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Abstract: Experimental data shows that both ionization charge and scintillation light in LAr depend
on the deposited energy density (𝑑𝐸/𝑑𝑥) and electric field (ℰ). Moreover, free ionization charge
and scintillation light are anticorrelated, complementary at a given (𝑑𝐸/𝑑𝑥, ℰ) pair. We present
LArQL, a phenomenological model that provides the anticorrelation between light and charge and
its dependence on the deposited energy as well as on the electric field applied. It modifies the Birks’
charge model considering the contribution from the escape electrons at null and low electric fields,
and reconciles with Birks’ model prediction at higher fields. Deviations from current Birks’ model
are observed for LArTPCs operating at lowℰ and for heavily ionizing particles. The LArQL model
presents a satisfactory description at 𝑑𝐸/𝑑𝑥 and field ranges for interacting particles in LArTPCs
and fits well the available data. Improvements via data sets compilation and “global” fits are also
interesting features of the model.

Keywords: Ionization and excitation processes; Scintillators, scintillation and light emission
processes (solid, gas and liquid scintillators).
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1 Introduction

Scintillation light is typically collected in current liquid argon time projection chambers experiments
(LArTPCs) for time of interaction measurement as this quantity is used in combination with the
ionization charge signals to determine the drift distance of the electrons to the anode planes, and
thus allowing event 3D position determination. Photon detection systems for future massive LAr
volume experiments will have better coverage (e.g. DUNE Far Detector #2 ∼10 kt) and thus, in
addition to timing, will be enabled to exploit their own calorimetry capabilities from scintillation
light detection at levels similar to those provided by the TPC through charge collection [1]. For that,
an improved description of scintillation production mechanism is required taking into consideration
finer details regarding the energy deposits per particle in the liquid argon volume. This was noticed
in recent scintillation data analysis such as the one performed at ProtoDUNE [2]. Another practical
feature from such improved description would be the provision of light yield estimates in a broad
range of electric field values. This is relevant as it allows comparisons or fits of one single model
description to the different scintillation light data sets produced in LAr test chambers available in
the literature. Also the use of such model in the simulation of massive LAr experiments can be of
importance because scintillation light produced outside the TPC active volume, where the electric
field varies and is approximately zero, can still reach the photo-sensors, and therefore should be
considered in physics event analysis.

Both ionization free charge and scintillation light in LAr depend on the deposited energy
density (𝑑𝐸/𝑑𝑥) and the electric field (ℰ) [3–6]. Figure 1 (left) shows the ratio 𝑅, or recombination
factor, of the charge produced at a given ℰ relative to the charge at an infinite electric field regime
(maximum collectable charge) and the ratio 𝑆 of the light yield at a given ℰ relative to the light
yield at zero electric field (maximum light emitted), for minimum ionizing particles (mip) in a
broad range ofℰ. The short range ofℰ values of interest for LArTPC operation is indicated by the
yellow band. The observed data trends show that free ionization charge and scintillation light are
anticorrelated, complementary at a given (𝑑𝐸/𝑑𝑥, ℰ) pair. This suggests that the free charge yield
(𝑄) can be related to the scintillation light yield (𝐿) through the number of excitons and ionization
electrons initially produced per unit of deposited energy. Another relevant aspect observed in the
data, shown in figure 1 (right), is the reduction of the relative scintillation yield at ℰ = 0 (usually
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named 𝜂0 [5, 6]) in the low 𝑑𝐸/𝑑𝑥 region which is attributed to escape electrons, i.e. those more
energetic electrons, escaping the Coulomb influence of the parent ion after initial ionization, that do
not promptly recombine into argon excimer states (Ar∗2) and thus reduce the amount of de-excitation
photon emission. By taking these experimental evidences into consideration we introduce the
LArQL model, described in section 2, that aims to provide adequate 𝑄 and 𝐿 estimates as functions
of 𝑑𝐸/𝑑𝑥 andℰ.

Figure 1. The ratios 𝑆 and 𝑅 for mip in liquid argon as a function of the applied electric fieldℰ (left). Note
the complementarity of light and charge. The relative scintillation yield at null field 𝜂0 in LAr for various
incident particles as a function of the linear energy transfer (LET) (right). The regions of applicability of
LArQL are shown in yellow (ℰ from 0 to 0.75 kV/cm and 𝑑𝐸/𝑑𝑥 from 2 to 40 MeV/cm). Data from ref. [6].

