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• For the geologists and non-physicists in the room: the discovery 
of dark matter would be earth-shattering. This is not just a Nobel 
Prize winning discovery, this would be the most important 
physics Nobel in decades! Let’s figure out what the Universe is 
made out of! 


• The physics is there. The events are (er, could be) there. The 
technology is (getting) there. Very exciting.

Editorial
Why am I attending this workshop?
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• Paleo-detectors provide exposure


• A 100 g, 1 billion year old rock corresponds to an exposure of 
100 kton*year.


• Paleo-detectors provide history


• A way to look at the history of the Earth+Solar System over the 
past ~2 billion years.

Why am I attending this workshop?
Editorial
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The LUX-ZEPLIN experiment is a dark matter detector centered on a dual-phase xenon time projection
chamber operating at the Sanford Underground Research Facility in Lead, South Dakota, USA. This Letter
reports results from LUX-ZEPLIN’s first search for weakly interacting massive particles (WIMPs) with an
exposure of 60 live days using a fiducial mass of 5.5 t. A profile-likelihood ratio analysis shows the data to
be consistent with a background-only hypothesis, setting new limits on spin-independent WIMP-nucleon,
spin-dependent WIMP-neutron, and spin-dependent WIMP-proton cross sections for WIMP masses above
9 GeV=c2. The most stringent limit is set for spin-independent scattering at 36 GeV=c2, rejecting cross
sections above 9.2 × 10−48 cm2 at the 90% confidence level.

DOI: 10.1103/PhysRevLett.131.041002

There is abundant astrophysical evidence for the exist-
ence of dark matter [1–4], a nonrelativistic and nonbaryonic
matter component of the Universe that has so far eluded
direct detection through interaction with ordinary matter
[5]. Weakly interacting massive particles (WIMPs), which

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.
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• Paleo-detectors provide exposure


• A 100 g, 1 billion year old rock corresponds to an exposure of 
100 kton*year.


• Paleo-detectors provide history


• A way to look at the history of the Earth+Solar System over the 
past ~2 billion years.
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Editorial

5



• Atmospheric neutrinos (~GeV-scale) make big nuclear recoils.


• An intermediate step towards other paleo-detector goals, like DM 
and solar/supernova neutrinos.


• We are talking about > 1 MeV recoils; long tracks! 


• 2-1000 um vs. nm-scale.


• But, also very cool science!

Atmospheric neutrinos

M. Honda, M. Sajjad Athar, T. Kajita, K. Kasahara, S. Midorikawa
PRD 92 023004 (2015)

Paleo-detectors offer Earth+solar system ‘history’ 
in the context of atm. neutrinos. No real advantage 
in terms of exposure compared to ‘live’ detectors.
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• What is the history of the cosmic ray rate at Earth?


• Relevant in physics, astrophysics, biology, geology, …


• Rare isotopes (10Be) produced in cosmic ray interactions gets us back about 10 Myr.


• Rare isotopes (40K) in meteorites can get back to ~1 Gyr, but rate is highly dependent on 
sample’s dynamic location/creation history, which is very hard to infer. Big uncertainties (>50%), 
contradictory results, etc.


• Related: What is the history of our solar system?


• The solar system revolves around the center of the galaxy once very 250 million years.


• Did the Earth encounter a transient event? 


• Nearby supernova, neutron star merger, etc.


• Stellar density and supernova rate at solar system location as a function of time. 


• The solar system moves in and out of galactic spiral arms as we orbit. Since higher cosmic 
ray rates likely come with higher star/supernova density, can we see this?

The big questions
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Measuring Changes in the Atmospheric Neutrino Rate over Gigayear Timescales

Johnathon R. Jordan ,1,* Sebastian Baum ,2,3,† Patrick Stengel,3,‡ Alfredo Ferrari,4

Maria Cristina Morone,5,6 Paola Sala,7 and Joshua Spitz 1,§

1University of Michigan, 450 Church Street, Ann Arbor, Michigan 48109, USA
2Stanford Institute for Theoretical Physics, Department of Physics, Stanford University, Stanford, California 94305, USA

3The Oskar Klein Centre for Cosmoparticle Physics, Department of Physics, Stockholm University,
Alba Nova, 10691 Stockholm, Sweden
4CERN, 1211 Geneva 23, Switzerland

5Physics Department, University of Roma Tor Vergata, 00133 Rome, Italy
6INFN Roma Tor Vergata, 00133 Rome, Italy

7INFN Milano, via Celoria 16, 20133 Milano, Italy

(Received 24 April 2020; revised 10 August 2020; accepted 28 October 2020; published 30 November 2020)

Measuring the cosmic ray flux over timescales comparable to the age of the Solar System, ∼4.5 Gyr,
could provide a new window on the history of the Earth, the Solar System, and even our Galaxy. We
present a technique to indirectly measure the rate of cosmic rays as a function of time using the imprints of
atmospheric neutrinos in “paleo-detectors,” natural minerals that record damage tracks from nuclear
recoils. Minerals commonly found on Earth are ≲1 Gyr old, providing the ability to look back across
cosmic ray history on timescales of the same order as the age of the Solar System. Given a collection of
differently aged samples dated with reasonable accuracy, this technique is particularly well-suited to
measuring historical changes in the cosmic ray flux at Earth and is broadly applicable in astrophysics and
geophysics.

DOI: 10.1103/PhysRevLett.125.231802

The sources, composition, and propagation of cosmic rays
through our Galaxy remain some of the biggest mysteries in
astrophysics despite a century of experimental effort using a
variety of techniques. Today, balloon- and space-based
experiments measure the flux of cosmic rays directly, while
terrestrial experiments probe the nature of cosmic rays
indirectly via measurements of secondary particles created
by their interactions with the Earth’s atmosphere. Notably,
“atmospheric neutrinos” arising from such cascades can be
detected in terrestrial experiments [1–5].
Characterizing atmospheric neutrinos provides a window

on a variety of physical processes, many of which cannot
easily be studied by other means. The flux of primary
cosmic rays incident on the atmosphere depends on the
sources and composition of the cosmic rays themselves, as
well as their subsequent propagation through the cosmos.
Upon reaching our Solar System, the cosmic ray trajecto-
ries are further altered by the magnetic fields of the Sun and
Earth [6–9]. Finally, the composition and structure of the
Earth’s atmosphere impact the observed neutrino flux at the
surface [7,10,11].

