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Lecture outline:

- Cosmic rays (ion beam)

- Solar system matter (target)

- Nuclear reactions (radionuclide production)

- Counting rare radio-nuclides

- Extraterrestrial  archives

- Terrestrial archives

- Solar variability

Zircon

A nuclear physicist’s viewpoint
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Cosmic rays: history
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Cosmic ray: history

From M W Friedlande, Cosmic Rays
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Last generation CR detectors

ARGO experiment in Tibet. A simulated particle
shower strikes the ARGO detector
18,500 detectors will cover a   an area as large as a 
soccer  field.

NEMO experiment in Italy.  Apparatus to
detect the Cerenkov light produced by the 
passage of neutrinos through water to be
installed undersea at a depth of two
kilometers .



6Accelerator mass Spectrometry
C. Tuniz et al., CRC Press, 1998

Cosmic rays: energy and flux
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Accelerator mass Spectrometry
C. Tuniz et al., CRC Press, 1998

Cosmic rays: elemental abundance
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Accelerator mass Spectrometry
C. Tuniz et al., CRC Press, 1998

Cosmic rays: energy spectrum



9Accelerator mass Spectrometry
C. Tuniz et al., CRC Press, 1998

Galactic modulation
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Accelerator mass Spectrometry
C. Tuniz et al., CRC Press, 1998

Solar modulation
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Cosmic ray interactions

• Nuclear reactions [light GCR & SCR]
– Radioactive nuclides [10Be, 26Al, 53Mn,…]
– Stable nuclides [noble gases]

• Ionization energy loss [SCR, heavy GCR]
– Nuclear tracks
– Thermo luminescence

• Implantation [solar wind]
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Nuclear reactions by cosmic rays
(radionuclide production)

Accelerator mass Spectrometry
C. Tuniz et al., CRC Press, 1998
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Accelerator mass Spectrometry
C. Tuniz et al., CRC Press, 1998

Terrestrial production
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Cosmogenic radionuclides

The rate of production of cosmogenic radionuclides depends on:
1) latitude
2) geomagnetic field strength
3) solar activity 
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Accelerator mass Spectrometry
C. Tuniz et al., CRC Press, 1998

Secondary cosmic rays
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Accelerator mass Spectrometry
C. Tuniz et al., CRC Press, 1998

Secondary CR reactions in the lithosphere
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Production of cosmogenic isotopes in the lithosphere

Accelerator mass Spectrometry
C. Tuniz et al., CRC Press, 1998
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Accelerator mass Spectrometry
C. Tuniz et al., CRC Press, 1998

Production of cosmogenic isotopes in the lithosphere
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Figure 1

Measured and predicted depth dependence for 10Be and 36Cl 
(Elmore et al, Purdue University)



20

Accelerator mass Spectrometry
C. Tuniz et al., CRC Press, 1998

36Cl production in a boulder
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Samples

• Meteorites (asteroids, moon, mars)
• Cosmic dust (stratosphere)
• Cosmic spherules (ocean)
• Lunar samples
• Comet return mission
• Asteroid return mission
• Spacecraft components

– Surveyor III (Apollo 12)
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Cosmic ray nuclear reactions: extraterrestrial material

Accelerator mass Spectrometry
C. Tuniz et al., CRC Press, 1998
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Cosmogenic isotopes on the Moon
Accelerator mass Spectrometry
C. Tuniz et al., CRC Press, 1998
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Cosmogenic isotopes on the Moon

Nishiizumi et al, 1997.



25

Long-lived cosmogenic radionuclides
in solar system matter

Accelerator mass Spectrometry
C. Tuniz et al., CRC Press, 1998
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Counting rare radionuclides before the invention of AMS
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+ Vt

Tandem 
accelerator

Stripper molecules break up !

Negative ion source

Injection magnet

∆E - E detector

Velocity filter or
Electrostatic analizer

Analizing magnet

Preacceleration

14C-, 13CH- , 12CH2
-

,  …

14C+q, 13C+q, 12C+q        

E = (M/Mi) (Ei +eVt) +q eVt

Bρ ∝ (MiEi)½/qi

Bρ ∝ (ME)½/q

v ∝ Ε/Β

Ερ ∝ E/q
∆E E ∝ M Z2

Vi 

Electrostatic analizer

Eρ ∝ E/q

Accelerator Mass Spectrometry
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Atom counting
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Accelerator mass Spectrometry
C. Tuniz et al., CRC Press, 1998

AMS detection of long-lived cosmogenic RN
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Historical, instrumental and proxy record

Sun
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HISTORICAL  RECORD
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1613
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Annual mean sunspot numbers 1610-1987

Cosmic Rays, M.W. Friedlander
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INSTRUMENTAL  RECORD
Moscow Neutron Monitor



36



37

PROXY RECORD
Tree Rings, Ice Cores, Sediments, Varves and Corals
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10Be and 14C production

Beer, Space Science Reviews, 2000
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Long-lived cosmogenic radionuclides

Beer, Space Science Reviews, 2000
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10Be production

Beer, Space Science Reviews, 2000
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14C in tree rings
Beer, Space Science Reviews, 2000
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10Be and 14C record
Beer, Space Science Reviews, 2000
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14C in tree rings

Solanski et al, Nature 2004
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Nature 2004
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10Be from the Sun

10Be in excess of that expected from in situ cosmic ray spallation reactions is present in lunar surface soil 
78481; This excess 10Be and its association with surficial layers corresponds to 1.9 x 10(8) atoms per square 
centimeter, requiring a 10Be implantation rate of 2.9 x 10(-6) atoms per square centimeter per second on the 
surface of the Moon. The most likely site for the production of this excess 10Be is the Sun's atmosphere. The 
10Be is entrained into the solar wind and transported to the lunar surface
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Thanks!


