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Improving tracking capabilities for detecting low energy neutrinos would enable a broad range of
physics measurements.Coherent Elastic Neutrino Nucleus Scattering (CEνNS) can be used as a tool
to study neutrino properties and physics beyond the standard model. Low energy neutrinos in the
MeV range that interact with particles generate nuclear recoils that leave small ionization tracks
in an argon time projection chamber detector. Simulation studies that model the propagation of
nuclear recoils will provide the distribution of ionization energy which is necessary for determining
the thresholds and spatial resolution for a detector. Using the Stopping and Range of Ions in Matter
(SRIM) simulation program, we obtained detailed collision data that modeled the propagation of
nuclear recoils in gaseous argon. The trajectories significantly varied at each energy level, generating
a wide distribution of ionization tracks for each nuclear recoil energy. Analyzing the spread in the
distribution of ionization data provided a measure of how well certain ionization tracks and energies
can be distinguished. Nuclear recoil energies ranging from 1-100 keV produced ionization tracks
ranging from 10-350 µm in length and deposited ionization energy ranging between 1-60 keV. From
these simulation studies, we obtained a fractional spatial resolution of ∼30% and a fractional energy
resolution of ∼15%. These calculations suggest creating a detector capable of differentiating between
nuclear recoil energies would require high spatial resolution on the µm scale with energy thresholds
low enough to measure the 10s of keV energy deposits. We can implement these studies towards
developing a gas electron multiplier based detector with 100 µm spacing capable of amplifying the
signal produced by a low energy nuclear recoil.

I. INTRODUCTION

Neutrinos are among the most abundant and elusive
particles in the universe. Created through various decay
processes and weak interactions, these electrically neu-
tral particles can carry information important to under-
standing the evolution of our universe, studying the last
evolutionary stages of stars, and uncovering physics be-
yond the standard model. Because neutrinos are only
detectable via the weak force, observing them quite is
difficult and requires large target detectors. Time Pro-
jection Chambers (TPC) that utilize argon as a detection
medium provide a fully active tracking detector capable
of 3D track reconstruction from a neutrino interaction.

A. Low Energy Neutrino Interactions

A neutrino interaction that occurs relatively frequently
and is well predicted by the standard model is Coherent
Elastic Neutrino-Nucleus Scattering (CEνNS). CEνNS is
a neutrino interaction that is difficult to detect and has
only been first observed recently through the COHER-
ENT collaboration in 2017 [4]. This process is induced
when a low energy neutrino (in the MeV range) scatters
off an entire nucleus coherently.

While higher energy neutrinos interact with the indi-

FIG. 1: A: CEνNS Interaction where nuclear recoil is
the only detectable observable

B: Cross sections of CEνNS and other neutrino
interactions such as inverse beta decay and

neutrino-electron scattering, and charged current
interactions [2]

vidual nucleons of an atom, low energy neutrinos will
scatter off the entire nucleus as a single particle exchang-
ing a z boson, inducing a nuclear recoil in the 10s of keV
range. The scattering cross section of the CEνNS inter-
action is proportional to the number of neutrons squared
which makes the probability of this interaction relatively
large compared to other interactions detected, such as
inverse beta decay [2]. The nuclear recoil signal is the
only detectable observable from neutrinos of low energies.
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These nuclear recoils produce ionization energies that are
difficult to measure with current detector thresholds.

In addition to low energy neutrinos, current dark mat-
ter candidates such as Weakly Interacting Massive Parti-
cles (WIMPs) can also interact coherently with an atom
and generate a low energy nuclear recoil. This identi-
cal signal proposes the issue of a ‘neutrino fog,’ which
describes a theoretical lower limit to which we can dis-
tinguish WIMP particles with a neutrino background. [1]
Directional detection of nuclear recoils can help suppress
neutrino fog backgrounds from dark matter searches and
is therefore an area of active improvement for noble gas
detectors.

B. Simulation Studies

Simulation studies of nuclear recoils in liquid and
gaseous argon detectors and the ionization process aim to
provide the necessary energy threshold and spatial res-
olution for a detector capable of detecting low energy
nuclear recoils.

These simulation studies will emphasize two events
from the nuclear recoil interaction: the propagation of
the argon recoils at energies 1-100 keV in gaseous ar-
gon and the transport of the free electrons caused by the
ionization process. From the nuclear recoil simulation,
the trajectory information in addition to the energy loss
are important outputs for obtaining spatial and energy
resolution. The distribution of ionization energy loss pro-
duced by the nuclear recoil simulation will provide valu-
able input into simulating the electron transport. Sim-
ulations of the ionized electrons will provide a more de-
tailed understanding of the ionization pattern created by
nuclear recoils which will aid in particle identification in
TPC detectors.