Paleo-detectors are natural minerals that can record and
retain tracks formed by nuclear recoils induced by atmos-
pheric neutrino interactions. We propose using a series of
paleo-detectors, with ages ∼108–109 years dated to few-
percent accuracy [12–14], to measure changes in the
atmospheric neutrino rate over geological timescales.
Previously, paleo-detectors have been proposed to measure
interactions of neutrinos from galactic supernovae [15] and
dark matter [16–18]. Recent advances in a variety of
readout techniques potentially allow for macroscopic sam-
ples (∼100 g) of target material to be imaged with nano-
scale resolution in three dimensions (see discussions in
[16,17] and [19–22]), enabling much larger exposure and
better characterization of the track length distributions than
previous ideas to probe rare events using natural minerals
[23–41].
Compared to other tracers of the primary cosmic ray

flux, e.g., cosmogenic muons, atmospheric neutrinos have
an advantage because they are not screened by the Earth.
The cosmogenic muon flux is exponentially sensitive to the
height of the overburden; thus, using muon-induced recoils
to infer the cosmic ray flux with paleo-detectors would
require exquisite knowledge of the sample’s geological
history. Using atmospheric-neutrino-induced recoils, the
required geological knowledge is only that samples have
been buried deeper than ∼5 km such that cosmogenic
muons are sufficiently shielded (see [15–17] for discus-
sion). Mineral samples from such depths can be obtained

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW LETTERS 125, 231802 (2020)
Featured in Physics

0031-9007=20=125(23)=231802(6) 231802-1 Published by the American Physical Society

8



M. Honda, M. Sajjad Athar, T. Kajita, K. Kasahara, S. Midorikawa
PRD 92 023004 (2015)

Atmospheric neutrinos
• Atmospheric neutrino rate is an excellent proxy for cosmic ray rate.


• Looking for neutrino interactions is better than looking for actual cosmic 
interactions in paleo-detectors, since the neutrino interaction rate is not 
sensitive to (dynamic, hard to infer over time) overburden.
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Atmospheric neutrinos
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Atmospheric neutrinos
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Particles Responsible for > 1 MeV nuclear recoils

!3

Secondaries mainly come from neutrons
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Simulate Primary 
Neutrino Interactions and 
Secondaries in Minerals 

(FLUKA)
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Energy Loss 
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Recoiling 
Nuclei

Direct Neutrino-
induced Nuclear 
Recoil Spectrum

SIGNAL

Indirect Neutrino-
induced Nuclear 
Recoil Spectrum

ALSO SIGNAL

Radiogenic 
Background in 

Minerals 

Radiogenic 
Recoil 

Spectrum

BACKGROUND
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Remaining tasks: 
1. Simulate radiogenic 

backgrounds in FLUKA 
2. Compute track length 

distributions with SRIM 
3. Give the physics case for this 

idea a firm foundation

Paleo Atmospheric Neutrinos Roadmap

!5
-Radiogenics leading to neutrons simulated with SOURCES 
-Spontanteous fission simulated with FREYA
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From recoil energy to track length
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• For a 100 g, 1Gyr sample (NaCl): 


• 60,000 total tracks [2-20 um, 50-1000 um]


• About 75% of >1 um tracks are from secondary nuclear recoils (from 
neutrino products).

Signal and background
3
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FIG. 1. Di↵erential distribution of the number of recoils per
unit target mass and unit time (n) with respect to the re-
coil track length (x) for a halite paleo-detector (modeled as
23Na and 31P; see text). In addition to the signal induced by
interactions of atmospheric neutrinos (solid green), we also
show the spectrum of background tracks induced by interac-
tions of radiogenic neutrons (dashed orange) and the track
length spectrum from spontaneous fission daughters (purple
dash-dotted) assuming a 238U concentration of 0.01 ppb by
weight, consistent with previous work on paleo-detectors [15].
See the text for a discussion of these backgrounds. Note that
there are two virtually background-free track length regions:
2µm  x  20µm and 50µm  x  1 mm. Only recoils with
A > 4 are included; lighter nuclei are not expected to give
rise to visible tracks.

and orientation of the heliomagnetic field, such e↵ects
are modulated much faster than the ⇠ 100Myr geolog-
ical timescales relevant for paleo-detectors (see [9] and
references within).

Cosmic rays are also deflected by the geomagnetic field
before interacting with the Earth’s atmosphere. The
geomagnetic field is well-approximated by a dipole and
studies of the geodynamo and paleomagnetic records (for
example, see [8]) suggest that the dipole moment could
have varied by an O(1) factor over Gyr timescales. The
main e↵ect of the geomagnetic field on the primary cos-
mic ray spectrum hitting the atmosphere is a rigidity
cuto↵, providing a lower-energy limit on primary cosmic
rays, and in turn, the associated atmospheric neutrino
spectra. The rigidity cuto↵ depends on the location of
the target mineral relative to the orientation of the geo-
magnetic fields and is directly proportional to the dipole
moment (for example, see [6]); we will discuss the impli-
cations for paleo-detectors below.

Finally, the atmospheric neutrino flux depends on the
composition and density of the atmosphere. The change
in atmospheric composition over the relevant timescales
. 1Gyr considered here is primarily the replacement of a
fraction of the N2 with O2 (for example, see [54]), which
does not significantly alter the cascades that yield at-
mospheric neutrinos. A variety of studies (see [11] and

references within) suggest that the density of the atmo-
sphere could have varied by as much as a factor of two
downwards or an order of magnitude upwards going back
O(1)Gyr. Since the atmosphere today is thicker than ten
interaction lengths of a typical cosmic ray proton [7, 10],
we expect no significant modification of the atmospheric
neutrino flux from such density changes.
Radiogenic Backgrounds.—A large number of back-

ground tracks from ↵-particles produced in the decay
chains of radioactive contaminants such as 238U could
potentially impact the sensitivity of paleo-detectors to at-
mospheric neutrinos. However, very light nuclei (A < 5,
i.e. H and He) generally have stopping powers too small
to leave robust tracks in minerals (e.g. see discussion
in [17] and references therein), although some recent work
has shown that it is possible to read out ↵-particle tracks
in some materials [20, 21]. Here, we assume that recoil-
ing nuclei with A < 5 do not leave resolvable tracks. For
materials and readout technologies where such tracks are
visible, the qualitative results of this paper will remain
the same.
As discussed in previous work [15–18], tracks from

the heavy nuclear remnants of ↵-decays are significantly
shorter than the track lengths relevant for the sensitiv-
ity to atmospheric neutrinos. The most important re-
maining backgrounds from 238U come in two forms: 1)
neutrons produced in radioactive decays which scatter o↵
target nuclei and 2) daughter nuclei from 238U sponta-
neous fission (SF) which are generally much heavier and
more energetic than the nuclei created by atmospheric
neutrino interactions with halite. Note that the tracks
from SF daughters can be used for fission track dating of
the samples.
We calculate the primary neutron spectra from the en-

tire 238U ! . . . !
206Pb decay chain with SOURCES [55].

