.4
0.2

0.8
0.6
0.4
0.2

0.8
0.6
0.4
0.2

2 different empirical

/ potentials

P 7
- Erhart .
B Tersoff-Nordlund |
| T T
[ '
| ‘ 1
Ge
| | |
0 50 100 150 200

Recoil energy (eV)

Average energy loss to defects (eV)

30
20
10

0
30

20
10

0
30

20
10

o

C
Erhart N
Tersoff Nordlund
g |
Ge

_—

0

50 100 150
Recoil energy (eV)
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https://doi.org/10.1103/PhysRevD.106.063012

dR/dE (keV ™ 'kg~'y~1)

Impact on DMenergyspectra

S. Sassietal., Phys. Rev. 106, 063012 (2022)

| 1 GeV 1 GeV | ForalGeVDM particle, assuminga spin-
o0 60 independent interaction
40 40 . :
In , ratewithout energystoredin defect
20 - | 20 In color, rate with energystored in defect
o © Erhart o C Tersoff-Nordlund Distortion of the spectrum shape at low energy
- T BaM T A In C ¢iamond detector
3001 1 GeV | 1 GeV C tiamo )
1 500 Sharpdisplacement energythreshod --> peak
200 ' A Forother materials:
1,000 Smooth distortion, degenerescencewith
| researchof Beyond Standard Modeéffects in
100 500 CEvNSspectra
0 Si | 0 Ge

10° 10" 102 10° 10° 10" 107 10°
Energy (eV) Energy (V) 33


https://doi.org/10.1103/PhysRevD.106.063012

Simulation of atomic collisions

Energy and force engine:

Machine Learningiteratomicpotentials

DFT

Cpu time

ML

Empirical potentials

potentials

Quantitative

34



Machine Learningotentials

Gapbetween fast+lessaccurate empirical potentials and O(r?) more accurate DFTmethods

|dea: use database of atomic positions and forces Calculated with DFT) to design/fit a Mpotential

Performance andaccuracy determined by 3equally important components

Data:
Atomic configurations
A Energy of the system
i DFT
Atomic — | A Force oneach atom
positions A Stress
| Machine | earning:
Build the design matrix
l Replaced by Fit in thedescriptor space to
Atomic descriptors : reproduce physical observables

Mathematical description of the crystal structure
around each atom

Invariant by translation, rotation, permutation of
atoms

Interatomic
potential



ML Potentials database

Content should be adapted to the intented
use of the potential
"art and science" (Bartdk)

Examples
A Database with only diatomic molecules

---> potential will depend only on the
distance

A Forcascades, database needsto
include configurations with very close
atoms

Lists of cartesian coordinates can lookvery
different but represent very similar
structures (e. g.through a symmetry
operation)

Data:

Atomic configurations

Atomic

positions

DFT

—

A Energy of the system
A Force oneach atom
A Stress
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ML Potentials atomicdescriptors

Describes each local atomic environmentin
each configuration

Manydifferent possible descriptors:
A Distances/angles between atoms

A Spectral analysis of neighbor density
A Etc.

A Hybridization possible

Atomic descriptors :
Mathematical description of the crystal structure

around each atom
Invariant by translation, rotation, permutation of
atoms
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ML Potentials MLmagics

A Non-linear methods: "Kernel" methods,
Neural networks

Machine Learning:
Build the design matrix A Linear Machine Learning potentials :

Fit in thedescriptor -->simpler, quicker

space to reproduce --> training/test error higher

physical observables --> goodtrade-off between
accuracy and computational

efficency
--> goodchoice for MD simulations

Interatomic
potential

38



Lineamachinelearning LML)potential

Summation of local atomic descriptors

) ss e cLetet ‘

(111) surface, 12 atoms

i i

R12><D
m| s

o
2
a
6
s e s
10

o 1 2

1 bcc atom

RIXD

EY

RIXD
o 1w w4 s e 7 @

o s

: Q|||||||I

1/2 <111> screw dipole in bce
135 atoms

.| Q135D

RlXD
ql | | | | | | I
o 10 2 B 4 % e . @

(& Much fasterthan DI%
A Allow MD simulations

A Quantitative

G J

(A Slowerthan empiric%
potentials

A Lackof transferability

Linear regression in the descriptor space

bulk

lllll

bulk
-
4
o 4 MD-
H
I 2 surfaces ___
16 —_—
20 ;
2 =
, w1
2
36
X 20 " ——
a1 —
P I
52
o
- 33
68
77
m.
a0
P
a8
o —
0 10 20 30 40 50 60 70 80
dislo —
0
RMXD RDxl R.Mxl

design matrix parameters DFT data

\A Tricky )