II. NUCLEAR RECOIL SIMULATION

The Stopping and Range of Ions in Matter (SRIM) is
a software package that is capable of calculating different
parameters for the transport of ions in a given target ma-
terial and simulate these interactions through the use of
its Monte Carlo based simulator, TRIM. TRIM produces
collision plots that provide information on the energy loss
from an incoming ion and the trajectories of an ion in a
target medium and is a practical tool for tracking the
spatial propagation of nuclear recoils in gaseous argon.

TRIM simulates the propagation of ions in a medium
based on first principles, and allows for a more rigor-
ous treatment of elastic scattering and energy distribu-
tions which is essential for simulating ions that experi-
ence numerous collisions in the process of slowing down
[5]. TRIM also considers the energy loss induced on the
target material and can track target collision cascades
and energy lost to generating vacancies, phonon produc-
tion, and to ionization.

A significant attribute of a nuclear recoil that pene-
trates an argon medium is its stopping power. The stop-
ping power (dEdx ) is the amount of energy lost per unit
distance and is what causes an atom to lose energy as it
propagates. It is composed of the nuclear stopping power
comprised of the elastic collisions with the target nuclei,
and electronic stopping power caused by the inelastic col-
lisions with the target electrons [5]. The stopping power
increases rapidly at lower energies, and then eventually
decreases after reaching a maximum known as the Bragg
peak. At lower energies, the stopping power follows the
falling side of the Bragg peak, where the energy loss de-
creases as the particle slows down [1]. In this lower en-
ergy regime, the nuclear stopping power is larger than
the electronic stopping power and the energy with target
nuclei is sufficient to produce cascades of secondary re-
coils, which contribute greatly to the the overall energy
loss profile in the target.

FIG. 2: Simulation of a single 30 keV nuclear recoil in
gaseous argon: The white line shows the nuclear recoil

trajectory, red cascades show secondary recoils

From figure 2, the initial recoil traveled a longitudi-
nal range of 63.2 µm along the target depth at an initial
energy of 30 keV at 1 atm. The energy loss from the
initial recoil can be summed through energy loss due to
ionization, which describes the interactions between the
initial recoil and the target atoms, and energy loss due
to kinetic energy of target atoms as a result of primary
and secondary recoils. As the incoming nuclear recoil
propagates through the gaseous argon, the energy from
the collisions between the argon recoils and the target
argon atoms is sufficient enough to generate cascades of
secondary recoils. These secondary recoils contribute sig-
nificantly to the overall energy loss. In the case of the
30 keV nuclear recoil, 61% of the energy lost due to ion-
ization was from the secondary recoils, which signifies
the importance of tracking the energy loss from both the
incoming argon recoil and the secondary recoils for ob-
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taining ionization distributions.

FIG. 3: Upper: 1-100 keV nuclear recoil trajectories
projected on XY plane. Each trajectory color

corresponds with a different recoil energy. This plot
follows the nuclear recoil trajectory along the target

depth
Lower: Lateral view of nuclear recoil projected on the

YZ plane.

The propagation of nuclear recoils in gaseous argon
at one atm varied significantly across energies ranging
from 1-100 keV. Nuclear recoils at initial energies at 1-
100 keV from these simulations exhibited a 10-250 µm
track range. The initial beam path of the nuclear recoil
is parallel to the target depth. The trajectories deviated
from this initial path within a 60 µm range across the
y and z axes. Overall, the trajectories lack a definite
pattern and there is no distinct particle track that can be
mapped for a single initial nuclear recoil energy. For this
reason, it is important to obtain hundreds of simulations
for each initial nuclear recoil energy so we can understand
the spread in the distribution and gain intuition as to how
nuclear recoils propagate and deposit energy.

A. Computation of Ionization Charge Distribution

Gaseous TPCs will detect the nuclear recoil through
the drift electrons produced during ionization processes.
Electronic stopping and nuclear stopping will both con-
tribute to producing ionization in the gaseous argon
medium and the secondary recoils will contribute greatly
to the overall energy loss. For each simulation, SRIM pro-
vides distributions of the energy loss due to the ionization
process from both the nuclear recoil and secondary re-
coils. As the nuclear recoil continues to propagate in the
gaseous argon target, it will deposit its energy to ionizing
electrons and induce secondary recoils that additionally
deposit ionization energy. From analyzing the spread in
data consisting of hundreds of simulations at each en-
ergy level, we can quantify the total ionization energy
deposited. These calculations will provide the necessary
resolution for an optimal detector.

