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1811.10549, 1906.05800 + Edwards, Kavanagh and Weniger

Patrick Stengel (Stockholm University) COSMO 2019 September 3, 2019 1 / 7



Dark matter scattering o↵ nuclei

Look for signatures of WIMP-induced nuclear recoils

Conventional DD experiments

Light, ionization and/or

phonons from recoils

Liquid nobel gas targets,

solid state bolometers, etc

General WIMP mass regimes

Sensitivity to low mX

limited by threshold

At higher mX , depends

more on exposure,

✏ = time ⇥ mass
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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

Paleo-detectors look for damage from recoiling nuclei

Track length from stopping power
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Tracks in ancient minerals Solid state track detectors

Cosmogenic backgrounds suppressed in deep boreholes

Depth Neutron Flux
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6
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2
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2
/yr

500 m 2/cm
2
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Need minerals with low
238

U

Marine evaporites with

C 238 >⇠ 0.01 ppb

Ultra-basic rocks from

mantle, C 238 >⇠ 0.1 ppb

Figure: ⇠ 2Gyr old Halite cores from

⇠ 3km, as discussed in Blättler+ ’18
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Tracks in ancient minerals Problematic backgrounds

Fast neutrons from SF and (↵, n) interactions

SF yields ⇠ 2 neutrons with ⇠MeV

Each neutron will scatter elastically

10-1000 times before moderating

(↵, n) rate low, many decay ↵’s

Heavy targets better for (↵, n) and
bad for neutron moderation, need H
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Tracks in ancient minerals Problematic backgrounds

xT spectra from product of stopping power and recoils
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Paleo-Detectors II
- read out and sensitivity projections - 

SB, Drukier, Freese, Gorski, Stengel: 1806.05991, 1811.06844
+ Edwards, Kavanagh, Weniger: 1811.10549, 1906.05800

Sebastian Baum
SU

1
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What do we want to do?

2

The Power of Time

100 g ⨉ 1 Gyr = 104 t ⨉ 10 yr 
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What do we want to do?
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Read-Out Methods: X-ray Microscopy

4

Small-Angle X-ray scattering (SAXs) + computer tomography
[Schaff+, ‘15]

160 nm

[Holler+, ‘14]
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Read-Out Methods: He-Ion Beam Microscopy

5

[Carl Zeiss]

Overview & Zoom-in of rodent kidney
[Hill+ 12]
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Dark Matter Sensitivity Projections

6

Good resolution, small target mass
● 1 nm spatial resolution
● Exposure: (10 mg) x (1 Gyr)

Larger target mass, worse resolution
● 15 nm spatial resolution
● Exposure: (100 g) x (1 Gyr)

● Halite -- NaCl
● Gypsum -- CaSO4•2(H2O) 

● Olivine -- Mg1.6Fe0.4(SiO4)
● Nchwaningite -- Mn2SiO3(OH)2•(H2O)

[Drukier, SB+ 1811.06844]
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What could you do if you see something?

7

[Edwards, SB+ 1811.10549]
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Bonus: Neutrinos as a Signal?

8

[NASA/CXC/SAO]Astrophysical objects observed 

in neutrinos:

● The Sun

● SN1987A

● Blazar TXS 0506+056 (?)
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Measuring the Galactic CC SN Rate?

9

[SB+ 1906.05800]

Measuring the Milky Way’s 
CC SN rate

Learning about the time-dependence of 
the CC SN rate?

● Halite -- NaCl
● Epsomite -- MgSO4•7(H2O) 

● Olivine -- Mg1.6Fe0.4(SiO4)
● Nchwaningite -- Mn2SiO3(OH)2•(H2O)
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Conclusions

● Ancient (~0.1 - 1 Gyr) old rocks store information about nuclear 

recoils

● Allows for gigantic exposure: 100 g ⨉ 1 Gyr = 104 t ⨉ 10 yr!

● Read-Out possible due to modern nano-technology

○ Allows for nuclear recoil energy thresholds of 0.1 - 1 keV!

10

[NASA/CXC/SAO]
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Ion Range Calculations

12

Semi-analytic treatment SRIM

[Wilson,Haggmark,Biersack +76]



Fission fragments can be seen by TEM/optical microscopes

Figure: Price+Walker ’63
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Radiogenic backgrounds from 238U contamination

238U
↵�! 234Th

��

�! 234mPa
��
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↵�! 226Ra
↵�! 222Rn

↵�! . . . �! 206Pb

Nucleus Decay mode T1/2

238
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9
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“1↵” events di�cult to reject

without additional decays

Reject ⇠ 10µm ↵ tracks

Without ↵ tracks, filter

out monoenergetic
234

Th

Patrick Stengel (Stockholm University) COSMO 2019 September 3, 2019 2 / 3



Coherent elastic ⌫-nucleus scattering yields DD “⌫ floor”
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DM against the rest

13

High-Resolution read-out
● 1 nm spatial resolution
● Exposure: (10 mg) x (1 Gyr)

Low-Resolution read-out
● 15 nm spatial resolution
● Exposure: (100 g) x (1 Gyr)



Sebastian Baum                                                                                                                        COSMO19, 2019-09-03
                                                                          

Moderating Neutrons with Hydrogen

14
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muons from atmospheric neutrinos
w/o (w) neutrino oscillations

[Aharmim+ ‘09]

cosmic-ray muons 
(@ 6 km w.e)
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Read-out methods: Optical Transmission Microscopy

16

transmission reflection

[Thomson, ‘16]

● Widely available

● Cheap

● Resolutions of a few 

100 nm

● Requires etching

Etched fission tracks in Apatite
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Read-out methods: Confocal Microscopy

17

Single picture Longest projection of 3D

2 𝜇m

[Kouwenberg+, ‘18]

𝛼-tracks in Al2O3:C,Mg (without etching!)

● Widely available
● Resolution ~100 nm
● Requires fluorescent targets



Sebastian Baum                                                                                                                        COSMO19, 2019-09-03
                                                                          

SD proton-only interactions

18

Good resolution, small target mass
● 1 nm spatial resolution
● Exposure: (10 mg) x (1 Gyr)

Larger target mass, worse resolution
● 15 nm spatial resolution
● Exposure: (100 g) x (1 Gyr)

Borax: Na2(B4O5)(OH)2•8(H2O)
Mirabilite: Na2SO4•10(H2O) 

Nchwaningite: Mn2SiO3(OH)2•(H2O)
Phlogopite: KMg3AlSi3O10F(OH)

[Drukier, SB+ 1811.06844]
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Improved sensitivity with spectral analysis 
[Edwards, SB+ 1811.10549]

19

Halite: NaCl
Sinjarite: CaCl2•2(H2O) 

Olivine: Mg1.6Fe0.4(SiO4)
Nchwaningite: Mn2SiO3(OH)2•(H2O)
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Sensitivity Projections

20

with low-𝑍 tracks

Halite: NaCl
Gypsum: CaSO4•2(H2O) 

Olivine: Mg1.6Fe0.4(SiO4)
Nchwaningite: Mn2SiO3(OH)2•(H2O)

without low-𝑍 tracks

[Drukier, SB+ 1811.06844]
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Robustness against errors in background spectra

21
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Paleo-Detectors for Galactic CC SNe

22

Epsomite -- MgSO4•7(H2O) 

[SB+ 1906.05800]
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