2 LArQL Model

Solid argon is characterized by the existence of an electron band structure and it is usually assumed
that the same band structure also exists in the liquid state, characterized by an energy gap of
𝐸𝑔𝑎𝑝 = 14.3 eV. At the passage of charged particles through LAr, besides electron-ion (Ar+) pair
formation from ionization, Ar* excited atoms are also produced. The average energy expended per
ion pair separation, 𝑊𝑖𝑜𝑛, can be written as:

𝑊𝑖𝑜𝑛 = 𝐸𝑖 + 𝜖𝑘𝑖𝑛 + (𝑁𝑒𝑥/𝑁𝑖)𝐸𝑒𝑥 = 23.6 ± 0.3 eV/e, (2.1)

where 𝐸𝑖 is the average energy loss per ionizing collision corresponding to the mean value of the gap
energy and 𝜖𝑘𝑖𝑛 is the average kinetic energy carried by the sub ionization electron [7]. 𝐸𝑒𝑥 is the
average energy release per excited atom and 𝑁𝑒𝑥/𝑁𝑖 = 0.29 [6] represents the number of excitons
formed per electron-ion pair from ionization in LAr. From the above definitions, it follows that
the number of ionization electrons initially generated per unit of deposited energy is 𝑁𝑖 = 1/𝑊𝑖𝑜𝑛.
The chain of mechanisms that can undergo in LAr following initial ionization, recombination and
formation of Ar2 excimers and subsequent de-excitation leading to scintillation photon emission,
are depicted in figure 2.

A phenomenological model that provides the anticorrelation between light and charge and
its dependence with 𝑑𝐸/𝑑𝑥 and ℰ is presented here. It aims to cover the range of interest for
LArTPC neutrino experiments, 2 MeV/cm < 𝑑𝐸/𝑑𝑥 < 40 MeV/cm and 0.25 kV/cm < ℰ < 0.5
kV/cm, and further extends to 0 < ℰ < 0.75 kV/cm. The model is built upon a well established
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Figure 2. Chain of mechanisms following initial ionization and scintillation emission pathways in LAr.

phenomenological charge-light master equation:

𝑄(𝑑𝐸/𝑑𝑥,ℰ) + 𝐿 (𝑑𝐸/𝑑𝑥,ℰ) = 𝑁𝑖 + 𝑁𝑒𝑥 , (2.2)

𝑁𝑖 and 𝑁𝑒𝑥/𝑁𝑖 are model input parameters, with current numerical values extracted from data.
LArQL modifies the Birks’ charge recombination model1 correcting for additional escape

electrons freed away from the Ar ions in the lower electric field range, and correlates this with the
scintillation light yield through eq. 2.2. Considered the evidence of light reduction at ℰ = 0 for
lower 𝑑𝐸/𝑑𝑥 values, figure 1 (right), one can establish the fraction of missing photons 1-𝜂0 and
from this the fraction of escape electrons, 𝜒0, can be inferred:

𝜂0 =
1 − 𝜒0 + 𝑁𝑒𝑥/𝑁𝑖

1 + 𝑁𝑒𝑥/𝑁𝑖

−→ 𝜒0 = (1 + 𝑁𝑒𝑥/𝑁𝑖) · (1 − 𝜂0). (2.3)

At any 𝑑𝐸/𝑑𝑥 at zero electric field, 𝑄0 = 𝜒0 · 𝑄∞ ≠ 0 due to the escape electrons, where the
subscripts 0 and ∞ indicateℰ value. Hence, 𝜒0 ·𝑄∞ ≤ 𝑄(ℰ) ≤ 𝑄∞. However, in the Birks’ charge
parametrizations, 𝑄(𝑑𝐸/𝑑𝑥,ℰ → 0) → 0, which is in friction with the escape electrons evidence.
Therefore, a correction term to the Birks’ charge model is introduced in LArQL as:

𝑄𝐿𝐴𝑟𝑄𝐿 = 𝑄𝐵𝑖𝑟 𝑘𝑠 +𝑄𝑒𝑒 =
𝐴𝐵/𝑊𝑖𝑜𝑛

1 + 𝑘𝐵
𝜌𝐿𝐴𝑟

· 1
ℰ
· 𝑑𝐸
𝑑𝑥

+ 𝜒0 (𝑑𝐸/𝑑𝑥) · 𝑓𝑐𝑜𝑟𝑟 (ℰ, 𝑑𝐸/𝑑𝑥) · 𝑄∞, (2.4)

where 𝑄𝐿𝐴𝑟𝑄𝐿 is the corrected charge yield, 𝑄𝐵𝑖𝑟 𝑘𝑠 is the Birks’ model estimate (depending on
constants 𝐴𝐵, 𝑘𝐵, and LAr density, 𝜌𝐿𝐴𝑟 ) [8], 𝑄𝑒𝑒 is the escape electrons term, with 𝑓𝑐𝑜𝑟𝑟 being
the correcting factor accounting for theℰ dependence of 𝑄𝑒𝑒.

Based on the experimental data from ref. [6], reproduced in figure 1 (right), the dependence
of the 𝜒0 function on 𝑑𝐸/𝑑𝑥 was obtained according to eq. 2.3 and it is shown in figure 3 (left).
The 𝜒0 curve indicates the decrease in the fraction of electrons escaping recombination at ℰ = 0
as 𝑑𝐸/𝑑𝑥 increases. As soon as the electric field lifts up above zero, the relative contribution of
escape electrons to the charge yield is expected to drop quickly, especially at low 𝑑𝐸/𝑑𝑥, while the
number of electron-ion pairs pulled apart by the electromotive force increases. A phenomenological
function 𝑓𝑐𝑜𝑟𝑟 exponentially decreasing with the field is used to parametrize this effect, reducing

1Another commonly adopted model for charge is the Modified Box model, whose free charge output based on a
different recombination theory results indeed very close to the Birks’ model output in most of the range of applicability.
LArQL implements and corrects the Mod Box model as well (not reported here), in alternative to Birks’ model.
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Figure 3. Running parameters, 𝜒0 and 𝑓𝑐𝑜𝑟𝑟 , for the LArQL model. The 𝑓𝑐𝑜𝑟𝑟 curve is shown for a mip.

the 𝑄𝑒𝑒 term and restoring the Birks’ model (𝑄𝐿𝐴𝑟𝑄𝐿 → 𝑄𝐵𝑖𝑟 𝑘𝑠) at high ℰ, for any 𝑑𝐸/𝑑𝑥. The
𝑓𝑐𝑜𝑟𝑟 curve for mip in LAr, 𝑑𝐸/𝑑𝑥 = 2.1 MeV/cm, is shown in figure 3 (right).

Comparisons between LArQL and Birks’ model estimates for charge yield as a function of the
appliedℰ for different 𝑑𝐸/𝑑𝑥 values are shown in figure 4. The two models estimates for mip show
appreciable differences only if ℰ < 0.1 kV/cm. As 𝑑𝐸/𝑑𝑥 increases the difference between the
two models gradually becomes more noticeable at higher electric fields (ℰ ∼ 0.3 kV/cm), in the
range of current LArTPCs operating values (0.25< ℰ < 0.5 kV/cm). The charge yield estimates
from LArQL are higher as electrons escaping recombination are taken into account.

Figure 4. Charge yield Q as function ofℰ for fixed 𝑑𝐸/𝑑𝑥: comparison between LArQL and Birks’ model.

Considering that the number of final produced quanta equals the sum of the number of primary
ionizations and excitations of argon atoms and that for each recombined electron a scintillation
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photon is emitted, the light term from LArQL is derived from the charge-light master equation as:

𝐿𝐿𝐴𝑟𝑄𝐿 = 𝑁𝑖 −𝑄𝐿𝐴𝑟𝑄𝐿 + 𝑁𝑒𝑥 . (2.5)

Figure 5. Light yield 𝐿 as function ofℰ for fixed 𝑑𝐸/𝑑𝑥. Red lines indicate calculations from LArQL model
and the black dashed lines are estimates from a correlated model not accounting for escape electrons.

