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Abstract

We study the ionization and light yields produced by nuclear recoils at low energies in
pure crystals and noble liquids in the context of Lindhard’s integral equation, incorpo-
rating the effects of binding energy, improved modeling of the electronic stopping, and
electronic straggling. We consider three different models for the electronic stopping
power that incorporate Coulomb repulsion effects at low energies, and Bohr electronic
stripping for high energies. Finally, we discuss possible new effects near threshold.
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1 Introduction

Dark Matter, Neutrinos and other rare searches [1] required to be detected by direct sub-keV
recoil energy spectrum from terrestrial and astrophysical sources. For pure element ionization
detectors like Si [2], Ge [3], liquid Argon (LAr) [4] and liquid Xenon (LXe) [5], the typical
recoil energy analyzed is less than 1 keV, where at this regime only a fraction of this energy
goes to ionization. The convertion of the total recoil energy to visible or electronic energy is
given by the ionization efficiency or quenching factor. Lindhard integral equation with binding
energy [6] already have proven to success in describing low energy measurments for ionization
efficiency in silicon [7], this rediscovered approach can be used to obtained the ionization
deposit energy that an non ionizable particle gives to a pure media when interacts with a
single nuclei, by separating electronic from nuclear processes.

Although Lindhard integral equation with constant binding energy describes accurately
the data of silicon below 4 keV, it required an outranged value from the expected one, Frenkel
pair energy [8]. Furthermore, other studies [9, 10] evidenciate that the electronic stopping
power computed by Lindhard [11] might be overestimated at low energies.

For DM or CEνNS searches with pure crystals the ionization efficiency (quenching factor)
plays an important role for calibration. Different quenching factor leads to different shape
of energy spectrum specially near threshold (100 eVee). Quenching factor has the effect to
move the events of the spectrum to low energy, where some of them can pass the threshold.
This lead to a systematic error fluctuation in low energy detection experiments, where usually
spectrum rate for different quenching factor models are reported, [12,13].

2 Ionization and Lindhard Integral Equation

When a non ionizing particle, like DM or a neutrino, interacts with a crystal detector it deposit
a total recoil energy ER. When this happens part of the recoil energy is used to disrupt the
atomic-binding U , so then the ion now moves with an kinetic energy E (small than ER). This
process continue until the energy of the ion is not enough to disrupt the atomic binding. In
this work we are going to use Lindhard units ε = C E, where C = 11.5/Z7/3(1/keV). The
energy is divided into atomic motion (ν̄) due to all subsequent ions collisions and ionization
energy due to excite electrons (η̄). So we define the ionization efficiency or quenching factor
by the quotient of the energy that goes to ionization over the total recoil energy deposited in
the material,

fn =
η̄

εR
. (1)

We are going to assume as work hypothesis that the ionization occurs only when the ion have
the necessary energy to disrupt the atomic bonding of the crystal and moves freely. We claim
that this argument is reasonable for energies up to 60 eV (recoil energies).

The basic integral equation deduced by Lindhard [14] takes in to account, in this case for
atomic motion ν̄; that the atomic motion energy given by the an ion with energy E is equal
to the atomic motion energy given by the ions after scattering, where one of them takes in
to account ionization and the other target ion have to spend some energy in disrupting the
binding,
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As we can see at low energies the part of atomic motion given by electron can be neglected.
Lindhard gives an asymptotic approximate solution valid at high energies only1. Lindhard
solution works fine for pure crystals for energies above 10 keV, but for Si this parametrization
fails below 4 keV [7].

3 Simplify Integro Differential Equation

In order to handle the integral equation Eq.(2), we make the following basic assumptions
(most of then made by Lindhard); I we consider that nuclear recoil energy and the energy
given to electrons are small compared to the initial kinetic energy of the ion E, II effects of
electronic and atomic collisions can be treated separately. In contrast to Lindhard we are not
going to neglect the effects of binding energy.