From M. C. Marinica, A.Goryaeva et al.,
CEAinternal document, 2021



A detailed example: CRAB

The CRARBethod

CalibratedRecollsfor AccurateBolometry



100eVnuclearrecolls

Maximal recoil energies for various processes
(target = W)

103;.. y

f emission
CEANS

< Dark Matter
Fast neutron

Lll!!llllllll llll!lllllllllllllllllllllllllllll

0 1 2 3 4 5 6 7 8 9 10
E, (MeV)

Rl l ) YR B R S YN B O TR e Rl O l P A N R IS l R AR O l 111 l..i
0 1 2 3 4 5 6 7 8 9 10
E. (MeV)

[ ¢ (U B G l S0 . l | G o Il l | d I 21 l L. §:i3cq l LI 11 i [ e () 25 | l gesf iy l g gy g [ .19 % I
0 1 2 3 4 5 6 8 9 10
M,,, (GeV)

Rbetaod l bttt I W .. e l W . l LA A il l .- J
0 1 2 3 4 6 7 8 9 10

5
T, (keV)

Sub-keV nuclear recoils are the expected signal for:
A CEvVNSwith MeV neutrinos
A Direct detection of low -mass O(GeV) DM

}

Understanding the subkeV nuclear
recoil signal is crucial for upcoming
experiments searching for new physics

Calibrated sub-keV nuclear recoils from:
A Elastic scattering of keV neutrons
A Nuclear recoils following MeVr emission

41



CRAB calibratiomethod

(D) Thermal (25 meV)neutron capture

(2) Emission of a single-r with
energy S, ~ 58MeV
Leavesthe cm-size detectorwithout
energydeposition

Thermal
neutron beam

Low-threshold

bolometer Well -defined recoil energy

(two-body kinematics)
Ey
2Mc?

~ 100e\f1keV

High-precision & all specifications of physics:
A Purenuclear recoils

A In the bulk of the detector

A In thesub-keV region

L. Thulliez, D. Lhuillier etal, JINSTL6 PO7032(2021) 42



https://doi.org/10.1088/1748-0221/16/07/P07032

CRABargets

Suitable candidates have
A High natural abundance

v

A Large neutron capture crosssection

A High branching ratio for singler transition
A Volumic number of target atoms in the detector

The four main cryodetectors used in the DM/CevNS
communities could be calibrated with CRAB

Cryo-det Target Nléjecéiir F.O.M:
*
crystal |sotope (eV) (Ab* ¥#N)
70
Ge 74Ge 416.2 538
Ge 303.2 238
_ 28Gj 1330 180
S 285 989.9 589
AlLO, 27TA| 1145 2871
ey | 1125 | 9608,
CawoQ, 183\ 160.3 1053
186\\/ 85.8 360

43



CRAB in Cawp

Cryo-det Target Nuclear F.O.M
crystal Isotope Recoil (eV) (Ab*
oy | 1125 | 9608 ;
Cawo, 183\ 160.3 1053
186\ 85.8 360

Calibration peak @112eVprominent

enough for a proof of concept

measurement with defavorable
background conditions

Counts/1eV

Counts/1eV

80000,_‘ .............. ............... .............. , ........
B0000] - |

40000} ........... .............. ............. ........

20000f—-

i

Simulation

Thermal neutronbeam
No energyresolution

| I

120

140 160 180 200
Recoil energy [eV]

L ﬂ — Total
— Reactor OFF
6000} TR L
el mex (
4000 oeV energy
\ / resolution
2000
»
Q0™ 40 60 B0 00 120 140 160 180 200

44
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CRAB in CaWp

7,

N

Experimental validation f?gg

Significant fast neutron background

Agreementwitht Rz ¢ qRYUWE qWs,.
O_sidhificance

|

- Data
[ Complete Model
40 Model of measured external background

0.75gNUCLEUS
CaWaQ, crystal

Baseline resolution: ~6.5eV

Portable "thermal" neutron source:
3MBQq?>°Cf fission source inmoderators

[—1 Data
Best Fit ]
. Background Data

2 days with source

Counts /4 eV

%
WWWWWW Ll by

15 200 250 300
Energy (eV)

