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« What is ELOISE?
— verifying Geant4 simulation in CaWQO,
and Al,O; at sub-keV energies

this talk: energy loss functions (ELFs) l I I F

o The motivation :
— Why ELFs? Der Wissenschaftsfonds.

ELOISE is founded by the Austrian science
fund (FWF) under grant number P347/8-N

e The measurement

— Electron Energy Loss Spectroscopy of
CaW()4 and A12()3 [J. Burkhart, Ph.D. thesis, TU Wien, 2026, in preparation]

[H. Kluck, SciPost Phys. Proc., 12 (2023) 64, arXiv:2212.12634]

« The analysis
— deduce ELFs within the Drude-Mermin
framework

e Summary & Outlook



Why ELFs?
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Detector characterisation:
What's going on <1 keV?
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What role does ,,normal” particle background play??
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Detector characterisation /
particle background
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Figure 6: Stopping power for e in Al,O3 (left) and CaWO;, (right). Data taken from ESTAR™.



Detector characterisation /
ticle back d de/dx
Particic backgroun e.g. ESTAR data base

do/dhw

ELF



Deteptor characterisation / dE/dX
particle background

do/dhw

ELF

Ab initio calculation via
Density Functional Theory



Detector characterisation / dE/dX
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Optical ELF
(OELF)

Material characterisation:

ectron Energy Loss Spectroscopy (EELS)
nd other spectroscopic technigques

DFT



Deteptor characterisation / dE/dX
particle background

do/dhw

ELF
Inelastic Mean Free Path (IMFP)

DFT
OELF

Nanofabrication like
electron beam deposition

Material characterisation /
EELS
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Deteptor characterisation / dE/dX
particle background

do/dhw DM-electron interactions

ELF
IMFP

DFT
OELF

Nanofabrication

Material characterisation /
EELS



Nanofabrication

Material characterisation /
EELS
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Detector characterisation / dE/dX
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EELS Of Caw04 and AI203



Reference Data: EELS

- CaWQO,, Al,O, samples provided by
NUCLEUS

« Only single e interactions
- thin target (~105 nm)
- monochromatic e” (E;=200 keV)

EELS conducted
by M. Stéger-Pollach, TU Wien, USTEM

« Well established method:
Electron Energy Loss Spectroscopy (EELS)
< Energy loss: E-E’

Holger Kluck 15



EELS of CaWO, and Al,O,

Zero energy loss-peak:
either no energy loss or
energy loss

below the resolution (e.qg.
elastic scattering on atomic
nucleus)

Zero-loss peaks
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EELS of CaWO, and Al,O,

Collective effects of
valence electrons:
bulk/volume plasmons and
surface plasmons

Surface plasmon
n lBqu plasmon
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EELS of CaWO, and Al,O,

Scattering on outer shell
electrons

Log(counts / arbitrary units)

Low energy loss-range .
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EELS of CaWO, and Al,O,

Scattering on core
electrons
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EELS of CaWO, and Al,O,
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EELS of CaWO, and Al,O,

Types of ionisation edges (deconvolved)
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[ ]
Energy Loss Functions
How to get ELFs from EELS?



Dielectric Function Theory

e The complex dielectric function
e(hw, hk) = ¢,(hw, hk) + ie,(hw, hk)
gives the response of a target to a swift electromagnetic distortion and it depends on transferred energy
hw and momentum hk

e The Energy Loss Function (ELF)

1
ELF = Im [— v hk)]
is the electronic excitation spectrum due to inelastic scatterings like ionisation

e The Optical Energy Loss Function (OELF)

1
OELF = Im [— c(ho, O)]

is the reduced ELF in the optical limit k — 0

=» EELS & OELF - ELF - ditferential cross section = stopping power



EELS - OELF

« Deconvolve measured EELS to obtain single-scattering contribution S(fiw) as function of electron energy
loss E = hw

o Itis directly related to OELF [Stoger-Pollach2008]:
2
t
S(hw) =1, 2-0ELF(hw)-ln<1+( B > >

TAyMyV 0(hw)

0(hw) =

ymgyv?
with incoming intensity [y, sample thickness t, collection semi-angle 8, speed v and mass m, of incident
electron, and the characteristic scattering angle 6

« Normalization factors I and t are determined via Kramers—Kronig analysis and the known optical
refractive index n [Stoger-I’ollach2008]:

” d hw 1
L(ha) O)] =1-P— fo OELF(hw)ﬁ =—

where P represents the Cauchy principle part of the integral




OELF - ELF

« Decompose the obtained OELF by fitting it with a sum of Drude oscillators [Ritchie1977]

. R
OELF (hw) = z a; - i az)
= ((hw)? = (hw)?)” + (¥; - hw)?
with the resonance frequency w;, damping y;, and strength a; of the i-th oscillator

« Allow arbitrary virtual oscillators, also with negative strength, to describe also non-free electron
materials [Da2022]



OELF of CaWO, and AlLO

[Burkhart2026]

[Burkhart2026]
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OELF of CaWO, and AlLO

[Burkhart2026]

[Burkhart2026]

};
T Tt | LLLRRL T T _,:.. | L L | LA
— o — o ™ <t Ip]
o (@] | | | | |
— — o o o o o
i — i — ]
HTHO
8
o =
A
o
LRI R | LR T L TrrrTT
— o — <f
S o _ I
— — o o
i i

Transferred energy / eV

102 103

Transferred energy / eV

101

=» Good fit down to ~20 eV

27

Holger Kluck



OELF of CaWO, and AlLO

[Burkhart2026]

[Burkhart2026]
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OELF - ELF

« Extend OELF to ELF at finite k-values by assuming a free-electron dispersion relation [Ritchie1977]:
(hk)?
2m,

w; = wW; +

« More realistic approach [Abril1998] based on Mermin’s dielectric function [Mermin1970]:
« Extend Lindhard’s dielectric function to correctly treat the plasmon lifetime as finite
« Extend naturally to non-zero k-space without explicit assumption of dispersion relation

* In optical limit, Mermin functions reduce to Drude functions
- Use simple Drude functions to fit the OLEF data, then use Mermin to extend from OLEF to ELF



Stopping Powers

To compare ELFs with reference data



ELF 2 Differential Cross Section

 The differential cross section for an incident electron of energy E to lose energy fAw is related to the ELF
via [Raine2014]:

do(k, hw) _ j k+ELF(h hk) dk+
dhw  mNayE J, “ ko C

with the atomic density of the target N and the Bohr radious 4,

« To be applicable also to energies above ~10keV, relativist corrections (r.c.) have to be considered
[Raine2014]:

1 1
r.c.= nNaO,BzmeCz OELF (hw) (ln <1 — ﬁ) — 182>

| E\7
E- B%m,c?withp= [1—[1+ >
\ MeC



Differential Cross Section = Stopping Power

+ Finally, the stopping power for an incident electron with energy E is obtained via [Raine2014]:

Y+ do(E, hw
S(E) = Nf Ughw ) dhoo
w_
with integration boundaries for the energy loss of
w_ =10

wy = E/(2h)



Stopping Power of CaWO, and Al, O,

[Burkhart2026]
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Stopping Power of CaWO, and Al, O,

Using free-electron dispersion relation

[Burkhart2026] [Burkhart2026]
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> CaWO0, - first measured stopping power at sub-keV range




Differential Cross Section = Stopping Power

+ Finally, the stopping power for an incident electron with energy E is obtained via [Raine2014]:

W+
S(E) =N f dai’jw) dhow
w_
with integration boundaries for the energy loss of
w_ =10
wy = E/(2h)

« For low energy, [Dapor2022] suggest the following scheme of integration limits
in case of electron excitation

. (E E-Eg
Wy =min| o2, —
in case of plasmons
E—E;
W, =



Systematic Uncertainty

Holger Kluck

Stopping power / (eV nm™1)

[Burkhart2026]
104 5
] A|203 =
s,
N &
10 /)7 .
7)
C?/j/
l[llill _
.
N
. —— Drude ¥-\
107" 1 Drude limit scheme
— Mermin
— Mermin limit scheme
—— ESTAR
lﬂ_z LI | I LN LR | I LI B | I LI LR | I LI R L R | I LI LR |
10! 104 10° 104 10° 10°

Incident electron energy [ eV

36



Summary and Outlook



Summary

« Energy Loss Functions (ELF) are crucial for modelling e.g. detector characteristics but also DM-
electron interactions

Scarce or missing data for “exotic” materials like CaWQO,

Optical ELF obtainable via Electron Energy Loss Spectroscopy

Drude-Mermin approach well suited to recover ELF from OELF

Collective phenomena already visible at 100eV-scale

But sensitive to details like integration boundaries

Outlook

e Publication of data sets and results under preparation

« Established workflow usable also for further materials

Questions:

« Which materials are of interest for us?
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