
Mineral Detection of CEνNS

Minerals such as olivine could hold evidence of long-ago collisions between
atomic nuclei and dark matter (Olena Shmahalo/Quanta Magazine).
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MDνDM community

Groups across Europe, North
America and Japan

Astroparticle theorists,
experimentalists, geologists,
and materials scientists

First meeting last October at
IFPU in Trieste

Check out our whitepaper!

History of mineral detectors

Review scientific potential for
astroparticle physics, reactor
neutrinos and geoscience

Summary of active and
planned experimental efforts
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Astrophysical signals SN neutrinos

Galactic SN contribution to flux over geological timescales
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Figure: Cosmic CC SNR, 1403.0007

Only ∼ 2 SN 1987A events/century

Measure galactic CC SN rate

Traces star formation history
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Astrophysical signals Solar neutrinos

Probe evolution of standard solar model over time

Figure: Today’s flux at Borexino
(Nature, 2018) and time dependence
of GS metallicity model, 2102.01755
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Tracks in ancient minerals Solid state track detectors

Modern TEM allows for accurate characterization of tracks
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Tracks in ancient minerals Solid state track detectors

Mineral detectors look for damage from recoiling nuclei

Track length from stopping power

xT (ER) =

∫ ER

0
dE

∣∣∣∣ dEdxT (E )

∣∣∣∣−1

10−2 10−1 100 101 102 103

ER [keV]

10−1

100

101

102

103

104

x
T

[n
m

]

HIBM

SAXs

X
e

B
ol

.

H
O
Mg
S

Patrick Stengel (INFN Ferrara) Magnificent CEνNS March 25, 2023 6 / 11



Tracks in ancient minerals Problematic backgrounds

Cosmogenic backgrounds suppressed in deep boreholes

Figure: ∼ 2Gyr old Halite cores from
∼ 3km, as discussed in Blättler+ ’18

Depth Neutron Flux
2 km 106/cm2/Gyr
5 km 102/cm2/Gyr
6 km 10/cm2/Gyr
50 m 70/cm2/yr
100 m 30/cm2/yr
500 m 2/cm2/yr

Need minerals with low 238U

Marine evaporites with
C 238 >∼ 0.01 ppb

Ultra-basic rocks from
mantle, C 238 >∼ 0.1 ppb
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Tracks in ancient minerals Problematic backgrounds

Fast neutrons from SF and (α, n) interactions

SF yields ∼ 2 neutrons with ∼MeV

Each neutron will scatter elastically
10-1000 times before moderating

(α, n) rate low, many decay α’s

Heavy targets better for (α, n) and
bad for neutron moderation, need H

Patrick Stengel (INFN Ferrara) Magnificent CEνNS March 25, 2023 8 / 11



Projected sensitivity of mineral detectors Solar neutrinos

Could use large exposure to differentiate between scenarios
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Could measure 8B flux over time

Higher Eν ⇒ longer tracks

Highly dependent on solar core
temperature with flux ∝ T 24

Sensitive to metallicity model

100 g samples with 15 nm resolution

Look in single bin 15− 30 nm

Assume ∆t ∼ 10%, ∆C = 10%

NGS
tot ∼ (1.63± 0.05)× 106

NAGSS
tot ∼ (1.52± 0.05)× 106
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Projected sensitivity of mineral detectors SN neutrinos

Measure heavy-lepton flavor νx ’s with mineral detectors
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Summary and outlook

Mineral detectors could probe rare and/or previous events

most tau-neutrinos in the mix will pass
through Super-K undetected.

One of the most basic questions ex-
perimenters ask is, “How many?” We
have built a beautiful detector to study
neutrinos, and the first task is simply to
count how many we see. Hand in hand
with this measurement is the question,
“How many did we expect?” To an-
swer that, we must analyze how the
neutrinos are produced.