FIG. 4: Distribution of ionization energy loss at an
initial nuclear recoil energy of 60 keV for 500

simulations

FIG. 5: Median ionization distribution at an initial
nuclear recoil energy of 60 keV for 500 simulations

From figure 5, the spread in the ionization distribution
across 500 simulations can be distinguished. The shaded
region represents data within 50% of the median values
and indicates a large spread across the distribution. As
the nuclear recoil continues to deposit ionization energy,
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the ionization energy will reach zero, where the nuclear
recoil will reach a maximum target depth. In this ex-
ample, at an initial nuclear recoil energy of 60 keV, the
nuclear recoil reaches a maximum target depth of ∼140
µm. This maximum target depth is correlated to the rel-
ative size of an ionization signature produced, which is
important when considering the necessary spatial resolu-
tion for a detector capable of nuclear recoil tracking.

B. Resolution Calculations

In order to develop detectors capable of inferring direc-
tionality from keV nuclear recoils, information regarding
the size of the ionization tracks produced is needed to
guide the required spatial resolution for an optimal de-
tector.

FIG. 6: Size of ionization signatures for each initial
nuclear recoil energy. Each 10 keV bin contains 500

simulations

Across nuclear recoils ranging from energies 10-100
keV, the maximum target depth of the nuclear and the
size of the ionization signatures of the nuclear recoils vary
for each energy range, and the mean values for each dis-
tribution increases linearly. At each nuclear recoil energy,
the data consisting of 500 simulations followed a normal
distribution and therefore the standard deviation and the
mean can be obtained to calculate the coefficient of vari-
ation. The coefficient of variation is defined as the ratio
of the standard deviation to the mean. This ratio pro-
vides a measurement of how much the data is dispersed
around the mean value and how accurately an ioniza-
tion signature range can be distinguished within a given
initial nuclear recoil energy.

The coefficient of variation will provide the fractional
spatial resolution and give the upper and lower limits
for differentiating the ionization tracks. This ratio will
quantify how much an ionization track is smeared for a
corresponding initial nuclear recoil energy. Across nu-
clear recoil energies within 1-100 keV, the fractional spa-
tial resolution remained in between 29% - 33%. These
calculations suggest developing a detector capable of re-

(a) Distribution of 500 simulations at an
initial energy of 10 keV. Gaussian fit is

used to obtain fractional spatial
resolution

(b) Fractional spatial resolution obtained
by the ratio of the standard deviation

and the mean at each energy bin

FIG. 7: Fractional spatial resolution calculation

solving 10-350 µm ionization signatures and account for
smearing as a result of the spread in the distribution.
To understand the distribution of ionization energy for

obtaining necessary detector thresholds, we obtained the
total ionization deposited for each simulation at each ini-
tial energy.

FIG. 8: Ionization energy deposited for each nuclear
recoil energy. Each 10 keV bin contains 500 simulations

We obtained the fractional energy resolution to be
∼15% across nuclear recoil energies within 1-100 keV
range. In order to distinguish between different energies
of nuclear recoils and optimize detector performance, low
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(a) Distribution of 500 simulations at an
initial NR energy at 70 keV. Gaussian fit

is used to obtain fractional energy
resolution

(b) Fractional energy resolution obtained
by the the ratio of the standard deviation
to the mean at each energy distribution

FIG. 9: Fractional energy resolution calculation

energy thresholds are needed to obtain detector sensitiv-
ity towards the tens of keV energy deposits from nuclear
recoils.

III. ELECTRON TRANSPORT

The propagation of the free electrons produced as a
result of energy lost to ionization is complex due to its
interactions in the detector medium. As a result, the
ionization signature produced by a nuclear recoil can be
distorted by detector effects. At lower electron energies,
elastic interactions between the electron and argon will
occur and the argon-electron scattering interaction will
impact the initial velocity of the electron. If the electron
has enough energy, excitation or secondary ionization can
occur and energy will be subtracted by the initial electron
energy [3]. As a result of the detector’s impact on the
electron’s transport, the ionization signature is smeared,
affecting the detector’s ability to resolve the ionization
track. A thorough model of the electron cloud produced
as a result of the nuclear recoil energy loss will guide the
development of the necessary detector environments to
improve nuclear recoil tracking.

FIG. 10: Median number of free electrons produced
across 500 simulations as a result of the ionization

energy deposited. The number of electrons produced is
found by dividing the ionization energy deposited by the
energy required to ionize one argon atom (15.6 keV).

Lower: Initial Nuclear Recoil Energy 10 keV
Upper: Initial Nuclear Recoil Energy 100 keV

The energy loss of the nuclear recoil decreases with
time during its trajectory. As a result, more energy is
deposited into ionization at the beginning of its propa-
gation and thus more free electrons form. As the nuclear
recoil loses energy in its path, elastic scattering domi-
nates, hence, less free electrons are formed.

