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Mini-workshop: W1-2 Detection mechanisms and sensors - Part A
1. Details on signal formation in different 

targets and at different energy scales 
(sub-gap, eV, keV)


2. What is the solid state formalism for 
different material and techniques from 
the microscopic perspective for 
superconductors vs metal vs dielectrics 
vs liquids (normal and superfluids)


3. Role of electron-phonon, photon-
phonon interactions


4. Formalism to describe other collective 
excitations (e.g. excitons, plasmons, 
transmons)
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TABLE II
FITTING PARAMETERS FOR SCINTILLATORS, #2 [28]–[32]

Units are MeV/cm unless otherwise indicated as percent.

can suggest that there are relevant pathways for transport of car-
riers that involve thermal activation (e.g. hopping transport). In
other words, the trends in the Birks parameters in Tables I and
II support the assertion that the transport is significantly ther-
mally-activated in nature, as would be the case for self-trapped
excitons and carriers. Ref. [38] offers a general reference on the
properties of excitons in solids.
Another related observation is that the trap quenching pa-

rameter also increases with reduced temperature, which likely
means that the traps that compete with Onsager-type exciton
formation become more effective at lower temperature–as one
would expect for the case of them being shallow, (i.e. having a
depth on the order of kT). Both the Birks and Onsager ( )
processes involved hindered carrier transport at lower tempera-
ture leading to less annihilation and increased carrier trapping,
respectively. We interpret this observation as indicating that
both of these processes are thermally activated to a measurable
extent.
One question that arises relates to the nature of the shallow

traps, which can take a variety of forms. Possibilities include
the native defects of the host (i.e. anion vacancies), or for the
case of , the activator ions themselves–especially
since they can capture both holes and electrons (yielding
and respectively). The significant magnitude of the trap-
ping factor in can be contrasted with the value of zero
fitted for . The absence of trapping in
may help explain why the introduction of aliovalent ions
has had the profound impact of achieving the breakthrough res-
olution of 2.0% at 662 keV [33], primarily by moderating Birks
annihilation of carriers by trapping them for a short period of
time (and then releasing them), thereby mitigating the peak ex-
citon population that is realized. Similarly, Cherepy et al. found
that the nonproportionality curves of garnet ceramics were re-
markably sensitive to the atmospheres using in the processing,
again a strong indication that the traps play a crucial role in scin-
tillator physics. [39]
The similarities between the nonproportionality curves ob-

tained for Na- and Tl-doped CsI speak to the prominent in-
fluence that the host medium has on determining the scintil-
lator physics. Their strong temperature dependence is due to
the reduced Birks quenching and the increased trapping with
reduced temperature as mentioned above. On the other hand,
the minimal impact of temperature for NaI(Tl) can possibly be
accounted for by the predominance of deeper traps ( ) for

Fig. 4. Summary of mechanisms impacting the nonproportionality curves,
including the fraction of carriers generated as free ( ), Onsager attraction
of electrons and holes to form either excitons or be sequentially captured at
activators [ ], exciton-exciton or other high-order annihilation
[ ], loss of carriers by trapping in competition with Onsager
recombination [ ], and deactivation by nonradiative recombi-
nation [ ]. Not shown is the phenomenon of temporarily holding free
electrons in shallow traps before being released again to form excitons with
self-trapped holes.

the NaI host, and the expected insensitivity to temperature. The
existence of strong room temperature quenching of the emis-
sion for undoped NaI and CsI suggest that the excitons nonra-
diatively decay if they are not able to transfer their energy to
activators in a short period of time. [27], [40], [41] In contrast,
the strong room temperature scintillation of materials such as
undoped and indicates that the excitons are emis-
sive at room temperature for these crystals. [22], [32], [42]
Undoped seems to exhibit behavior opposite to that of

the other scintillators, with the electron-hole creation efficiency
falling with lower temperature, while the other materials studied
in this work either exhibit no effect on this parameter or have
an increase. We can speculate that the absence of activators to
capture the holes and electrons may enable more carriers to re-
main “free” at higher temperature since they are less likely to
be captured in traps or perhaps by avoiding self-trapping. Al-
ternatively, increased de-trapping from shallow intrinsic defects
might also lead to more free carriers at higher temperature.
Fig. 4 below contains a summary of the aforementioned