Our calculation includes the neutrons produced by 238U
SF (and the nuclei in its decay chain) as well as neu-
trons produced in (↵, n) reactions of 238U decay chain
↵-particles with Na and Cl. These neutrons lose their
energy predominantly via elastic interactions with the
nuclei comprising the target material, giving rise to a
large number of relatively soft nuclear recoils. We prop-
agate the neutrons through the material and calculate
the neutron-induced recoil spectrum with FLUKA; the as-
sociated tracks dominate the track length spectrum at
lengths . 1µm.
Daughters from 238U SF are modeled with FREYA [56],

which produces correlated fission secondaries using a
combination of data and analytical models. The daugh-
ter nuclei from each fission event come out approximately
back-to-back, so we treat the two daughter tracks as
a single longer track. We conservatively assume that
the chosen readout technique is insensitive to the dis-
tribution of energy loss along each track although this
would in principle be useful for distinguishing di↵erent
recoiling nuclei and identifying the two fission-daughter

Signal windows
∼100 g sample could be read out with three-dimensional
spatial resolution of ∼15 nm [52,53]. We note that readout
techniques with lower spatial resolution and higher
throughput could potentially be used to image the higher
energy recoil tracks investigated in this work (see [17] for
discussion).
The atmospheric neutrino flux depends on a variety of

physical systems that all evolve independently over geo-
logical timescales. Cosmogenic nuclide studies of meteor-
ites suggest that the primary cosmic ray intensity in our
Galaxy has increased by a factor of ∼1.5 over the last
∼1 Gyr [46]. While the propagation of cosmic rays through
our Solar System depends on the strength and orientation of
the heliomagnetic field, such effects are modulated much
faster than the ∼100 Myr geological timescales relevant for
paleo-detectors (see [9] and references within).
Cosmic rays are also deflected by the geomagnetic field

before interacting with the Earth’s atmosphere. The geo-
magnetic field is well-approximated by a dipole and studies
of the geodynamo, and paleomagnetic records (for exam-
ple, see [8]) suggest that the dipole moment could have
varied by an Oð1Þ factor over Gyr timescales. The main
effect of the geomagnetic field on the primary cosmic ray
spectrum hitting the atmosphere is a “rigidity cutoff,”
providing a lower-energy limit on primary cosmic rays,
and in turn, the associated atmospheric neutrino spectra.
The rigidity cutoff depends on the location of the target

mineral relative to the orientation of the geomagnetic fields
and is directly proportional to the dipole moment (for
example, see [6]); we will discuss the implications for
paleo-detectors below.
Finally, the atmospheric neutrino flux depends on the

composition and density of the atmosphere. The change in
atmospheric composition over the relevant timescales
≲1 Gyr considered here is primarily the replacement of
a fraction of the N2 with O2 (for example, see [54]), which
does not significantly alter the cascades that yield atmos-
pheric neutrinos. A variety of studies (see [11] and
references within) suggest that the density of the atmos-
phere could have varied by as much as a factor of two
downward or an order of magnitude upward going back
Oð1Þ Gyr. Since the atmosphere today is thicker than ten
interaction lengths of a typical cosmic ray proton [7,10], we
expect no significant modification of the atmospheric
neutrino flux from such density changes.
Radiogenic backgrounds.—A large number of back-

ground tracks from α particles produced in the decay
chains of radioactive contaminants such as 238U could
potentially impact the sensitivity of paleo-detectors to
atmospheric neutrinos. However, very light nuclei
(A < 5, i.e., H and He) generally have stopping powers
too small to leave robust tracks in minerals (e.g., see
discussion in [17] and references therein), although some
recent work has shown that it is possible to read out α-
particle tracks in some materials [20,21]. Here, we assume
that recoiling nuclei with A < 5 do not leave resolvable
tracks. For materials and readout technologies where such
tracks are visible, the qualitative results of this paper will
remain the same.
As discussed in previous work [15–18], tracks from the

heavy nuclear remnants of α decays are significantly
shorter than the track lengths relevant for the sensitivity
to atmospheric neutrinos. The most important remaining
backgrounds from 238U come in two forms: (1) neutrons
produced in radioactive decays that scatter off target nuclei
and (2) daughter nuclei from 238U spontaneous fission (SF)
that are generally much heavier and more energetic than the
nuclei created by atmospheric neutrino interactions with
halite. Note that the tracks from SF daughters can be used
for fission track dating of the samples.
We calculate the primary neutron spectra from the entire

238U → # # # → 206Pb decay chain with SOURCES [55]. Our
calculation includes the neutrons produced by 238U SF (and
the nuclei in its decay chain) as well as neutrons produced
in ðα; nÞ reactions of 238U decay chain α particles with Na
and Cl. These neutrons lose their energy predominantly via
elastic interactions with the nuclei comprising the target
material, giving rise to a large number of relatively soft
nuclear recoils. We propagate the neutrons through the
material and calculate the neutron-induced recoil spectrum
with FLUKA; the associated tracks dominate the track length
spectrum at lengths ≲1 μm.

FIG. 1. Differential distribution of the number of recoils per
unit target mass and unit time (n) with respect to the recoil track
length (x) for a halite paleo-detector (modeled as 23Na and 31P;
see text). In addition to the signal induced by interactions of
atmospheric neutrinos (solid green), we also show the spectrum
of background tracks induced by interactions of radiogenic
neutrons (dashed orange) and the track length spectrum from
spontaneous fission daughters (purple dash-dotted) assuming a
238U concentration of 0.01 ppb by weight, consistent with
previous work on paleo-detectors [15]. See the text for a
discussion of these backgrounds. Note that there are two virtually
background-free track length regions: 2 μm ≤ x ≤ 20 μm and
50 μm ≤ x ≤ 1 mm. Only recoils with A > 4 are included;
lighter nuclei are not expected to give rise to visible tracks.
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• Example ‘Linear’ change -> linearly decreasing by 50% over 1 Gyr


• Example ‘Transient’ change -> 100% flux increase for 100 Myr

Sensitivity to rate change

4

tracks. The SF daughters produce tracks with character-
istic length ⇠ 25 � 40µm in halite.

