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Dark Matter Detection: Crystal point defects serve as durable markers of nuclear recoil events, enabling
the identification of rare interactions in dark matter detection experiments.

*Quantum Sensing Applications: Point defects annealing can cause decoherence.

*Nuclear Waste Management: Understanding defect formation from particle interactions informs the
design of radiation-resistant materials, enhancing the safety and longevity of nuclear waste storage.

*Material Strength and Durability: Studying point defects provides insights into the effects of radiation

on material integrity, guiding the development of stronger, more resilient materials for energy and industrial
applications.



Defects from Nuclear Recoill

In a phonon based calorimeter, the observed recoil energy from
nuclear recoils can be "quenched” due to formation of lattice
defects.

The energy stored in the defects will not reach the detector, leading
to loss in the observed recoil energy.

Close to the threshold displacement energy, the energy loss effect
can be highly nonlinear (as a function of recoil energy), affecting not
just the overall energy calibration but also the shape of the
measured recoil spectrum. 3eV Res,m, =1 GeV/c?,0 =49 10 ¥
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For hard materials with simple crystal structure (e.g. diamond) the
sudden onset of the energy loss effect at threshold leads to a peak in
the recoil spectrum.
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Low energy electron recoils are not expected to form defects,
therefore the peak in the spectrum can be used to identify nuclear
recoils.
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Molecular Dynamics (MD) Simulations

vy

The MD simulations were performed with LAMMPS and PARCAS.

Simulation box containing O(10%) atoms with periodic boundary
conditions.

Lattice at 40 mK temperature: The simulation region is divided into
an interior where the recoil happens, and a border region (6 A)
under temperature control to account for dissipation of energy into
surrounding material.

An atom in the central unit cell is given a recoil energy E, in a
random direction 4. The system is let to evolve until the energy of
the lattice settles to a constant value. The difference between the
final and initial lattice energy is the Ejoss(E;, G).

For each direction the process is repeated for increasing recoil
energies (in 1 eV steps) to obtain the Ejoss as a function of energy
and direction.

We have simulated sapphire (Al,O3), silicon carbide (SiC), tungsten
carbide (WC), diamond (C), silicon (Si), germanium (Ge) and
tungsten (W).

Results available in https://github.com /sebsassi/elosssim

time 10 ps

&
$.0.0.90.0.0.0.0.0.0.0.0.0.0.0.0.0.¢
000000 %0 %000 %0 %0 %0 %0 % e %e 20 20 20 %

R O
0.6.0.0°°°2050.0.0.9.0.9.0.0.0.0°¢
______ 0084900,0,8,0,0.0,0,0 4 g 00
0000 0s 008008, 00,00 0 0 000 e _

10 %0207 %020 %0 %% % % %!

02000 %000 %0 0% %% s %0 e te e %
00040 %0% %%

¢ .'e
Yo% % %!

s 00,055 0
9.90.0.0.0.6, v O
000000 200020 %% e el g2 AT
2000 %0000 %0 %0 %0 2000 e 20 e Yo 2o %o %0 %0 " )70
0000000 0700000 0707000 %0 %0% %0 %0 %0 % ¢ 0% 0% %0 %0 % e e
20000070 200000 0 %0 20 e 20 20 %0 20 20 %0 %0 %0 070 %0 20 2 e te Yo e

0000 %0 %0 %000 %0 %0 %0 %0 %0 20 %0 %0 20 20 %0 %0 %0 0 %0 %0 2o %0 %0 % %%




MD Setup

S. Sassi et al., PHYSICAL REVIEW D 106, 063012 (2022)

Al,O3 SiC WC
Unit cell config. gxhx3 5x9x3 10 x 6 x 10
Atoms per unit cell 60 16 4
Time step (ps) 0.0005 0.0005 0.00025
Simulation time (ps) 4.0 4.0 3.2
Potential Vashishta et al. Gao—Weber Juslin et al.
C Si Ge
Unit cell config. 8 x8x8 8 x8x8 8 x8x8
Atoms per unit cell 8 8 8
Time step (ps) Adaptive Adaptive Adaptive
Simulation time (ps) 20.0 20.0 20.0
Potential Erhart Stillinger—Weber  Modified

Tersoff-Nordlund

Stillinger—Weber

wW

Unit cell config.

Atoms per unit cell

Time step (ps)

Simulation time (ps)
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MD simulations: results

S. Sassi et al., PHYSICAL REVIEW D 106, 063012 (2022)

*Every simulated material exhibits a
threshold for point defect creation.

*A sharp threshold is needed to
observe the effect on the dark
matter spectrum.

*Certain materials, particularly
diamond and SiC, exhibit a very
sharp threshold.

*The average energy stored in
defects canreach up to 20% in
certain materials.
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MD simulations: results

S. Sassi et al., PHYSICAL REVIEW D 106, 063012 (2022)
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» Solid line: average (over recoil direction) Ejoss(E;).

» Color scale: Probability density for Ejos(E;).



Effect on the NR recoil spectrum

To see the effect of the Ejoqs on the measured spectrum, we sample
the assumed physical recoil spectrum as a function of recoil energy
E, and direction q.

For each sampled recoil event we construct the "observed” recoll
energy E.ps as

Eobs : Er i EIOSS(EH @) BB Ecr-
Eioss(Er, G) obtained from MD simulations, E, from Gaussian
distribution with energy resolution o.

We then sum over the sampled recoil directions § to obtain the
recoil spectrum.