mechanisms, where the particular parameters used in our
fits are noted on the diagram. In our last paper [19], Fig. 4
simply contained a reference to the impact of traps without
any quantitative treatment in our model. Herein, we have
explicitly included a model of trapping by the Debye-related
treatment of Vasil’ev and Gektin [20]. In our simplified model
the annihilation of both free and self-trapped excitons are
accounted for in a single “lumped” Birks parameter, while
linear nonradiative processes (other than deactivation from
traps) are similarly grouped into a single parameter. Ultimately,
to completely model scintillation, the properties of each type
of carrier (electrons, holes, excitons, as well as the self-trapped
polaronic versions of each of these) would need to be ade-
quately understood and accounted for. It would be necessary to

Authorized licensed use limited to: Universitaetsbibliothek der TU Wien. Downloaded on July 16,2025 at 08:34:31 UTC from IEEE Xplore.  Restrictions apply. 

Semiconductors/scintillators

S. A. Payne IEEE 2015

accurate values than the electronic stopping power [24,26].
A similar concept—the Bragg-like curve—has been utilized
to assess the ionization distribution in gas detectors used for
directional dark matter searches [27]. The significance of
LETel has also been demonstrated in determining the mean
hit density for nuclear recoils in the nuclear emulsions
employed in directional dark matter searches [28–30]. The
influence of slow ion tracks on the current quenching model
using LETel will be discussed in Sec. VI C.
Previously, a rudimentary approximation known as the

α-core approximation (Sec. IV B) was applied to Xe recoils
in liquid xenon (LXe) dark matter detectors [24]. In this
study, we introduce a quenching theory based on biexci-
tonic collision kinetics with diffusion [22,26], which was
previously proposed for fast ions, and apply it for the first
time to electronic (scintillation) quenching of nuclear
recoils. Here, excitons are treated as rapidly moving parti-
cles with masses comparable to that of an electron [21]. The
total quenching was evaluated as a function of energy and
compared with the existing measurements from the liter-
ature. Additionally, we examine Birks’ law [31,32] in the
context of second-order kinetics [26]. Hereafter, we refer to
rare gases as Ar, Kr, and Xe, unless otherwise mentioned.
The remainder of this paper is organized as follows:

The stopping powers and electronic LET for slow ions are
discussed in Sec. II. The heavy-ion track structure is described
in Sec. III, and the electronic quenching mechanism is

addressed in Sec. IV. The results are presented in Sec. V,
and further discussion is offered in Sec. VI.

II. STOPPING POWERS AND ELECTRONIC LET
FOR SLOW IONS

In the interaction of slow ions with matter, the nuclear
stopping Sn is of the same order of magnitude as the
electronic stopping Se [33,34]. We refer to slow ions, for
which the velocity is v < v0 · Z

2=3
1 , where v0 ¼ e2=ℏ ≈

c=137 ¼ 2.2 × 108 cm=s represents the Bohr velocity, e is
the electron charge, and c indicates the velocity of light.
The total stopping ST represents the sum of the two:

ST ¼ Sn þ Se: ð1Þ

The stopping S used here relates to the stopping cross
section in, for instance, eV · Å2=atom. The corresponding
stopping power is Na · S, where Na indicates the atom
density of the target.
Lindhard et al. [23] introduced the dimensionless energy ε:

ε ¼ as=b ¼ as ·
!
e2Z1Z2

E
M1 þM2

M2

"−1
; ð2Þ

where as is the screening radius, b indicates the Rutherford-
scattering collision diameter, Z is the atomic number, M
denotes the atomic mass, and the suffixes 1 and 2 refer to
the projectile and the target, respectively. Lindhard et al.
introduced a screening radius similar to the Thomas-Fermi-
Firsov screening radius:

aL ¼ 0.8853aB#
Z2=3
1 þ Z2=3

2

$1=2 : ð3Þ

The energy E is converted into ε as follows:

ϵ ¼ Cϵ · E ¼ aLM2

Z1Z2e2ðM1 þM2Þ
E

¼ aL
2aB R∞

M2

Z1Z2ðM1 þM2Þ
E; ð4Þ

where R∞ ¼ e2=ð2aBÞ ¼ 13.6 eV represents the Rydberg
constant and aB ¼ ℏ2=mee2 ¼ 0.5292 × 10−8 cm denotes
the Bohr radius. The value of Cε is 0.01354 keV−1 for Ar
recoils in Ar and is 0.001041 keV−1 for Xe recoils in Xe.
The Born approximation does not hold in the low-

velocity region, which renders Bethe’s theory of stopping
power inapplicable to the ion-atom collisions discussed
here. In general, the maximum energy supplied to the target
atom refers to the kinematically limited maximum energy
Qmax ¼ 4Eme=M, where me denotes the electron mass and
M represents the mass of the projectile. For Ar ions,
4me=M ∼ 4 × 0.511=ð40 × 932Þ, which yields Qmax ∼
10 eV at E ¼ 200 keV. The lowest excitation energy for
liquid Ar (LAr) is 12.1 eV. Consequently, this crude

FIG. 1. Schematic illustrating the deexcitation and diffusion of
free R% (level 1) and self-trapped R%

2 (level 2) excitons in
condensed heavy noble gases such as Ar, Kr, and Xe [15]. In
this figure, Rþ and Rþ

2 represent ions and molecular ions,
respectively [21]. Thin broken arrows represent nonradiative
relaxation. Arrow A2 represents the VUVemission, and the arrow
D∇2 represents diffusion. Arrow kcn1 represents an excitonic
collision, which refers the mechanism proposed here for elec-
tronic (scintillation) quenching [22].
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in scintillators

Materials Theory Group 4



Scintillating targets for direct light DM detection
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• first proposed in 2017 by Derenzo et al. [1] 

• Excitons as intrinsic luminescent centers,
e.g. GaAs, NaI

• Electron-hole interaction has not yet been 
examined for DM-electron scattering

[2] V. Zema et al. (2024) Phys. Rev. D 110, 123012[1] S. Derenzo et al. (2017)  Phys. Rev. D 96, 016026

• experiments reaching sensitivity for DM-electron 
scattering with cryogenic calorimeters based on 
scintillating NaI [2]
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Finite momentum excitons
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Inelastic X-ray scattering or scattering with massive particle (e.g. dark matter)
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Do excitonic effects play a role in the prediction for dark matter electron scattering? 

For dark matter: transferred momentum k ~ keV ~ Å-1



[1] S. Knapen et al. (2021) Phys. Rev. D 104, 015031    [2] Y. Hochberg et al. (2021) Phys. Rev. Lett. 127, 151802

Rate [1, 2]:

• non-relativistic DM mainly coupling to electron number density
• additional mediator particle to mediate small interaction

The dielectric function for DM-e- scattering

Materials Theory Group 7

Model: 

Electron energy loss function (ELF)

DM-e- scattering cross 
section

DM velocity distribution

DM-mediator form factor

Dielectric function

à Entire target response in one quantity
à Excitons, other collective excitations, in-medium screening effects 
à Low energy range important: kinematic constraint



Dielectric function from the Bethe-Salpeter Equation
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Bethe-Salpeter Equation (BSE) captures electron-hole interaction / excitons:
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ω→1 = 1 + vεDielectric function: with
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ω = →iL

Two-particle 
correlation function
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L = L0 + L0!L

Bare Coulomb interaction  v
Screened electron-hole interaction W à Neglecting W yields RPA

BSE diagrams adapted from B. Aurich (Master Thesis), available at
http://exciting.wdfiles.com/local--files/neon-excited-states-from-bse/BSEtheory.pdf



Methods overview
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DFT

Dielectric function / ELF

Ground state properties
Initial Kohn-Sham orbitals

BSE (TDA)RPA RPA: only electron-electron interaction
BSE: electron-hole interaction, excitons