Furthermore, in order to get a solvable integro-differential equation, we need to relax ap-
proximation I up to second order. Also we consider nuclear stopping power using the universal
nuclear cross section, that can have some variations depending on the inter atomic potentials
used. With this and other details we can deduce a second order integro differential equation,
that can be solve by using the shooting method [6],

−
1
2

kε3/2ν̄′′(ε) + kε1/2ν̄′(ε) =

∫ ε2

εu
d t

f
�

t1/2
�

2t3/2
[ν̄(ε − t/ε) + ν̄(t/ε − u)− ν̄(ε)], (3)

where, t = ε2 sin2(θ/2) (CM frame),σn is the nuclear scattering cross section and, Se = kε1/2

is electronic stopping power of the medium, if the electronic stopping is zero at all energies,
then the quenching factor also might be zero. This equation predicts an energy threshold at
2u. By firt considering a constant binding energy model and the electronic stopping power
given by Lindhard, we succes in describe Si and Ge measuremnts at low energies [6].

4 Low and High energy Effects for Se

4.1 High energies effects

One of the limitations of the aforementioned approach in Si, relies in having a cut off too
high compared to the expected threshold given by the energy to create a Frenkel-pair (≈ 30
eV) [8]. The main facts ignore in the previous study was to considered a varying binding
energy model and Coulomb repulsion effects for low energies and electron stripping at higher
energies. Hence, Lindhard electronic stopping is not valid at low energies.

Also we are going to considered electronic straggling effects in to the cascade process, this
is done by expanding at second order in

∑

i Tei the term ν̄
�

E − Tn −
∑

i Tei

�

in Eq.(2). The
main effect of including electronic straggling is to low the quenching factor near threshold
and slightly increase it at high energies. These effects can be added directly into Eq.(3).

For high energy the electronic stopping has to be corrected by velocity effects that reduce
the effective number of electron in the ions, this can be modeled by using the Bohr strip-
ping criteria [15]. The oscillatory effects for electronic stopping as function of the number of
electrons of the incoming ion are very well known. Since due to Bohr stripping the effective
number of electrons reduce, implies that for energies much lower than the Bragg peak (<20
Mev in Si) this effect may be active. This oscillations are caused by an appearance of a phase

1 fn = kg(ε)/(1+ kg(ε)), g(ε) = ε + 3ε0.15 + 6ε0.7
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shift,Firedel sum rule [16], to maintain neutrality of electron Fermi gas, it can be tested that
this effect produce a better agreement with the model and the available data for electronic
stopping in silicon.

4.2 Low energies effects

At low energies, it is very well known that the electronic stopping tents to damp in a non
proportional velocity dependence [17], due to at very low relative velocities (compared to v0)
colliding nuclei will not penetrate the electron clouds of each other strongly, this defines the
Coulomb repulsion effects for electronic stopping power.

The general formula for electronic stopping according kinetic theory [18]

Se = (Ξ)Nmv

∫ ∞

R
vFσt r(vF )NedV, (4)

where R is the distance of closest approach, that is computed by solving E = 1
2 V (R) for

a given inter-atomic potential, σt r is the transport cross section, Ne the electron density, vF
the Fermi velocity of the electron gas and Ξ a geometrical factor previously mentioned by
Tilinin [9]. This factor is only relevant for high atomic number elements, like Ge, where
for Si the effect can be neglected and approximate Ξ ≈ 1. Here we consider three different
models for the analysis, Tilinin [9] (Transport cross section and kinetic theory), Kishinevsky
[19] (based on Firsov model with inter-atomic interaction included ) and Arista [20] (based
on the dielectric function formalism, based in Lindhard ideas). Furthermore we consider four
inter-atomic potentials;Thomas-Fermi, Moliere, AVG and Ziegler [21,22]. Both the scale factor
ξe and the inter-atomic potential used affects the electronic stopping and the binding energy,
specially at low energies.

For the binding energy model we include the Frenkel energy, i.e. the energy to create a free
ion in the crystal lattice, mainly important at low energies, and we include inner excitation
of the electron clouds, that are mainly important at high energies. In general high binding
energies, tent to reduce the quenching factor.