Sensitivity to Atmospheric Neutrinos.—In previous
studies of paleo-detectors [15–18], which investigated the
sensitivity to signals associated with keV-scale recoils,
the dominant background was due to radiogenic neu-
trons. In Fig. 1, we see that atmospheric neutrino inter-
actions create tracks much longer than those arising from
radiogenic neutrons. Consequently, the level of radiopu-
rity in the sample does not strongly a↵ect the sensitivity
of the proposed measurement and the qualitative con-
clusions presented below should hold for similar minerals
which can form and retain tracks on geological timescales.

Mineral samples of di↵erent ages should be associated
with the same type of host rocks in order to help control
for any potential systematics arising from di↵erent char-
acteristic geological histories. For instance, the contribu-
tion of non-neutrino cosmic rays close to the surface (e.g.
muons and neutrons) could vary significantly. Changes
to the depth of host rocks with time could raise or lower
the cosmogenic muon (and the associated neutron) flux.
As discussed in [15, 16], many halite-bearing evaporite
deposits feature salt structures which intrude into the
overlying rock. During this intrusion (called diapirism)
the halite typically re-crystallizes, e↵ectively erasing any
latent tracks induced by cosmic rays during the initial
burial period. We therefore simply consider cosmogenic
muons/neutrons as a background which can be avoided
by retrieving samples with a variety of ages from evapor-
ite deposits at su�cient depths & 5 km in di↵erent loca-
tions (for example, see [57, 58]).

Systematics associated with flux variations as a func-
tion of either latitude or time arising from (necessar-
ily) excavating di↵erent-age samples at di↵erent loca-
tions can potentially be constrained or measured in the
background-free region of the track length spectrum at
shorter track lengths. The tracks in the 2µm  x 

20µm signal region primarily arise from nuclei with en-
ergies . 10MeV and masses close to or matching those
of the nuclei comprising the target mineral. Such recoils
typically arise in (quasi)elastic scattering of neutrinos or
secondary neutrons o↵ the target nuclei. The rigidities
of cosmic ray particles capable of producing atmospheric
neutrinos at energies where (quasi)elastic scattering dom-
inates the interactions with the target are similar to the
range of geomagnetic rigidity cuto↵s one might expect at
di↵erent latitudes today.

The signal tracks in the background-free region at
longer track lengths, 50µm  x  1mm, arise exclu-
sively from nuclei with masses much lighter than those
comprising the target. Such lighter nuclei are produced
by deep inelastic scattering (DIS) of neutrinos with the
target nuclei. Cosmic rays giving rise to atmospheric
neutrinos su�ciently energetic to interact with the tar-
get via DIS have energies well above the largest rigidity
cuto↵ one expects at any latitude, even after accounting
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FIG. 2. The average recoil rate one would infer from samples
as a function of their age, for three di↵erent scenarios: con-
stant atmospheric neutrino flux (green), linearly decreasing
flux with a 50% drop over 1 Gyr (orange), and constant flux
with a transient event where the flux is elevated by 100% for
100 Myr (purple). Error bands represent the 1� error one
would obtain on the average recoil rate from a sample of a
given age, assuming that the age of samples can be deter-
mined with relative uncertainty of 5% and its mass with 1%
uncertainty.

for a potential O(1) variation in the geomagnetic field
strength over the last Gyr. This signal region is thus
largely independent of the systematics associated with
the geomagnetic field.

Here, we do not include e↵ects of annealing or track
fading. While detailed studies are required to determine
a precise model for track formation and retention in the
variety of possible paleo-detector minerals, tracks associ-
ated with the much higher energy nuclear recoils induced
by atmospheric neutrinos should be more robust to an-
nealing compared to tracks induced by dark matter or
neutrinos from core collapse supernovae. Such studies
have been carried out for recoils induced by SF daugh-
ters [59, 60], which produce tracks similar to the sig-
nal. Any e↵ects of track fading measured in an analy-
sis of the fission tracks could, in principle, provide for
a template to model the fading of signal tracks. In any
case, signal and background track fading should be sim-
ilar and, thus, large signal-rich, background-free swaths
of the track length spectrum will remain.

Measuring the time evolution of the atmospheric neu-
trino flux requires counting the number of atmospheric-
neutrino-induced tracks Ni in (the background free re-
gions of) multiple mineral samples of di↵erent ages ti. A
simple quantity one could construct from such measure-
ments is the average recoil rate per unit target mass over
the age of the sample, ri = Ni/tiMi, where Mi is the
sample mass. Given the large number of tracks expected
in a representative sample (see Fig. 1), a good estimate
for the relative error on ri can be obtained by summing
the relative systematic errors of the quantities entering

Daughters from 238U SF are modeled with FREYA [56],
which produces correlated fission secondaries using a
combination of data and analytical models. The daughter
nuclei from each fission event come out approximately
back to back, so we treat the two daughter tracks as a single
longer track. We conservatively assume that the chosen
readout technique is insensitive to the distribution of energy
loss along each track, although this would in principle be
useful for distinguishing different recoiling nuclei and
identifying the two fission-daughter tracks. The SF daugh-
ters produce tracks with characteristic lengths of
∼25–40 μm in halite.
Sensitivity to atmospheric neutrinos.—In previous stud-

ies of paleo-detectors [15–18] that investigated the sensi-
tivity to signals associated with keV-scale recoils, the
dominant background was due to radiogenic neutrons. In
Fig. 1, we see that atmospheric neutrino interactions create
tracks much longer than those arising from radiogenic
neutrons. Consequently, the level of radiopurity in the
sample does not strongly affect the sensitivity of the
proposed measurement and the qualitative conclusions
presented below should hold for similar minerals that
can form and retain tracks on geological timescales.
Mineral samples of different ages should be associated

with the same type of host rocks in order to help control for
any potential systematics arising from different character-
istic geological histories. For instance, the contribution of
non-neutrino cosmic rays close to the surface (e.g., muons
and neutrons) could vary significantly. Changes to the depth
of host rocks with time could raise or lower the cosmogenic
muon (and the associated neutron) flux. As discussed in
[15,16], many halite-bearing evaporite deposits feature salt
structures that intrude into the overlying rock. During this
intrusion (called “diapirism”) the halite typically recrystal-
lizes, effectively erasing any latent tracks induced by cosmic
rays during the initial burial period. We therefore simply
consider cosmogenic muons or neutrons as a background
that can be avoided by retrieving samples with a variety of
ages from evaporite deposits at sufficient depths ≳5 km in
different locations (for example, see [57,58]).
Systematics associated with flux variations as a function