H. Abeleet al. (CRAB&NUCLEUSREhys. Rev. L efi130, 211802 (2023)

-
Independant confirmation =0
On 3 CaWQ detectors Z
Significance >5A ¢SS S 2
CB‘“T& guent 2 :;‘:nomei 10
t 0 w 1T Al Ll Ll L allig u
0 100 200 300 400 500

Energy (eV)
G.Angloheret al. (CRESST)

Phys. Rev. [108, 022005 (2023)


https://doi.org/10.1103/PhysRevLett.130.211802
https://doi.org/10.1103/PhysRevD.108.022005

HighprecisionCRAB on CaWpQ I 7

Later this year in Vienna

250kW TRIGA Markil
nuclear reactor TU-Wien

Pure thermal
neutron beam
~ 100 n/s/cm?

2000

Simulated spectrum
Energyresolution : 5eV
ot Runtime : 6 days (full)

Counts/1eV

—
[8)]
o
o
1T 1T

AN
iy

J W
LA

0 20 40 60 80 100 120 140 160 180 200
Energy [eV]

A No fast neutrons background
A Countingrate dominated by the CRAB process

--> high-precision and full use of themethod potential
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A detailed example: CRAB

TowardsMD simulations of 100eMuclearrecoilsin CaWQ

47



Calculatethe energwtoredin defects

For CRAB ~100 eXécolls, we expectthe created defectsto be close Frenkel pairs

Idea:
A Build close Frenkelpairs in CaWQ simulation "boxes"

o ' Place interstitial ‘
S

Repeatin space
andvacancy

v

v -
' v
' 1
' \
| 3
i
'
|
" 1 |
| '
{1
'
'
I '
i '
1 '
& '
I i
i b it
1
i)
L

CaWaQ, primitive cell:

2\W,2Ca, 80 ° o

8 x primitive cell
W interstitial and neighbor . to removeto
form a close Frenkelpair (distance: 2.9 A)

A Calculate the energyof the boxusing DFT structure relaxation

Energy stored N Energy ofrelaxed il Energy ofrelaxed
in defect ml box with defect box without defect 48



DFT formatioenergies

G.Kresseand J.Furthmduller, Phys. Rev. B4, 11169 (1996)
https://www.vasp.at/

Energystored in the defect calculated "ab initio": DFTwith VASP

Close Frenkel pairs

W

O

Ef (eV) 5.1 5.6- 8.6

4.7-5.2

Not sufficient to derivethe impact on the CRABspectrum...

How many defects are created? FP?
--> MD simulations of CRABecoils

49


https://doi.org/10.1103/PhysRevB.54.11169
https://www.vasp.at/

Buildadatabaseo train a LMbotential

Database from DFTcalculations: 348 configurations

Configurations with minimized forces (structure relaxation) Molecular Dynamics @2000K
+ configurations before the relaxation (norzero forces) for the 96-atom box

777777777777

Close Frenkel pairs in a 96 _ _
atom box/ in a 324atom box Pairs of close atomsin a 96atom box 50



21T
Shortrange interactions @riLany

A.M. Goryaeva J:-B. Maillet, M-C. Marinica,
Comp. Mater. Sci.166, 200 (2019)

AVASP description fails atreryshort distances (@around 1-1.5 A)
--> database does not describe short-range interactions

AFor cascades, the LMLpotential is coupled at veryshort distances
with the "ZBL"potential (2-body)

bk’l”
EZBL T’LJ J ch X 633])( ZJ)

J.F. Ziegler, J. Biersackand U.Littmark, Volume 1,Pergamon(1985) 51


https://doi.org/10.1016/j.commatsci.2019.04.043

First tests of thg@otentialin MD

Simulation

A Boxwith 96 atoms

A Equilibrium for 100ps @2000Knot shown)

A Temperature increased from 2000K to 5000Kin 300ps

“ie
aet%"”b:

52



First tests of thg@otentialin MD

—— Potential

Simulation 6001 Tomi
A Boxwith 96 atoms _g5 || X _VASP
A Equilibrium for 100ps @2000Knot shown)

A Temperature increased from 2000K to 5000Kin 300ps

—650 A

—675 A

—700 A

—~7297

Energy (eV)

(N ]
.........
*

—750 A

©*1 Theinteratomic
1 potential isnot .+~
1 readyyet...

A
o*
.
.
.
.
o
.