Usually Density Functional Theory is used to model electronic stopping and binding ener-
gies. The kinetic energy for electrons usually is taken to be the average free electron energy of
a Fermi gas (3/5)EF where this assumption may work at high energies. But for low energies
interaction, Tilinin [9]makes the observation that only electrons near the Fermi energy can be
excited, due to Pauli exclusion principle, since inner electron occupy the energy levels. So if
we take in to account this observation, we can change in the model that the average electron
kinetic energy to be just EF . By doing this it can be shown that the atomic scale change by
a factor of 5/3. This implies for the electronic stopping the appearance of an scaling factor
of ξ = 2.15. Before this Lindhard observed the need to ad a corrective factor to electronic
stopping in the range among one or two. This argument may give a reasonable explanation
about the physical origin of this scale factor in the context of density functional theory. In this
study we are going to consider this atomic scaling factor ξ, as a free parameter among the
range 1 to 2.15, furthermore this also affects the binding energy model and nuclear recoils
interactions.

5 Ionization Efficiency for Noble Gases

For noble gases we can apply our model for the quenching factor for LXe and LAr, using recent
measurements of the ionization yield QER

y and the scintillation efficiency L y [23]. Reconstruc-
tion is done by exploiting the full anticorrelation between the S1 (scintillation photons nγ)
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and S2 (ionized electrons ne), where it is usually to assume that each excited or ionized atom
leads to one scintillation photon or electron, hence for the total quanta defined by the number
of ions Ni and excitons Nex produced, Ni + Nex = nγ + ne independent of recombination.

The fraction of ionizations due to recombination is predicted by the Thomas-Imel box
model [24].This model has been shown to work well for spatially small tracks. The charge
yield is proportional to Eq.(1) by the electron recoil energy Eer = fnER and the energy Wi to
create an electron-hole pair in the liquid, Ni = fn(

ER
Wi
)

QER
y =

Ni

Eer
=
(1− r)Ni

Eer
, 1− r =

1
γNi

ln (1+ γNi) ,

where γ is a free parameter of the model typically of the order of 10−2. In analogy for the light
yield,

L y =
Ni(r + Nex/Ni)

Eer

where Nex/Ni will be considered as a constant, the typical values are of the order of ≈ 1/2.
We compute the charge and light yields for LAr and LXe, using the constant binding energy
model and Se = kε1/2, as a first attempt to explain recent low energies measurements.

6 Results and Applications

We show in Fig.(1), the preliminary result for Si, compared with the constant binding energy
model and Lindhard’s. Now we can describe five orders of magnitude of data. We fit the inter-
atomic scale parameter to electronic stopping power (Se) data for Si-Si ions [25–27], that
scales the electronic and nuclear stopping and has important effects at low energies. In this
study we obtained Ξ= 1.46 to be a best fit for Se data. Even though the model is independent
of Lindhard’s, we see a very good match with our model at high energies.

Excess signals produced by flat background can be expected to appear at low energies due
to new effects, binding energy, considered by Eq.(3) than Lindhard’s model fail to reproduce.
For flat nuclear recoil spectrum or background signals, e.g. thermal neutrons, we can explain
an EXCESS signal considering that typically Monte Carlo (MC) simulations used Lindhard’s
theory to reconstruct from recoil to visible energy in experiments. If in substitution we use
our model for quenching factor, we reconstruct a signal that have an EXCESS at low energy
compared from this MC simulations. The physical origin of this excess relies in the inter-
atomic interactions due to binding energy (energy stored in a defect of the crystal), electronic
and nuclear stopping.

Defect production in crystals is a recent are of study [28], that has potential to be applied
for low energy detection. With our model and the Kinchin and Pease theory [29] , is very
straight forward to compute the number of Frenkel pairs in a crystal in Si. We note that the
expected number of events for our model is great than the prediction by using Lindhard’s
model.

For germanium we can use Eq.(4) to compute the electronic stopping power and introduce
it to Eq.(3) (with straggling) for fn computation. But as mentioned before Tilinin approach
fails for large atomic numbers like Ge. In this case it is necessary to introduced and model
the geometrical factor Ξ that may appear in Eq.(4). This can be modeled by considering
the electron ionization cross section, the rate of electrons emitted by collision and trajectory
different from a straight line of scattering. The model is still in progress and under revision,
here we show the preliminary results in Fig.(3).
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Finally we show in fig the results for Charge and light yield in LXe and LAr, see figures from
[30]. We fit the parameters for Thomas Imel box model, giving γX e = 0.0127, γAr = 0.025,
(Nex/Ni)X e = 0.47 and (Nex/Ni)Ar = 0.687. The results are compare to measurements taken
from [23] and NEST semi-empirical model.
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Figure 1: Silicon quenching factor measurements points taking from [6,31–33]. The
points are compared with, (line dotted) the solution of Eq.(3) with new effects added
at low and high energies, (dotted) Lindhards, and (red)the solution of Eq.(3) with
constant binding energy and Lindhard electronic stopping power.
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Figure 2: (left) Excess signal predicted from this work compared to Lindhard’s ex-
pectations. (right) Number of defects from this work (blue) compared to Lindhard
model (red).
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Figure 3: Germanium preliminary quenching factor computation based on the solu-
tion of Eq.(3), where the geometrical factor mentioned by Tilinin is considered.