[1] S. Knapen et al. (2022) Phys. Rev. D 105, 015014

Scattering rate DarkELF package [1]

Cross-section sensitivity

[2] V. Zema et al. (2024) Phys. Rev. D 110, 123012

Conversion into photon signal + realistic 
background in light detector, following [2]



Excitonic effects in GaAs and NaI -
Impact on direct dark matter detection 
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Absorption and energy loss in the optical limit
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GaAs

Band gap: 1.52eV

Binding energy of lowest exciton: ~3meV [1]

NaI

Band gap: 5.9eV

Binding energy of lowest exciton: ~240meV [2]

[1] M. Sturge (1963) Phys. Rev. 127, 768 [2] J. Eby et al. (1959) Phys. Rev. 116, 1099
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Energy loss function
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à Strong increase of BSE ELF at large momentum transfer in NaI
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Differential DM-electron scattering rates 
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|k| = [0.3, 0.7, 1.0, ..., 14.7]keV
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F! (k) = 1

<latexit sha1_base64="zceQDQLWXH3LbXOwIIE06Rmwb4U=">AAACAXicbVDLSgMxFM3UV62vUTeCm8Ei1E2dKVJdFgRxWcE+oDMOmTTThmaSkGSEMtSNv+LGhSJu/Qt3/o1pOwutHggczrmXm3MiQYnSrvtlFZaWV1bXiuuljc2t7R17d6+teCoRbiFOuexGUGFKGG5poinuColhElHciUaXU79zj6UinN3qscBBAgeMxARBbaTQPrgKM18MyaQyOvGF5EJzxzsd3dVCu+xW3Rmcv8TLSRnkaIb2p9/nKE0w04hCpXqeK3SQQakJonhS8lOFBUQjOMA9QxlMsAqyWYKJc2yUvhNzaR7Tzkz9uZHBRKlxEpnJBOqhWvSm4n9eL9XxRZARJlKNGZofilPqmJjTOpw+kRhpOjYEIknMXx00hBIibUormRK8xch/SbtW9erV+s1ZuVHL6yiCQ3AEKsAD56ABrkETtAACD+AJvIBX69F6tt6s9/lowcp39sEvWB/fLPGWBw==</latexit>

F! (k) ! 1/k 2Massless mediator:

Massive mediator:

<latexit sha1_base64="oyP2NJiZS9m3LE3G6Tbhi2jfRfA="></latexit>

dR/d ! !
!

dk Im[" 1/ "(! , k)]

NT et al. (2026) PRR 8, 013056



Cross-section sensitivity without background
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Assuming 3 events for a kg-year exposure
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Conversion to a photon signal
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Signal rate in the light detector, following [1]:
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Expected energy in light detector:



Cross-section sensitivity including background 

16Materials Theory Group

! Improvement by !" one order of magnitude for NaI due to excitonic effects 
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• Conversion of scattering rate into 
photon rate in the light detector

• Include a realistic background 
taken from [1], suppressed by  10-4 

• light yield and collection efficiency 
! l = 13% (experimental value [2])

NT et al. (2026) PRR 8, 013056[2] Reindl et al. (2020) !"#$%&'"(#)*+,"#-./" !"#$ 012099

[1] Angloher et al. CRESST (2023) Phys. Rev. D !%&, 122003



Cross-section sensitivity – comparison for NaI

17Materials Theory Group NT et al. (2026) PRR 8, 013056
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• kg-year exposure

• a monotonically decaying 
background suppressed by 10−4

• light yield and collection 
efficiency ! l = 10% for 
comparison with Zema et al. 
(2024) where screening and 
excitonic effects were neglected

• 90% C.L. upper limits from 
DAMIC-M

K. Aggarwal et al. DAMIC-M (2025) Phys. Rev. Lett. !"' , 071002



Summary
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Finite-momentum excitonic effects in GaAs and NaI:

• Prominent (moderate) in the ELF at low energy for NaI (GaAs)

• Increase DM-electron scattering rate at low energy

• Improve cross section prediction by almost one order of magnitude for NaI



Limitations and Outlook
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• Technical points:
• BSE is computationally expensive à limits number of bands / energy range, momentum
• BSE solved within Tamm-Dancoff approximation: electron-hole pairs propagating 

backward in time neglected
• no correlation effects beyond the GW approximation to the BSE adiabatic-only kernel

• No anisotropy effects (tested (100) vs (111), no noticeable difference)

• Self-trapped excitons in NaI so far not considered 

• Energy dependence of the emission 
Measurements!