As an example we present the spectrum for 1 GeV DM under
standard assumptions (Sl interaction, standard halo model).

(next slide) Colored line: spectrum after subtracting Ejqgs,
gray line: spectrum without Ej,ss.
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Recoil Spectrum for 1 GeV DM

S. Sassi et al., PHYSICAL REVIEW D 106, 063012 (2022)
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Defect creation directional dependencies

SEBASTIAN SASSI et al. PHYS. REV. D 106, 063012 (2022)
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FIG. 7. Mollweide projection of the angular distribution of defect creation thresholds in the materials. The top six plots show the
compound materials for each recoil atom. The bottom five plots show the single-element materials. Directions where no defect was
produced at any energy have been mapped to the highest simulated recoil energy. Because of this, in order to show the directional
anisotropy, the maximum value of the color map is not the highest threshold energy. but it has been chosen to be the 99th percentile
threshold energy. It is also worth noting that the threshold energy here is merely the lowest energy at which we observed a defect in our
simulations. Because of the probabilistic nature of defect production around the threshold, these values may not correspond to the true
threshold in the sense of, e.g., the recoil energy above which 50% of recoils lead to defects. Therefore, while in the materials where
recombination of defects is rare (such as Ge) the distribution is likely fairly accurate, in materials with lots of recombination such as
Al O3 there is likely a significant amount of noise.
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Methods to source/identify Low energy NR’s

* Activate selected detector material.
* Use the recoil energy from gamma decay (P conservation)
* Among many decay chains after activation we look for direct decay to ground

state.
* High energy gammas will escape the detector (can be tagged with an external
detector).
L. Thulliez et al 2021 JINST 16 P0703 A. N. Villano et al., PHYSICAL REVIEW D 105, 083014 (2022
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Figure 1. Illustration of the process of radiative neutron capture. The sought-for signal is the nuclear recoil
associated with a single-y transition from the S, level to ground state. The two-body kinematics determine 0.0
a unique nuclear recoil energy. The complete distribution of single and multi-y decays from all isotopes is 0 250 500 750 1000 1250 1500 1750 2000
predicted by the FIFRELIN simulations, combining experimental level schemes and predictions from level E (eV)

density models.
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A Proposal to Measure defects

Anthony Villano’s group Use Neutron
Activation method to generate NR’s from
gamma decay.

Use A fission neutron source or alpha-n
(AmBe) source

Moderate the neutron energy with hydrogen
heavy material.

Use asmall (10 g) low-threshold phonon-
mediated detector as the primary defect
detection medium.

Use coincidence to tag nuclear decays

Use information from all 4 channels to
roughly estimate recoil direction
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Perspective

* Lattice Point defects from nuclear recoils will significantly impact the
spectra expected from dark matter (DM) interactions and, to some
extent, Coherent Neutrino Scattering (CEVNS).

* Additionally, understanding defect generation rates and energies is
iImportant for many applications, especially where spontaneous

annealing (e.g., quantum fluctuations) may cause decoherence or even
background excess.

* Advances in phonon-mediated, ultra-low-threshold detectors enable
the detection of point defects.

* Our coincidence detection setup with very low threshold phonon
mediated detectors can be used to for the first time measure these
effects
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Nuclear Recoil ionization calibration:
A prerequisite for low mass NRDM

* lonization yield or quenching defined as: Q\r/Qgg for a given Er.
* Function of E, and often smaller for lower energy recoil.
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Collar et al., https://arxiv.org/abs/2102.10089
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Nuclear Recoil lonization Excitation Threshold?

NR moves one atom from lattice. The atom moves as

a projectile and channels through lattice.

The moving atom disturbs the electronic states
creating excitations to the conduction band.
Threshold low energy for e- excitation? But can be as
low as the Threshold Displacement Energy (TDE).
We make the assumption that the threshold is

conformal with the TDE.
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Threshold Displacement Energy: Angular dependence!

750 Ge

30°

* In collaboration with K. Nordlund et al. at U of 15°

Helsinki. S o

 Density Function Theory (DFT) with Molecular sl

dynamics. e
* A lattice of 4096 atoms equilibrated to 0.04 K. e
* Recoil one central nucleus starting from 2 Ddet
and 1 eV and increment E, with 1 eV steps until _
a stable defectis created. . B 1
* Find threshold for a stable displacement.

* Repeat over 85,000 directions in Ge and 24,000 in 3074

Si. 2 105° ~
* An 8 fold symmetry due to diamond structure. < 15°%
* 0 is the polarangle from <001> ® is the -30°)

azimuthal angle from <100> to <010>.

-75°

¢det
Clear appearance of low versus high 5 00 95 30 35 40 45 50 5'E—|)
displacement threshold from 10 to 50 eV Energy Threshold [eV]

in both Ge and Si crystals.

F. Kadribasic et al., Phys. Rev. Lett. 120, 111301 (2018). [Arxiv: 1703.05371],

18



WIMP Wind
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Diurnal modulation

* Followed the same computation recipe as:
O’Hare et al., Phys. Rev. D 92, 063518 (2015)
* Convolve the angular threshold variation with

the expected galactic halo WIMPs angular
interaction rate:
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Two advantages w.r.t gaseous detectors:
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*Condense matter detector: smaller volume for the same
exposure

*Sensitive to very low mass WIMP!
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..........................




MD simulations: results
DOI: 10.1103/PhysRevD.106.063012
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» Solid line: average (over recoil direction) Ejoss(E;).
» Color scale: Probability density for Ejoss(E;).
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