7 Conclusions

We present a general model based on integral equations for ionization in pure crystals and
noble liquids. The model predicts the turnover of fn at low energies, already observed in Xe
for ER < 1 keV. We incorporate corrections due to electronic straggling and atomic scaling in
the Int. Diff. Eq. For silicon Coulomb effects allow us to fit the data up to 3 MeV and have a
threshold near Frenkel-pair creation energy. For germanium our model shows potential to ex-
plain recent measurements 2. We show charge and light yields for LXe and LAr consistent with
actual data. Much work can be done from here, e.g directional quenching factor, straggling
for ν̄, etc.

Acknowledgements

We specially thank to Daniel Baxter from Fermilab for presenting this work in the EXCESS-
2022 conference at Viena in behalf of the authors. This research was supported in part by
DGAPA-UNAM grant number PAPIIT-IT100420, PAPITT-IN106322 and Consejo Nacional de
Ciencia y Tecnología (CONACYT) through gran CB2014/240666.

Funding information This research was supported in part by DGAPA-UNAM grant number
PAPIIT-IT100420, PAPITT-IN106322 and Consejo Nacional de Ciencia y Tecnología (CONA-
CYT) through gran CB2014/240666.

2J.I.Collar, et al, PRD 103,122003 (2021)

7



SciPost Physics Submission

References

[1] M. Abdullah et al., Coherent elastic neutrino-nucleus scattering: Terrestrial and astrophys-
ical applications (2022), 2203.07361.

[2] J. Barreto, H. Cease, H. Diehl, J. Estrada, B. Flaugher, N. Harrison, J. Jones,
B. Kilminster, J. Molina, J. Smith, T. Schwarz and A. Sonnenschein, Direct search
for low mass dark matter particles with ccds, Physics Letters B 711(3), 264 (2012),
doi:https://doi.org/10.1016/j.physletb.2012.04.006.

[3] Z. Ahmed, D. S. Akerib, S. Arrenberg, C. N. Bailey, D. Balakishiyeva, L. Baudis, D. A.
Bauer, P. L. Brink, T. Bruch, R. Bunker, B. Cabrera, D. O. Caldwell et al., Results from a
low-energy analysis of the cdms ii germanium data, Phys. Rev. Lett. 106, 131302 (2011),
doi:10.1103/PhysRevLett.106.131302.

[4] M. Kimura, M. Tanaka, T. Washimi and K. Yorita, Measurement of the scintillation efficiency
for nuclear recoils in liquid argon under electric fields up to 3kv/cm, Phys. Rev. D 100,
032002 (2019), doi:10.1103/PhysRevD.100.032002.

[5] J. Aalbers, F. Agostini, M. Alfonsi, F. Amaro, C. Amsler, E. Aprile, L. Arazi, F. Arneodo,
P. Barrow, L. Baudis, M. Benabderrahmane, T. Berger et al., DARWIN: towards the ultimate
dark matter detector, Journal of Cosmology and Astroparticle Physics 2016(11), 017
(2016), doi:10.1088/1475-7516/2016/11/017.

[6] Y. Sarkis, A. Aguilar-Arevalo and J. C. D’Olivo, Study of the ionization effi-
ciency for nuclear recoils in pure crystals, Phys. Rev. D 101, 102001 (2020),
doi:10.1103/PhysRevD.101.102001.

[7] A. E. Chavarria et al., Measurement of the ionization produced by sub-keV silicon
nuclear recoils in a CCD dark matter detector, Phys. Rev. D94(8), 082007 (2016),
doi:10.1103/PhysRevD.94.082007, 1608.00957.