of either latitude or time arising from (necessarily) excavat-
ing different age samples at different locations can poten-
tially be constrained or measured in the background-free
region of the track length spectrum at shorter track lengths.
The tracks in the 2 μm ≤ x ≤ 20 μm signal region pri-
marily arise from nuclei with energies ≲10 MeV and
masses close to or matching those of the nuclei comprising
the target mineral. Such recoils typically arise in (quasi)
elastic scattering of neutrinos or secondary neutrons off the
target nuclei. The rigidities of cosmic ray particles capable
of producing atmospheric neutrinos at energies where
(quasi)elastic scattering dominates the interactions with
the target are similar to the range of geomagnetic rigidity
cutoffs one might expect at different latitudes today.

The signal tracks in the background-free region at longer
track lengths, 50 μm ≤ x ≤ 1 mm, arise exclusively from
nuclei with masses much lighter than those comprising the
target. Such lighter nuclei are produced by the DIS of
neutrinos with the target nuclei. Cosmic rays giving rise to
atmospheric neutrinos sufficiently energetic to interact with
the target via deep inelastic scattering (DIS) have energies
well above the largest rigidity cutoff one expects at any
latitude, even after accounting for a potential Oð1Þ varia-
tion in the geomagnetic field strength over the last Gyr. This
signal region is thus largely independent of the systematics
associated with the geomagnetic field.
Here, we do not include the effects of annealing or track

fading. While detailed studies are required to determine a
precise model for track formation and retention in the
variety of possible paleo-detector minerals, tracks associ-
ated with the much higher energy nuclear recoils induced
by atmospheric neutrinos should be more robust to
annealing compared to tracks induced by dark matter or
neutrinos from core collapse supernovae. Such studies have
been carried out for recoils induced by SF daughters
[59,60], which produce tracks similar to the signal. Any
effects of track fading measured in an analysis of the fission
tracks could, in principle, provide for a template to model
the fading of signal tracks. In any case, signal and back-
ground track fading should be similar and, thus, large
signal-rich, background-free swaths of the track length
spectrum will remain.
Measuring the time evolution of the atmospheric neu-

trino flux requires counting the number of atmospheric-
neutrino-induced tracks Ni in (the background-free regions
of) multiple mineral samples of different ages ti. A simple
quantity one could construct from such measurements is
the average recoil rate per unit target mass over the age of
the sample, r̄i ¼ Ni=tiMi, where Mi is the sample mass.
Given the large number of tracks expected in a represen-
tative sample (see Fig. 1), a good estimate for the relative
error on r̄i can be obtained by summing the relative
systematic errors of the quantities entering the rate in
quadrature. One source of systematic errors is the relation
of the measured number of tracksNi and the true number of
recoils induced by atmospheric neutrino interactions. Such
errors could, e.g., be induced via the mismodeling of
backgrounds, track fading, or readout inefficiencies.
Further systematic errors are due to imperfect determina-
tion of the samples’ ages and masses.
In Fig. 2, we show a cartoon of the average recoil rate r̄

as a function of the age of a sample for three different
scenarios: constant atmospheric neutrino flux (equal to the
present-day flux), linearly decreasing flux with a 50% drop
over 1 Gyr, and a transient event where the flux is elevated
by 100% between 450 Myr and 550 Myr ago. To get an
idea for the uncertainty on r̄, we assume that the samples’
ages and masses can be determined with relative precision
of Δt ¼ 5% and ΔM ¼ 1%, and that such errors dominate
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• Obtain a few samples of rocks with different ages. 


• Count atmospheric neutrino induced recoils.


• Already systematics limited with a 0.5 g, 1 Gyr sample (300 events)!
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Note: Looking to hire a grad student and postdoc ASAP!

Michigan paleo-detector group

Josh Spitz Kai Sun

Katie Ream Andrew Calabrese-Day

Cassie Little
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• The tracks are there and there are a lot of them (60k per 100 g, 1 Gyr). 


• Cleave and etch can be used to find these tracks. But, a dream is to 
be able to find dense vacancy locations with X-rays! 


• Put rock in machine, scan, use software to find tracks. 


• In theory, the resolution of these devices is capable of finding tracks, at 
least in the longitudinal direction. But, are tracks ‘visible’ without 
etching? The vacancies are there, but is ‘contrast’ high enough to see 
these thin tracks?


• Current strategy: find ROI with nano/micro-CT, confirm with TEM.

Imaging strategy
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Also: Zeiss micro-CT with 16 nm voxel resolution coming soon!
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Michigan Ion Beam Lab
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FIG. 1. Left: Recoil energy vs. atomic mass number (A) for nuclear recoils produced from atmospheric neutrino interactions
on halite (modeled as 23Na and 31P; see text). Right: Projected range of nuclear recoils as a function of the recoil energy for
selected nuclei produced from atmospheric neutrino interactions with the halite target.

cannot probe the evolution of physical systems particu-
larly relevant to the history of the Earth. We consider
the sensitivity of a halite (NaCl) paleo-detector to several
generic scenarios of cosmic ray flux evolution without re-
gard for the specific underlying physics, but we note that
such changes could be gradual (e.g. induced by slowly
evolving star formation or supernova rates) or transient
(e.g. caused by a nearby supernova or merger of neu-
tron stars). With the present-day flux, approximately
105 tracks from nuclear recoils created by atmospheric
neutrino interactions are expected in a background-free
signal region for a 100 g, 109-year-old sample. Given this
large number of signal tracks and the ability to control
systematics with multiple mineral samples, we anticipate
that a presently-achievable experiment could be highly
sensitive to changes in the cosmic ray flux over ⇠ 1 Gyr.

Paleo-detectors could thus open an entirely new win-
dow into the evolution of the geomagnetic field and the
atmosphere over geological timescales, while providing
for a terrestrial measurement of changes in the galactic
cosmic ray flux. Such information would be broadly use-
ful in fields such as geology and climatology, in addition
to providing for a more complete picture of astrophysics
in our galaxy and the history of our solar system’s trajec-
tory through it. We note that the nuclear recoil count-
ing technique proposed here is unable to isolate the ef-
fects of the di↵erent physical mechanisms a↵ecting the
flux. However, progress towards this end is possible with
track-length analysis techniques more sensitive to the at-
mospheric neutrino energy spectrum.