Super-K monitors atmospheric neu-
trinos, which are born in the spray of
particles when a cosmic ray strikes the
top of our atmosphere. The incoming
projectiles (called primary cosmic rays)
are mostly protons, with a sprinkling of
heavier nuclei such as helium or iron.
Each collision generates a shower of
secondary particles, mostly pions and
muons, which decay during their short
flight through the air, creating neutrinos
[see illustration at right]. We know
roughly how many cosmic rays hit the
atmosphere each second and roughly
how many pions and muons are made
in each collision, so we can predict how
many neutrinos to expect.

Tricks with Ratios

Unfortunately, this estimate is only
accurate to 25 percent, so we take

advantage of a common trick: often the
ratio of two quantities can be better de-
termined than either quantity alone. For
Super-K, the key is the sequential decay
of a pion to a muon and a muon-neutri-
no, followed by the muon’s decay to an
electron, an electron-neutrino and anoth-
er muon-neutrino. No matter how many
cosmic rays are falling on the earth’s at-
mosphere, or how many pions they pro-
duce, there should be about two muon-
neutrinos for every electron-neutrino.
The calculation is more complicated than
that and involves computer simulations
of the cosmic ray showers, but the final
predicted ratio is accurate to 5 percent,
providing a much better benchmark than
the individual numbers of particles do.

After counting neutrinos for almost
two years, the Super-K team has found
that the ratio of muon-neutrinos to
electron-neutrinos is about 1.3 to 1 in-
stead of the expected 2 to 1. Even if we
stretch our assumptions about the flux
of neutrinos, how they interact with the
nuclei and how our detector responds
to these events, we cannot explain such
a low ratio—unless neutrinos are chang-
ing from one type into another.

We can play the ratio trick again to

Detecting Massive Neutrinos Scientific American August 1999      67
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Existing direct searches

Xe neutrino fog

High exposure

High resolution

tage = 1 Gyr, C238 = 10−10 g/g

Olivine

Sinjarite

Look for astrophysical ν’s and DM

Measure solar (2102.01755), CC
SN (1906.05800, 2203.12696),
atmospheric (2004.08394) ν’s

WIMP DM (2106.06559),
substructure (2107.02812),
composite DM (2105.06473)

Feasibility of mineral detectors

Determine efficiency of effective
3D recoil track reconstruction

Need model of geological history

Radiopure samples from depth

Find a way to handle the data
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Galactic CC SN ν’s can induce recoils in mineral detectors

Figure: Supernova simulation after CC

CC SNe primarily in stellar disk

ρSN ∝ e−R/Rd e−|z|/Hd
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Figure: Distribution of galactic SNe at
distance from Earth f (RE ), 1306.0559
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Cleaving and etching limits ϵ and can only reconstruct 2D

Readout scenarios for different xT

HIBM+pulsed laser could read
out 10mg with nm resolution

SAXs at a synchrotron could
resolve 15 nm in 3D for 100 g

Figure: HIM rodent kidney Hill+ ’12, SAXs nanoporous glass Holler+ ’14
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Radiogenic backgrounds from 238U contamination

238U
α−→ 234Th

β−

−→ 234mPa
β−

−→ 234U
α−→ 230Th

α−→ 226Ra
α−→ 222Rn

α−→ . . . −→ 206Pb

Nucleus Decay mode T1/2

238U
α 4.468× 109 yr
SF 8.2× 1015 yr

234Th β− 24.10 d

234mPa
β− (99.84%)

1.159min
IT (0.16%)

234Pa β− 6.70 d
234U α 2.455× 105 yr

“1α” events difficult to reject
without additional decays

Reject ∼ 10µm α tracks

Without α tracks, filter
out monoenergetic 234Th
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Quick aside on data analysis and α-recoil background

15 nm resolution of 100 g sample
⇒ 1019 mostly empty voxels

1 Gyr old with C 238 = 0.01 ppb
⇒ 1013 voxels for α-recoil tracks

VOLUME 74, NUMBER 21 PH YS ICAL REVIEW LETTERS 22 MAY 1995

Limits on Dark Matter Using Ancient Mica

D. P. Snowden-Ifft, * E.S. Freeman, and P. B. Price*
Physics Department, University of California at Berkeley, Berkeley, California 94720