[8] J. Frenkel, Über die wärmebewegung in festen und flüssigen körpern, Zeitschrift für Physik
35(8), 652 (1926), doi:10.1007/BF01379812.

[9] I. S. Tilinin, Elastic scattering of electrons and positrons by complex atoms at medium
energies, Zh. Eksp. Teor. Fiz. 94, 96 (1988).

[10] F. Bezrukov, F. Kahlhoefer and M. Lindner, Interplay between scintillation and ioniza-
tion in liquid xenon dark matter searches, Astroparticle Physics 35(3), 119 (2011),
doi:https://doi.org/10.1016/j.astropartphys.2011.06.008.

[11] J.Lindhard, ON TH E PROPERTIES OFA GAS O F CHARGED PARTICLES,
Kong.Dan.Vid.Sel.Mat.Fys.Med. 28(8) (1961).

[12] A. Aguilar-Arevalo et al., Search for coherent elastic neutrino-nucleus scattering at a nuclear
reactor with connie 2019 data, Journal of High Energy Physics 2022(5), 17 (2022),
doi:10.1007/JHEP05(2022)017.

[13] T. Schwemberger and T.-T. Yu, Detecting beyond the standard model interactions of so-
lar neutrinos in low-threshold dark matter detectors, Phys. Rev. D 106, 015002 (2022),
doi:10.1103/PhysRevD.106.015002.

[14] J. Lindhard, V. Nielsen, M. Scharff and P. Thomsen, Integral equations governing radiation
effects, Kong.Dan.Vid.Sel.Mat.Fys.Med. 33(10), 10 (1963).

8

2203.07361
http://dx.doi.org/https://doi.org/10.1016/j.physletb.2012.04.006
http://dx.doi.org/10.1103/PhysRevLett.106.131302
http://dx.doi.org/10.1103/PhysRevD.100.032002
http://dx.doi.org/10.1088/1475-7516/2016/11/017
http://dx.doi.org/10.1103/PhysRevD.101.102001
http://dx.doi.org/10.1103/PhysRevD.94.082007
1608.00957
http://dx.doi.org/10.1007/BF01379812
http://dx.doi.org/https://doi.org/10.1016/j.astropartphys.2011.06.008
http://dx.doi.org/10.1007/JHEP05(2022)017
http://dx.doi.org/10.1103/PhysRevD.106.015002


SciPost Physics Submission

[15] J. L. Gervasoni and S. Cruz-Jiménez, Bohr’s adiabatic criterion and effective
charge of heavy ions, Radiation Physics and Chemistry 48(4), 433 (1996),
doi:https://doi.org/10.1016/0969-806X(96)00001-1.

[16] J. Friedel, Xiv. the distribution of electrons round impurities in monovalent metals,
The London, Edinburgh, and Dublin Philosophical Magazine and Journal of Science
43(337), 153 (1952), doi:10.1080/14786440208561086, https://doi.org/10.1080/
14786440208561086.

[17] D. Semrad, Coulomb effect and threshold effect in electronic stopping power for slow protons,
Phys. Rev. A 33, 1646 (1986), doi:10.1103/PhysRevA.33.1646.

[18] P. Sigmund, Kinetic theory of particle stopping in a medium with internal motion, Phys.
Rev. A 26, 2497 (1982), doi:10.1103/PhysRevA.26.2497.

[19] L. Kishinevsky, Izv. Akad. Nauk SSSR 26, 1410 (1962).

[20] J. M. Fernández-Varea and N. R. Arista, Analytical formula for the stopping power of
low-energy ions in a free-electron gas, Radiation Physics and Chemistry 96, 88 (2014),
doi:https://doi.org/10.1016/j.radphyschem.2013.08.015.

[21] W. D. Wilson, L. G. Haggmark and J. P. Biersack, Calculations of nuclear stopping,
ranges, and straggling in the low-energy region, Phys. Rev. B 15, 2458 (1977),
doi:10.1103/PhysRevB.15.2458.

[22] F. Ziegler, J.P. Biersack, and U. Littmark, The Stopping and Range of Ions in Solids, Perga-
mon Press New York (1985).