=775 1 :

\ 4

0 20000 40000 60000 80000 100000

Simulation step

Volume (A3)

9 configurationsextractedfrom the simulation
Energy/forcesrecalculated in DFT

o
.
.
R
. o
., o
. —gan®

0 20000 40000 60000 80000 100000 -—> added o the training database
Simulation step --> test of the newpotential
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i1l

Qualityof the final potential

Good fit of thedatabase
Meanerrors of the order of magnitude expectedfor a LMLpotential

@ short distance pairs

@ near Frenkel pairs

@ MD IntwWVacW @2000K

@ MD Superceli222 @2000K
@ Supercell333

@ Frenkel, not relaxed

>
G

=
LL
QO

@ short distance pairs, first steps

Energy train

—740
—~750+]
—760 A
—770 A
—780 A
—790 A
—800 A
—810

// RMSE = 0.843 eV

e MAE = 0.474 eV

-820

~820 —810 —800 —790 —780 —770 =760 —750 —740

Computed energy, eV

Meantest errors are similar

DFT, ev/A

A.M. Goryaeva J:-B. Maillet, M-C. Marinica,
Comp. Mater. Sci.166, 200 (2019)

Force train

of
150 -
¥ 4
100 - /
50 A
0 .
50 - /
~100 -
I’,
—150 1 f"' RMSE = 0.247 eV/A
MAE = 0.131 eV/A
~150 -100 =50 O 50 100 150
Computed force, eV/A
54


https://doi.org/10.1016/j.commatsci.2019.04.043

Cascades inmoleculardynamics

A. Thompson, et al.,Comput. Phys.
Commun., 271:108171 (2022)

1. Givean initial velocity to the central Watom correspondingto

A 81eV -
49 152 ato mS k A 1126V GOOOW —— Reactor OFF
A 160eV : WM\
(main CRABpeaks) - \ /
2. Follow the movement of all atoms for ~ ot L LN
~ 80A Final thermal heating: ~8K (for 112eV) R

Energy [eV]

3. Relaxation of the structure
Stored energy —_ Energy ofrelaxed I Energy of box before
due to cascade _— box cascade

Zero-point energy is taken into account :

A through aclassical equivalent : non-zerotemperature  J. Li,PhD thesis, MIT, 200!
3/8xT, = 133K for CawoQ

A simulation @ 133K andsave 10 intermediate configurations

= 10 sets of initial positionsfor each cascade 55


https://doi.org/10.1016/j.cpc.2021.108171
https://doi.org/10.1016/j.cpc.2021.108171
http://li.mit.edu/A/CourseWork/Ju_Li/Thesis/

Cartographwf theenergystoredin defects

A W on a positionwith point symmetry 4 -->reduces the study to ¥ of thesphere

A Solid angle lmost) regularlysampled with 32 recoil directions

56



Cartographyf theenergystoredin defects

Mollweide projection of thecrystal structure of the Average(10initializations)energystored in defects E (eV)
ball centered at the projectile (W) and with radius 6 A for eachinitial direction B
- 11.0

112eV cascade

- 10.5

10.0

No clear
ColorsCaW O relationship

Size® 1/d

57



8.5psmovies A 112eV cascade in Ca\)yO

Sectional view around the
PKA location (depth: 20 A)

~ 80A

,,,,,

AR E-ILY With the PKA in black 58
T——_ e g CaWw O



https://www.dropbox.com/scl/fi/mzhmhn3t7xd6n76ukve4x/20240329_atomic_collisions_in_bolometers.pptx?rlkey=0fdjy8tjiu2kg3aj7dw4wokwz&dl=0
https://www.dropbox.com/scl/fi/mzhmhn3t7xd6n76ukve4x/20240329_atomic_collisions_in_bolometers.pptx?rlkey=0fdjy8tjiu2kg3aj7dw4wokwz&dl=0
https://www.dropbox.com/scl/fi/mzhmhn3t7xd6n76ukve4x/20240329_atomic_collisions_in_bolometers.pptx?rlkey=0fdjy8tjiu2kg3aj7dw4wokwz&dl=0