(Received 20 September 1994)
The combination of the track etching method and atomic force microscopy allows us to search for

weakly interacting massive particles (WIMPs) in our Galaxy. A survey of 80720 p,m of 0.5 Gyr old
muscovite mica found no evidence of WIMP-recoil tracks. This enables us to set limits on WIMPs
which are about an order of magnitude weaker than the best spin-dependent WIMP limits. Unlike other
detectors, however, the mica method is, at present, not background limited. We argue that a background
may not appear until we have pushed our current limits down by several orders of magnitude.

PACS nombers: 95.35.+d, 14.80.Ly, 29.40.Ym, 61.72.Ff

Much research is being devoted to the questions of the
nature and detectability of the dark matter that comprises
more than 90% of the mass of the Universe [1]. One
of the most promising candidates is a weakly interact-
ing massive particle (WIMP) which is being sought with
instruments capable of detecting the -keV/amu recoil-
ing ions which would be produced in elastic collisions
between WIMPs and nuclei [1]. The best limits on the
mass and scattering cross section of WIMPs trapped in
the Galactic halo result from the use of natural Ge, NaI,
and CaF detectors [2]. These limits, however, fall short,
by several orders of magnitude, of ruling out one of the
favored WIMP candidates, the neutralino [3]. We show
here that the natural mica crystals, with an integration
time of -10 yr, can record and store the tracks of re-
coil nuclei struck by WIMPs, and that these tracks can be
measured with an atomic force microscope (AFM). Our
approach is an extension of the etching method for study-
ing ancient tracks in minerals [4,5]. With it, we report
a new limit that is about an order of magnitude weaker
than the best spin-dependent limits from NaI and CaF de-
tectors, but show that we have the potential to push these
limits down by several orders of magnitude.
As with the Ge, NaI, and CaF detectors, mica serves

both as the target and as the detector. Muscovite mica
is primarily composed of 'H (I = 2), '60 (I = 0), 27A1
(I = 2), Si (I = 0), and K (I = 2). The range of one
of these nuclei with a typical recoil energy of -keV/amu
is only a few hundred angstroms [6] and the etched depth
is even smaller. Although such etched tracks cannot
be studied with an optical microscope, we have shown
that their dimensions can be accurately measured with an
AFM [7]. As shown in Fig. 1, the technique is to cleave
open a mica crystal, etch the freshly exposed surfaces,
and use an AFM to scan and measure the tracks crossing
the cleavage plane. For each area scanned (typically
40 p.m X 40 p,m) a 256 x 256 grid of heights is obtained
and fitted line by line (to remove the effect of the piezo
motion on the heights) with a fourth order polynomial
using a robust fitting algorithm [8]. New, fiattened heights
are calculated from the difference between the old height

(a) WIMP

(b)

FIG. 1. An illustration of the etching technique. (a) If WIMPs
exist they would cause the constituent atoms of muscovite mica,
mainly ' 0, Al, Si, and K, to recoil across a cleavage
plane. (b) When both halves of the cleavage plane are etched
matching pits will appear. The illustration also shows the
development of n-recoil tracks and that these tracks will have
longer summed depths than WIMP-recoil tracks.

and the fit. All contiguous pixels with depths below 20 A
are then grouped into clusters. Clusters with three or more
pixels are then further analyzed. Clusters passing this
20 A., 3 pixel cut are shown in Fig. 2 with the height of the
deepest pixel in the cluster displayed alongside. The xy
location of this pixel is taken to be the location of the
recoiling ion and its depth is taken to be the depth of the
etched pit.
An example of a scan of one surface of ancient mica

etched for 1 h in room temperature 49% hydrofluoric acid

0031-9007/95/74(21)/4133(4)$06. 00 1995 The American Physical Society 4133
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Track length spectra for detecting galactic CC SN ν’s
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Large exposure probes rare events