[23] M. Szydagis, G. A. Block, C. Farquhar, A. J. Flesher, E. S. Kozlova, C. Levy, E. A. Mangus,
M. Mooney, J. Mueller, G. R. C. Rischbieter and A. K. Schwartz, A review of basic energy
reconstruction techniques in liquid xenon and argon detectors for dark matter and neutrino
physics using nest, Instruments 5(1) (2021), doi:10.3390/instruments5010013.

[24] J. Thomas and D. A. Imel, Recombination of electron-ion pairs in liquid argon and liquid
xenon, Phys. Rev. A 36, 614 (1987), doi:10.1103/PhysRevA.36.614.

[25] An experimental method for precise determination of electronic stopping powers for heavy
ions, Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions
with Materials and Atoms (2000), doi:https://doi.org/10.1016/S0168-583X(00)00050-
1.

[26] N.Hecking, Nuclear Instruments and Methods in Physics Research Section B: Beam In-
teractions with Materials and Atoms 59(60), 619.

[27] Y. Zhang and W. J. Weber, Validity of bragg’s rule for heavy-ion stopping in silicon carbide,
Phys. Rev. B 68, 235317 (2003), doi:10.1103/PhysRevB.68.235317.

[28] S. Sassi, M. Heikinheimo, K. Tuominen, A. Kuronen, J. Byggmästar, K. Nordlund and
N. Mirabolfathi, Energy loss in low energy nuclear recoils in dark matter detector materials,
doi:10.48550/ARXIV.2206.06772 (2022).

[29] G. H. Kinchin and R. S. Pease, The displacement of atoms in solids by radiation, Reports
on Progress in Physics 18(1), 1 (1955), doi:10.1088/0034-4885/18/1/301.

[30] Excess2022 workshop viena, https://indi.to/HZdPx, Youssef Sarkis, slides 19-22.

9

http://dx.doi.org/https://doi.org/10.1016/0969-806X(96)00001-1
http://dx.doi.org/10.1080/14786440208561086
https://doi.org/10.1080/14786440208561086
https://doi.org/10.1080/14786440208561086
http://dx.doi.org/10.1103/PhysRevA.33.1646
http://dx.doi.org/10.1103/PhysRevA.26.2497
http://dx.doi.org/https://doi.org/10.1016/j.radphyschem.2013.08.015
http://dx.doi.org/10.1103/PhysRevB.15.2458
http://dx.doi.org/10.3390/instruments5010013
http://dx.doi.org/10.1103/PhysRevA.36.614
http://dx.doi.org/https://doi.org/10.1016/S0168-583X(00)00050-1
http://dx.doi.org/https://doi.org/10.1016/S0168-583X(00)00050-1
http://dx.doi.org/10.1103/PhysRevB.68.235317
http://dx.doi.org/10.48550/ARXIV.2206.06772
http://dx.doi.org/10.1088/0034-4885/18/1/301


SciPost Physics Submission

[31] Gerbier et al., Measurement of the ionization of slow silicon nuclei in silicon for
the calibration of a silicon dark-matter detector, Phys. Rev. D 42, 3211 (1990),
doi:10.1103/PhysRevD.42.3211.

[32] R. Agnese et al., Nuclear-recoil energy scale in cdms ii silicon dark-matter de-
tectors, Nuclear Instruments and Methods in Physics Research Section A: Ac-
celerators, Spectrometers, Detectors and Associated Equipment 905, 71 (2018),
doi:https://doi.org/10.1016/j.nima.2018.07.028.

[33] T. Saab, Ionization yield of nuclear recoils in supercdms, URL https://indico.scc.kit.edu/
export/event/2575.ics, Contribution to EXCESS 2022 workshop, 15-17 Feb. (2022).

10

http://dx.doi.org/10.1103/PhysRevD.42.3211
http://dx.doi.org/https://doi.org/10.1016/j.nima.2018.07.028
https://indico.scc.kit.edu/export/event/2575.ics
https://indico.scc.kit.edu/export/event/2575.ics

	Introduction
	Ionization and Lindhard Integral Equation
	Simplify Integro Differential Equation
	Low and High energy Effects for Se
	High energies effects
	Low energies effects

	Ionization Efficiency for Noble Gases
	Results and Applications
	Conclusions
	References