Appendix
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DFT band structures
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Details on the DFT, BSE and RPA calculations
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DFT

• 6x6x6 kgrid

• rgkmax = 9 

BSE

• Within Tamm-Dancoff approximation

• 3VB + 10CB for NaI

• 4VB + 10CB for GaAs

• 6x6x6 kgrid, qgrid for both materials

• Momentum transfer along (100) 
(tested (111) as well, did not change rate)

RPA

• 13VB + 10CB for NaI

• 14VB + 10CB for GaAs

• Remaining parameters same 
as for BSE



Details on the DFT, BSE and RPA calculations
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Details on the DFT, BSE and RPA calculations
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Convergence w.r.t. k-grid: BSE ELF in the optical limit 
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Contribution of semicore states at higher momenta

Materials Theory Group 25

!"##$%&'!&($")*+

,- -

,- ,

,- .

,- /,

,- /.

- 0 ,- ,0
�&���>�H�9�@

.0.-

(1
2(

�&
���

>
���

��N
�J

���
\�U

���
H

�9
�@

3"4#

! 5� �������0�H�9

�1&6,- /789! .

:;<='3"'(>'?'@:#

�5�3�$�����������9�%�V�����������&�%�V

�5�3�$�����������9�%�V�����������&�%�V

�E�D�Q�G���J�D�S���H�Q�H�U�J�\

:;<'*A#&)'*B'3"'('

�N�”���������N�H�9

�N
�”�����N

�H
�9

NT et al. (2026) PRR 8, 013056



Details on the scattering rate
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effective cross section: DM-mediator form factor:
for massless mediator:

for massive mediator:

S. Knapen et al. (2021) Phys. Rev. D 104, 015031    Y. Hochberg et al. (2021) Phys. Rev. Lett. 127, 151802

Non-relativistic limit: 

Coupling between electron density perturbation and ext. potential to DM: 

Evaluate the Hamiltonian between initial and final states, rewrite in terms of structure factor S ~ ELF



Momentum transfer and kinematic constraints
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Typical momentum transfer for light DM: 
<latexit sha1_base64="VcBNkahxdaIp9IJc6cRSpeM21ho=">AAACE3icbVDLSgMxFM3UV62vqks3wSKIYJkRUZc+Ni4r2Fro1JJJ79jQzMPkjljG+Qc3/oobF4q4dePOvzFTu9DqgcDJOfeSnOPFUmi07U+rMDE5NT1TnC3NzS8sLpWXVxo6ShSHOo9kpJoe0yBFCHUUKKEZK2CBJ+HC65/k/sUNKC2i8BwHMbQDdhUKX3CGRuqUt+7cgGHP89N+dudqEbgIt5j2oZHR/ArX1D06uky3naxTrthVewj6lzgjUiEj1DrlD7cb8SSAELlkWrccO8Z2yhQKLiEruYmGmPE+u4KWoSELQLfTYaaMbhilS/1ImRMiHao/N1IWaD0IPDOZB9DjXi7+57US9A/aqQjjBCHk3w/5iaQY0bwg2hUKOMqBIYwrYf5KeY8pxtHUWDIlOOOR/5LGTtXZq+6d7VYOj0d1FMkaWSebxCH75JCckhqpE07uySN5Ji/Wg/VkvVpv36MFa7SzSn7Bev8Cyq+etA==</latexit>

|k | ! keV " ûA! 1

Momentum-dependent energy deposition: 
<latexit sha1_base64="jxuou1+Ekrkn3/GQ3dK2OQ9mNgY="></latexit>

! = k áv !
k2

2m!

Example: 

for standard halo model for the DM velocity distribution with

Low energy range of the ELF spectrum contributes