Atmospheric Neutrino Signal.—The atmospheric neu-
trino flux depends on a variety of physical systems
which all essentially evolve independently over geologi-
cal timescales. Cosmogenic nuclide studies of meteorites
suggest that the primary cosmic ray intensity in our
galaxy has increased by a factor of ⇠ 1.5 over the last
⇠ 1 Gyr [13]. While the propagation of cosmic rays

through our solar system depends on the strength and
orientation of the heliomagnetic field, such e↵ects are
modulated much faster than the ⇠ 100 Myr geological
timescales relevant for paleo-detectors (see Ref. [9] and
references within).

Cosmic rays are also deflected by the geomagnetic field
before interacting with the Earth’s atmosphere. The geo-
magnetic field is well-approximated by a dipole and stud-
ies of the geodynamo and paleomagnetic records (for ex-
ample, see Ref. [8]) suggest that the dipole moment could
have varied by an O(1) factor over Gyr timescales. The
main e↵ect of the geomagnetic field on the primary cos-
mic ray spectrum hitting the atmosphere is a rigidity2

cuto↵, providing a lower-energy limit on primary cosmic
rays, and in turn, the associated atmospheric neutrino
spectra. The rigidity cuto↵ depends on the location of
the target mineral relative to the orientation of the geo-
magnetic fields and is directly proportional to the dipole
moment (for example, see Ref. [6]); we will discuss the
implications of this for paleo-detectors below.

Finally, the atmospheric neutrino flux depends on the
composition and density of the atmosphere. However,
the change in atmospheric composition over the relevant
timescales . 1 Gyr considered here is primarily the re-
placement of a fraction of the N2 with O2 (for example,
see [44]), which does not significantly alter the cascades
that yield atmospheric neutrinos. A variety of studies
(see [11] and references within) suggest that the density
of the atmosphere could have varied by as much as a fac-
tor of two downwards or an order of magnitude upwards
going back ⇠ Gyr. Since the typical interaction length

2 For a cosmic ray nucleus with charge Zcr and momentum pcr, the
rigidity is defined as pcr/Zcr. Since atmospheric neutrinos typi-
cally arise from cascades induced by protons, the most relevant
rigidity for our study is that for protons.

FIG. 3: (Left) The relationship between range and recoil energy for a number of selected nuclei, based on the SRIM
software package [21, 22]. (Right) The University Ion Beam Laboratory; The 3 MV tandem particle accelerator is in the

background while the 1.7 MV accelerator is in the foreground.

• Deliverables, dissemination, and assessment (All years). The primary goals of this research plan are to
provide detailed answers to the questions in Sec. 2. and to disseminate these results through a set of publications
and presentations at domestic and international conferences. We currently envision the ion implantation- and
particle accelerator-based imaging studies to result in two publications (microscopy methods/strategy and
computational techniques), with the track retention and fast neutron background studies yielding two more.
In addition, we plan to host two workshops, similar to the recent “Mineral Detection of Dark Matter and
Neutrinos” held in Trieste, Italy 10/17-10/21/2022 [7], one in Year 2 and one in Year 5. Along with bringing
the community together, the first workshop will be particularly valuable to our group for receiving feedback on
our early studies and overall plan, while the second workshop will be geared toward disseminating our results,
obtaining assessments, and gaining collaborators to ultimately perform the experiment.

4. Capabilities
My experimental particle physics group is well positioned to undertake this work, given our expertise in neutrino
properties, 100s-of-MeV and GeV-scale neutrino interactions, nuclear physics, neutrino and charged particle detec-
tion (including paleo-detectors), pattern recognition techniques (including deep learning), large dataset handling,
neutrino/particle/ion interaction and propagation simulation toolkits, and computing in general.

Paleo-detectors represent a significant paradigm shift from conventional rare event searches. The awesome
potential of the technique is abundantly clear, but the technology is simply not established yet and resources
are therefore limited. Pragmatically, this also means that the proposed work differs from my current, more
conventional research efforts, nominally studying neutrino properties using ton- and kton-scale detectors based on
established technology at particle accelerator based facilities (Fermilab in the US and J-PARC in Japan). At once
complementary to and distinct from my current focus, this exciting new research path will broaden my group’s
expertise and create inter-disciplinary connections across fields, formally with microscopy engineers and geologists,
but also potentially in astrophysics, atmospheric science, and biology as well.

5. Collaborations
My group members are not experts in nano-/micro-scale microscopy or ion implantation techniques. For this
reason, we will collaborate with a Research Scientist in Materials Science and Engineering at our University, who
is an expert in utilizing the micro-CT, FIB, SEM, TEM, and ion-implantation devices described. In addition, we
foresee close collaboration with other paleo-detector experts and, in particular, geologists in forming the mineral
acquisition plan in the latter part of the grant period.

The work described requires a number of unique facilities to succeed, including the ion implantation and
microscopy devices at our University, and the Test Beam Facility at Fermilab. While each of these facilities
requires permission, training, etc. for use, all of them are accessible, user-centric resources meant to serve
University-based research efforts, and are available for the kind of work described here.

1.7 MV and 3 MV tandem particle accelerators w/ 
multiple species (H, He, D, O, Ar, Ni, Mg, Si, Fe, etc.)



Michigan group goals
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2. Research questions
The overarching scientific questions behind this research are (1) “What could a significant observed change of
cosmic ray rate indicate about the Earth and/or its travels through the galaxy?” and (2) “How did the cosmic
ray rate at Earth change over the past 1 billion years?”. The first question, while particularly profound, will
require significant input from other scientific probes of the history of the Earth (alongside this research), including
astrophysics, geology, atmospheric science, and even biology. Answering the second question is the eventual goal
of this research, with the projected sensitivity shown in Fig. 2, which requires measuring the number of atmospheric
neutrino interactions, closely related to the cosmic ray flux impinging on Earth’s atmosphere, in ∼10 or more
100 g mineral samples covering 100 Myr − 1 Gyr obtained from a number of underground locations around the
world [4]. The work proposed here will establish the viability of the requisite atmospheric-neutrino-specific imaging
technique and overall strategy to ultimately perform this experiment by addressing these questions:

• What are the properties of characteristic atmospheric-neutrino-induced primary and secondary nuclear-recoil
damage tracks in olivine, in terms of longitudinal and transverse width and energy deposition (stopping power)?

• Can the recoiling nucleus be reliably identified using the energy deposition properties of the track?