NOT background free, but can
calibrate radiogenics in the lab

Spectral information allows for
reduction of bkg systematics

Assume relative uncertainty 1%
for normalization of n-bkg

Solar and atmospheric ν-bkg
assume 100% to account for
time variation of fluxes
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Sensitivity to galactic CC SN rate depends on C 238
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Difficult to pick out time evolution of galactic CC SN rate
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Coarse grained cumulative time bins

10 Epsomite mineral detectors

100 g each, ∆tage ≃ 100Myr

Determine σ rejecting constant rate

Could only make discrimination at
3σ for O(1) increase in star
formation rate with C 238 <∼ 5 ppt
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Probe time- and space-localized enhancements to CC SNR

0.0 0.2 0.4 0.6 0.8 1.0
Burst look-back time t? [Gyr]

107

108

109

M
in

im
u

m
D

et
ec

ta
b

le
N

10
k
p

c
?

1 ppb

0.1 ppb

0.01 ppb

0.001 ppb

Epsomite, M = 100 g
10 samples, ∆tage = 0.1 Gyr

100 101 102 103 104 105 106 107 108 109

Number of burst CC SN, N?

10−3

10−2

10−1

100

101

102

103

D
is

ta
n

ce
to

b
u

rs
t

re
gi

on
,
D
?

[k
p

c]

LMC

NGC 3603

GC

Star Formation Rate:
[0.1, 1000]M� yr−1

∆tstarburst = 10 Myr

107

108

109

N
u

m
b

er
of

C
C

S
N

at
10

kp
c,
N

10
k
p

c
?

Starburst increases SFR by ∼ 103

Short duration ∆t ≲ 10Myr

Parameterized by N∗ CC SNe,
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Discriminate against constant rate

Sensitive to starburst near GC

Could detect N∗ = 1 CC SN
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CRs brought to you by TRAGALDABAS, 1701.07277
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Recoil spectra from atmospheric ν’s incident on NaCl(P)

10 15 20 25 30 35

Atomic Mass, A

0

10

20

30

40

50

R
ec

oi
l

E
n

er
gy

,
E

[M
eV

]

0.1

1

101

102

103

104

105

106

107 d
2n
/d
E

d
A

[1/k
g/G

y
r/M

eV
]

10−5 10−4 10−3 10−2 10−1 100

Track Length, x [mm]

103

104

105

106

107

108

109

x
×

(d
n
/d
x

)
[1

/k
g/

G
y
r]

Atmospheric ν

Radiogenic Neutrons
238U SF Daughters

Recoils of many different nuclei

Low energy peak from QE
neutrons scattering 23Na, 31P

High energy tail of lighter
nuclei produced by DIS

Background free regions for ≳ 1µm

Radiogenic n-bkg confined to
low x , regardless of target

Subdominant systematics from
atmosphere, heliomagnetic field
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Geomagnetic field deflects lower energy CR primaries

Figure: Driscoll, P. E. (2016),
Geophys. Res. Lett., 43, 5680-5687

Rigidity pCR/ZCR ≃ ECR for CR protons

Rigidity cutoff ∝ Mdip truncates
atmospheric ν spectrum at low Eν

Maximum cutoff today ∼ 50GV

Recall CR primary ECR ≳ 10Eν
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Atmospheric ν’s yield recoils in background free regions
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N ∼ 6× 104 tracks in 100 g × 1Gyr

2µm ≲ x ≲ 20µm potentially
sensitive to geomagnetic effects

50µm ≲ x ≲ 1mm from DIS
associated with ECR ≳ 100GeV

Series of halite targets with (Mi , ti )

Averaged recoil rate Ni/tiMi

Sensitivity limited by geological
history, read-out systematics

Assume ∆t = 5%, ∆M = 1%
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Simulation chain for calculation of atmospheric ν’s
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Semi-analytic range calculations and SRIM agree with data

Figure: Wilson, Haggmark+ ’76
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