FIG. 11: TRANSLATE simulation: electrons in gaseous
argon at a constant electric field of 5000 V/cm. Each
branch is caused by secondary ionization where a new

free electron is produced [3]

The TRANSLATE simulation package models the
propagation of electrons in a liquid and gaseous argon
medium at varying electric field strengths and accounts
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for the electron interactions with the argon medium
throughout its trajectory [3]. The simulation of the sec-
ondary ionization, excitation, and electron-argon scat-
tering interactions is important in understanding how a
single electron drifts through a detector and the electron
cascades it can produce. The number of free electrons
produced and their positions along the target depth as
a result of the initial nuclear recoil ionization energy de-
position are valuable inputs to the TRANSLATE simu-
lation tool.

From a simulated electron, we can track the cascade
it produces and obtain a model for ionization signature
from nuclear recoils and the detectors realistic response
to the ionization charge distribution. Identifying features
of electron propagation can help distinguish between par-
ticle tracks for identifying the interaction. Simulations
that reproduce these interactions as a result of this com-
plex microphysics can help gain an understanding of the
number of free electrons produced and for matching elec-
tronic signal to the nuclear recoil interaction in the de-
tector.

IV. DETECTOR R & D

These simulation studies and the resolution calcula-
tions can be implemented into developing a detector ca-
pable of nuclear recoil tracking and improving directional
detection. A solution to improving detection of nuclear
recoils that leave small energy deposits is electron am-
plification, specifically in a gaseous medium, where it
is more practical for inferring directionality. A gaseous
electron multiplier (GEM) based argon time projection
chamber can provide the necessary amplification and suf-
ficient gain to measure the ionization signatures from low
energy recoils.

FIG. 12: Proposed GEM detector model with 100 µm
spacing between holes on GEM foil

GEMs are a type of micro-pattern gaseous detector
that can be used for µm-scale tracking. The GEM foil
is a key component of the detector and is where elec-
tron avalanches will occur. The voltage potential placed
within the foil creates a large electric field within the
holes. As electrons drift across the detector volume from
the electric field induced from the cathode plane, they
will reach the holes of the GEM foil where the electric
field is large enough to accelerate the electrons and cause
secondary ionization processes. The result is a cascade
of hundreds of electrons which will eventually drift to the
readout plane where the signal will be detected. The de-
velopment of a GEM detector will be guided by the sizes
the ionization signatures produced and by the energy de-
posited from nuclear recoils to ensure the resolution is
sufficient enough for µm tracking.

V. CONCLUSION

From the SRIM simulation tool, we have obtained dis-
tributions of the ionization energy deposited by nuclear
recoils ranging from 1-100 keV in gaseous argon at 1
atm. Running hundreds of simulation for each energy
level provided enough data to analyze the spread in the
distribution to obtain measurements that quantified how
well we can distinguish the ionization signatures for a
given nuclear recoil energy. These ionization energy dis-
tributions provided the size of ionization signatures along
the x axis; however, due to the limitations of the simu-
lation program, we did not obtain y and z information
regarding the ionization distribution for hundreds of sim-
ulations. The fractional spatial resolution we obtained
suggests developing a detectors capable of resolving the
µm tracks and accounts for smearing as a result of the
variation of ionization tracks for a given nuclear recoil
energy. The fractional energy resolutions calculated sug-
gest that developing a detector with low enough energy
thresholds is required to sense the tens of keV energy
deposits.

VI. ACKNOWLEDGMENTS

I would like to thank my advisor, Professor David
Caratelli, for his consistent guidance and support
throughout the REU summer program and for being a
great teacher, ensuring I learned as much as I could about
neutrino physics. I would also like to thank my post doc-
toral mentor, Fan Gao, for always putting in the time
to answer my questions and assist me with coding chal-
lenges. I want to thank Dr. Sathya Guruswamy for coor-
dinating an amazing summer program and for creating a
welcoming and supportive environment. Lastly, I want to
acknowledge the National Science Foundation for fund-
ing this research, which was supported by the NSF REU
grant PHY-1852574.



7

[1] Ciaran O’Hare et al. Recoil imaging for dark matter, neu-
trinos, and physics beyond the standard model. 2022.

[2] D. Akimov et al. Observation of coherent elastic neutrino-
nucleus scattering. Science, 2017.

[3] Zach Beever et al. Translate-a monte carlo simulation
of electron transport in liquid argon. Computer Physics

Communications, 2023.
[4] Jacob C. Zettlemoyer. FIRST DETECTION OF COHER-

ENT ELASTIC NEUTRINO-NUCLEUS SCATTERING
ON AN ARGON TARGET. Ph.D. thesis, Indiana Uni-
versity, Department of Physics, 2020.

[5] James F. Ziegler. SRIM The Stopping and Range of Ions
in Matter. SRIM Co., 2008.