• Are typical mineral fractures and other imperfections in the minerals an issue for imaging?

• What is the optimal mineral imaging strategy in consideration of track resolution (including length and direc-
tion), detection thresholds and efficiency, backgrounds, and throughput (or, mass scanned per unit time)?

• Can multiple nuclei from a single vertex, as expected for some neutrino events, be efficiently imaged?

• What is the optimal data handling, pattern recognition, and overall computing strategy for analyzing tracks?

• What is the rate of track fading/annealing when a sample is exposed to high temperatures?

• Are there (currently unexpected) edge events in which a background fast-neutron induced nuclear recoil track
can mimic a signal neutrino-induced event or interfere with pattern recognition?

• Is olivine optimal for these studies? Or, should another mineral be considered?

• What is the detailed plan, including logistics, personnel, instrumentation, industrial collaboration, etc., for
extracting comparable minerals from boreholes at different locations, and then analyzing them in the lab?

3. Research plan
Towards elevating atmospheric neutrino paleo-detectors from a concept to reality, the following research plan and
timeline describes how we will address the R&D questions presented above:
• Acquire and anneal mineral samples, and ion implantation (Year 1). We will acquire multiple char-

acteristic ∼100 g samples of a very common mineral, the ultra-basic rock olivine, and anneal them in a
high-temperature (up to 1700◦C) tube-furnace. Before we expose the samples to controlled track-forming
sources and image them, the annealing process will fade/remove any existing damage tracks in the crystal
structure. Although track retention in olivine samples over the geologic timescales and temperatures-at-depth
(∼100-300◦C) relevant here is expected to be robust, significant annealing has been shown in 200 keV xenon-
ion-implanted olivine at about 1500◦C [20]. After annealing, we will expose the olivine samples to 0.8-6.5 MeV
oxygen ions, which will produce 2.0-6.0 µm damage tracks [21, 22], characteristic of what is expected from an
atmospheric neutrino nuclear recoil track, at our University Ion Beam Laboratory using the 1.7 MV and 3 MV
tandem particle accelerators there. The study of other ion energies and species, including the Mg, Fe, and Si
nuclear components of olivine, is also possible at the facility, but oxygen is considered a good starting point
as the relevant nucleus with the lowest mass and least stopping power. The relationship between track length
and recoil energy of a number of selected nuclei is shown in Fig. 3 alongside an image of the accelerator lab.

• Image and characterize tracks and develop large-volume scanning strategy (Years 1-3). We will work to
develop a strategy for efficiently imaging the tracks produced in the ion implantation, generalized to 2-100 µm
(with 2-20 µm as the primary window) damage tracks in 100 g-scale olivine samples involving a combination
of soft X-ray micro computed tomography (micro-CT; 0.7 µm resolution) for coarse, all-sample imaging and
Transmission Electron Microscope (TEM; ∼sub-Angstrom resolution is achievable) for fine, sub-sample imaging.
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• We are just getting started (9/2023).


• See Kai’s talk!


• TLDR;


• We have started taking some pictures of Olivine with micro-
CT (0.7 um resolution) and TEM. 


• Olivine composition analysis with SEM+EDS. 


• Preparing to implant ions. 


• Awaiting “16 nm voxel” CT machine.

Michigan group progress
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Atmospheric neutrinos; Let’s measure these!
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FIG. 1. Di↵erential distribution of the number of recoils per
unit target mass and unit time (n) with respect to the re-
coil track length (x) for a halite paleo-detector (modeled as
23Na and 31P; see text). In addition to the signal induced by
interactions of atmospheric neutrinos (solid green), we also
show the spectrum of background tracks induced by interac-
tions of radiogenic neutrons (dashed orange) and the track
length spectrum from spontaneous fission daughters (purple
dash-dotted) assuming a 238U concentration of 0.01 ppb by
weight, consistent with previous work on paleo-detectors [15].
See the text for a discussion of these backgrounds. Note that
there are two virtually background-free track length regions:
2µm  x  20µm and 50µm  x  1 mm. Only recoils with
A > 4 are included; lighter nuclei are not expected to give
rise to visible tracks.

and orientation of the heliomagnetic field, such e↵ects
are modulated much faster than the ⇠ 100Myr geolog-
ical timescales relevant for paleo-detectors (see [9] and
references within).

Cosmic rays are also deflected by the geomagnetic field
before interacting with the Earth’s atmosphere. The
geomagnetic field is well-approximated by a dipole and
studies of the geodynamo and paleomagnetic records (for
example, see [8]) suggest that the dipole moment could
have varied by an O(1) factor over Gyr timescales. The
main e↵ect of the geomagnetic field on the primary cos-
mic ray spectrum hitting the atmosphere is a rigidity
cuto↵, providing a lower-energy limit on primary cosmic
rays, and in turn, the associated atmospheric neutrino
spectra. The rigidity cuto↵ depends on the location of
the target mineral relative to the orientation of the geo-
magnetic fields and is directly proportional to the dipole
moment (for example, see [6]); we will discuss the impli-
cations for paleo-detectors below.

Finally, the atmospheric neutrino flux depends on the
composition and density of the atmosphere. The change
in atmospheric composition over the relevant timescales
. 1Gyr considered here is primarily the replacement of a
fraction of the N2 with O2 (for example, see [54]), which
does not significantly alter the cascades that yield at-
mospheric neutrinos. A variety of studies (see [11] and

references within) suggest that the density of the atmo-
sphere could have varied by as much as a factor of two
downwards or an order of magnitude upwards going back
O(1)Gyr. Since the atmosphere today is thicker than ten
interaction lengths of a typical cosmic ray proton [7, 10],
we expect no significant modification of the atmospheric
neutrino flux from such density changes.
Radiogenic Backgrounds.—A large number of back-

ground tracks from ↵-particles produced in the decay
chains of radioactive contaminants such as 238U could
potentially impact the sensitivity of paleo-detectors to at-
mospheric neutrinos. However, very light nuclei (A < 5,
i.e. H and He) generally have stopping powers too small
to leave robust tracks in minerals (e.g. see discussion
in [17] and references therein), although some recent work
has shown that it is possible to read out ↵-particle tracks
in some materials [20, 21]. Here, we assume that recoil-
ing nuclei with A < 5 do not leave resolvable tracks. For
materials and readout technologies where such tracks are
visible, the qualitative results of this paper will remain
the same.
As discussed in previous work [15–18], tracks from

the heavy nuclear remnants of ↵-decays are significantly
shorter than the track lengths relevant for the sensitiv-
ity to atmospheric neutrinos. The most important re-
maining backgrounds from 238U come in two forms: 1)
neutrons produced in radioactive decays which scatter o↵
target nuclei and 2) daughter nuclei from 238U sponta-
neous fission (SF) which are generally much heavier and
more energetic than the nuclei created by atmospheric
neutrino interactions with halite. Note that the tracks
from SF daughters can be used for fission track dating of
the samples.
We calculate the primary neutron spectra from the en-

tire 238U ! . . . !
206Pb decay chain with SOURCES [55].