Figure 5 shows 𝐿 as a function of the appliedℰ for different values of 𝑑𝐸/𝑑𝑥. The decreasing
trend obtained for all curves as function ofℰ is as expected according to the anticorrelation between
𝐿 and 𝑄. The red lines indicate the curves obtained for LArQL with eq. 2.5. The dashed black
lines show 𝐿 for a recently proposed light-charge correlated model [9] which does not take escape
electrons into account resulting in the same fixed estimate for 𝐿 at ℰ = 0 for any 𝑑𝐸/𝑑𝑥. Notice
that LArQL predictions of 𝐿 differ from the correlated model for any 𝑑𝐸/𝑑𝑥 at lower values of ℰ
giving estimates for 𝐿 consistent with available data (e.g. figure 1) in all the consideredℰ range.

3 First model validation and potentialities

An initial comparison between LArQL and data is made assuming the corrections described in
section 2 (eqs. 2.4 and 2.5) and Birks’ model parameters values as from ref. [8]. Figure 6 (left) shows
the charge recombination factor measured in the ICARUS experiment [8] and the corresponding
LArQL estimate. The ratio 𝑆 between the light detected at a givenℰ and zero field is also compared
with LArQL estimates as is presented in figure 6 (right). A satisfactory agreement is observed
although light data is limited.

Comparison between other measurements and the LArQL model was performed with the same
set of fixed parameters. For instance, LArQL provides a better description of the charge density
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Figure 6. Recombination factor 𝑅 as function of 𝑑𝐸/𝑑𝑥 for differentℰ values (left). Data from ref. [8]. On
the right, 𝑆 ratio for mip as function ofℰ. Data from ref. [6] for 1 MeV electrons from 207Bi source in LAr.

(𝑑𝑄/𝑑𝑥) as function of 𝑑𝐸/𝑑𝑥 for the data obtained in the MicroBooNE experiment [10], with an
electric field of 0.273 kV/cm, than a fitted version of the Birks’ model. Comparison between light
data from the ARIS experiment and LArQL was also performed [11]. The ratio 𝑆 as function of
𝑑𝐸/𝑑𝑥 for different applied electric fields are reasonably described.

Although LArQL provides a good description of both charge and light data it is reasonable to
consider its parameters can still be refined to a more accurate version. A preliminary parameter
fitting exercise was performed as a proof of concept for such assumption. ARIS data was also taken
in addition to the original aforementioned data. In this, all parameters related to the Birks’ formula
and 𝜒0 were kept fixed while the two parameters related to 𝑓𝑐𝑜𝑟𝑟 parametrization were allowed to
vary in order to minimize model-data residuals. The explicit parametrization for 𝑓𝑐𝑜𝑟𝑟 is given by:

𝑓𝑐𝑜𝑟𝑟 = 𝑒−ℰ/(𝛼 ln 𝑑𝐸/𝑑𝑥+𝛽) , (3.1)

where 𝛼 and 𝛽 are free parameters.
By updating the 𝛼 and 𝛽 parameters in LArQL model one can evaluate its optimization impact

on the data description. Figure 7 shows the improved curves for 𝑑𝑄/𝑑𝑥 compared to MicroBooNE
data (left) and ratio 𝑆 compared to ARIS data (right), both as a function of 𝑑𝐸/𝑑𝑥. The red line in
the 𝑑𝑄/𝑑𝑥 graph shows LArQL estimates and the black line shows a fit using Birks’ model. LArQL
better agreement with the charge data is clearer above 5 MeV/cm.

Figure 7. Optimized 𝑑𝑄/𝑑𝑥 (left) and ratio 𝑆 (right) as function of 𝑑𝐸/𝑑𝑥 comparison. Data from ref. [10]
(left) and [11] (right).
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4 Conclusions

LArQL is a phenomenological model to evaluate charge and light yields considering that on the
passage of a ionizing particle through LAr the final produced quanta are equal to the sum of the
number of primary ionizations and excitations of argon atoms. This way it provides the appropriate
anticorrelation for the amount of charge and light produced. By considering that electrons can
escape recombination at ℰ ∼ 0 when 𝑑𝐸/𝑑𝑥 is sufficiently small, it is possible to reproduce data
behavior, specially for lowℰ values. In addition, this model can be potentially improved throughout
a global fit where all data available should be considered and more or even all parameters varied. It
is worth noticing that given the straightforward model description its direct implementation on the
LArSoft platform [12] was possible and it is already available for use.
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