8.5psmovies A 112eV cascade in Ca\lJO

Samecascade
Showingonly the atoms displaced
by morethan 0.8A

59


https://www.dropbox.com/scl/fi/mzhmhn3t7xd6n76ukve4x/20240329_atomic_collisions_in_bolometers.pptx?rlkey=0fdjy8tjiu2kg3aj7dw4wokwz&dl=0
https://www.dropbox.com/scl/fi/mzhmhn3t7xd6n76ukve4x/20240329_atomic_collisions_in_bolometers.pptx?rlkey=0fdjy8tjiu2kg3aj7dw4wokwz&dl=0
https://www.dropbox.com/scl/fi/mzhmhn3t7xd6n76ukve4x/20240329_atomic_collisions_in_bolometers.pptx?rlkey=0fdjy8tjiu2kg3aj7dw4wokwz&dl=0

Ca W O

Final positions :
anexample

Sectional view
around thePKA
location (depth: 20 A)

112eV cascade~ 7.leVstored

Atoms displaced by

more than 0.8A
(with displacement vectors)

A Frenkelpair W

A Butatoms are also quite disturbed around
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Effecton the CRABpectrum
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--> detector resolution is key
--> control of theexperimental non-linearities is crucial
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A detailed example: CRAB

Timing oAtomiccollisions



Back to the CRARBethod $

-
A 1r de-excitations : calibration peak ?".2 107 n+iEW n+183W
(4b] B
= -3 o
A Multi r de-excitations :recoil energydepends on 42_ 10
A r energiesand relative directions o P
A timing of the r-cascade vs timing of the a 107
recoil in the crystal S -
Q 107°%
© :
0 50 100 150 200

Energy [eV]

Recoilenergyspectrum for CawWQ,
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Studyof collisions

Prompt hypothesis
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A single recoil energy
per r-cascade

energies

IRADINA (Binary Collision Approximation code) coupled to
FIFRELIN(fission modelling) to simulate inflight r emission

A Timing changes theenergydeposited in the bolometer
A Single” W#H ¢ 0 Rpddksaop Rot difddted

G. SoumSidikovet al. (CRAB
colloration), Phys. Rev, [108,

072009 (2023)
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1st experimental evidence: A.N. Villano et
al., Phys.Rev.D 105, 083014 (2022)
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Timingeffectsin Germanium
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G. SoumSidikovet al. (CRAR:olloration), Phys. Rev. [108, 072009 (2023) 66
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Conclusion

A Experimental progress in cryogeniccalorimeters makes them sensitive to effects of atomic
cascades

A Variousmethods from solid-state physics can simulate these effects. Be aware of their
potential and their limits
A BCA:fast, qualitative, noaccessto energystored in defects after a cascade

A Molecular Dynamics: requiresa goodenergyforce engine,allows quantitative predictions,
possible calculation of energystored in defects after a cascade

A Impact of theenergystored in defects on the shape of expected spectra for DM, CEVNS(low
energynuclear recoils)

A Calibration with nuclear recoils similar to the expectedsignal toprovide experimental
referencepoints: CRABmethod
A Suitable for CawQ,, Ge, Si, AlO; detectors

A High-precision campaign on CaWaQ, at the end of theyear: preparation for a calibration facility
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Key concept:energyper atom
A Not in thedatabase
A Totalenergy=sum of energiesper atom

I\/I L POte ntl aIS M Lm ag ICS A Forces =sums of derivatives of energies

per atom

Link between energiesper atom and atomic
descriptors, fit of thedatabase?

A Non-linear methods:
A "Kernel" methods: numerical cost

: . scaleswith the number of local atomic
Machine Learning: environmentsin the trainingdatabase
Build the design matrix A Neural networks: limited application
Fit in thedescriptor for MD simulations
space to reproduce
physical observables A Linear Machine Learning potentials :

linear relationship between local energies
and atomic descriptors, weighted linear
regressionto fit database

Interatomic
potential

-->simpler, quicker

--> training/test error higher

--> goodtrade-off between accuracy
and computational efficency

--> goodchoice for MD simulations
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CRAB Phase 1
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CRESST CRAKe measurement

cryostat vessels (Cu) detectors
(Det-A red, TUMSI3A

G. Angloheret al. (CRESST)
Phys. Rev. 108, 022005 (2023)

| muon veto blue, CommZ green)

inner PE shielding

outer PE shielding

)

far source position
(Comm2 and TUM93A)

Cu shielding

near source position
(Det-A)

radon box

Pb shielding
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CRESST CRAKemeasurement

G. Angloheret al. (CRESSTPhys. Rev. [108, 022005 (2023)

Standard CRESSTIII detectors:
20%x20%x10mm?3 CaWO, (D24 g)
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