Our calculation includes the neutrons produced by 238U
SF (and the nuclei in its decay chain) as well as neu-
trons produced in (↵, n) reactions of 238U decay chain
↵-particles with Na and Cl. These neutrons lose their
energy predominantly via elastic interactions with the
nuclei comprising the target material, giving rise to a
large number of relatively soft nuclear recoils. We prop-
agate the neutrons through the material and calculate
the neutron-induced recoil spectrum with FLUKA; the as-
sociated tracks dominate the track length spectrum at
lengths . 1µm.
Daughters from 238U SF are modeled with FREYA [56],

which produces correlated fission secondaries using a
combination of data and analytical models. The daugh-
ter nuclei from each fission event come out approximately
back-to-back, so we treat the two daughter tracks as
a single longer track. We conservatively assume that
the chosen readout technique is insensitive to the dis-
tribution of energy loss along each track although this
would in principle be useful for distinguishing di↵erent
recoiling nuclei and identifying the two fission-daughter

Signal windows
∼100 g sample could be read out with three-dimensional
spatial resolution of ∼15 nm [52,53]. We note that readout
techniques with lower spatial resolution and higher
throughput could potentially be used to image the higher
energy recoil tracks investigated in this work (see [17] for
discussion).
The atmospheric neutrino flux depends on a variety of

physical systems that all evolve independently over geo-
logical timescales. Cosmogenic nuclide studies of meteor-
ites suggest that the primary cosmic ray intensity in our
Galaxy has increased by a factor of ∼1.5 over the last
∼1 Gyr [46]. While the propagation of cosmic rays through
our Solar System depends on the strength and orientation of
the heliomagnetic field, such effects are modulated much
faster than the ∼100 Myr geological timescales relevant for
paleo-detectors (see [9] and references within).
Cosmic rays are also deflected by the geomagnetic field

before interacting with the Earth’s atmosphere. The geo-
magnetic field is well-approximated by a dipole and studies
of the geodynamo, and paleomagnetic records (for exam-
ple, see [8]) suggest that the dipole moment could have
varied by an Oð1Þ factor over Gyr timescales. The main
effect of the geomagnetic field on the primary cosmic ray
spectrum hitting the atmosphere is a “rigidity cutoff,”
providing a lower-energy limit on primary cosmic rays,
and in turn, the associated atmospheric neutrino spectra.
The rigidity cutoff depends on the location of the target

mineral relative to the orientation of the geomagnetic fields
and is directly proportional to the dipole moment (for
example, see [6]); we will discuss the implications for
paleo-detectors below.
Finally, the atmospheric neutrino flux depends on the

composition and density of the atmosphere. The change in
atmospheric composition over the relevant timescales
≲1 Gyr considered here is primarily the replacement of
a fraction of the N2 with O2 (for example, see [54]), which
does not significantly alter the cascades that yield atmos-
pheric neutrinos. A variety of studies (see [11] and
references within) suggest that the density of the atmos-
phere could have varied by as much as a factor of two
downward or an order of magnitude upward going back
Oð1Þ Gyr. Since the atmosphere today is thicker than ten
interaction lengths of a typical cosmic ray proton [7,10], we
expect no significant modification of the atmospheric
neutrino flux from such density changes.
Radiogenic backgrounds.—A large number of back-

ground tracks from α particles produced in the decay
chains of radioactive contaminants such as 238U could
potentially impact the sensitivity of paleo-detectors to
atmospheric neutrinos. However, very light nuclei
(A < 5, i.e., H and He) generally have stopping powers
too small to leave robust tracks in minerals (e.g., see
discussion in [17] and references therein), although some
recent work has shown that it is possible to read out α-
particle tracks in some materials [20,21]. Here, we assume
that recoiling nuclei with A < 5 do not leave resolvable
tracks. For materials and readout technologies where such
tracks are visible, the qualitative results of this paper will
remain the same.
As discussed in previous work [15–18], tracks from the

heavy nuclear remnants of α decays are significantly
shorter than the track lengths relevant for the sensitivity
to atmospheric neutrinos. The most important remaining
backgrounds from 238U come in two forms: (1) neutrons
produced in radioactive decays that scatter off target nuclei
and (2) daughter nuclei from 238U spontaneous fission (SF)
that are generally much heavier and more energetic than the
nuclei created by atmospheric neutrino interactions with
halite. Note that the tracks from SF daughters can be used
for fission track dating of the samples.
We calculate the primary neutron spectra from the entire

238U → # # # → 206Pb decay chain with SOURCES [55]. Our
calculation includes the neutrons produced by 238U SF (and
the nuclei in its decay chain) as well as neutrons produced
in ðα; nÞ reactions of 238U decay chain α particles with Na
and Cl. These neutrons lose their energy predominantly via
elastic interactions with the nuclei comprising the target
material, giving rise to a large number of relatively soft
nuclear recoils. We propagate the neutrons through the
material and calculate the neutron-induced recoil spectrum
with FLUKA; the associated tracks dominate the track length
spectrum at lengths ≲1 μm.

FIG. 1. Differential distribution of the number of recoils per
unit target mass and unit time (n) with respect to the recoil track
length (x) for a halite paleo-detector (modeled as 23Na and 31P;
see text). In addition to the signal induced by interactions of
atmospheric neutrinos (solid green), we also show the spectrum
of background tracks induced by interactions of radiogenic
neutrons (dashed orange) and the track length spectrum from
spontaneous fission daughters (purple dash-dotted) assuming a
238U concentration of 0.01 ppb by weight, consistent with
previous work on paleo-detectors [15]. See the text for a
discussion of these backgrounds. Note that there are two virtually
background-free track length regions: 2 μm ≤ x ≤ 20 μm and
50 μm ≤ x ≤ 1 mm. Only recoils with A > 4 are included;
lighter nuclei are not expected to give rise to visible tracks.
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