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Apollo 11

Apollo 11 Lunar Module pilot Edwin Aldrin  at 03:15 UT on 21 July 1969 (20 July 1969, 11:15 EDT) 
and became the second person to walk on the Moon. (Apollo 11, AS11-40-5868)

Jettison Bag (Armstrong – NASA)

Neil A. Armstrong, commander
Michael Collins, command module Columbia pilot

Edwin E. Aldrin, Jr., lunar module Eagle pilot
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Solar wind experiment on the Moon
308 J. GEISS ET AL.

Figure 1. Apollo 11 Astronaut Edwin E. Aldrin deploying the SWC experiment in Mare Tranquillit-
atis on July 21, 1969. Photograph by Commander Neil A. Armstrong (NASA Photo S11-40-5872).

properties of the lunar soil and tested their ability to walk and move around the
lunar surface, Aldrin took the Solar Wind Composition (SWC) experiment from
its fixture in the Descend Stage of the LM, extended the telescopic pole, unrolled
the solar wind collection foil and at 03:35 UT deployed the device at a distance
of 4 meters from the nearest LM footpad (Figure 1). Towards the end of the EVA
(‘Extravehicular Activity’), at 04:52 UT, the astronauts rolled up the foil onto the
spring loaded reel, disconnected reel and foil from the pole, put them into a Teflon
bag and stored them in the lunar sample box. In this bag, the foil was returned
to Earth, and after having been released from the quarantine area of the Lunar
Receiving Laboratory at the NASA Manned Spacecraft Center (MSC) at Houston,
it was brought back to Switzerland where the solar wind particles trapped in the
foil were mass-spectrometrically analysed.

The Apollo 11 astronauts had written the activities planned for their lunar ex-
cursion on their cuffs (see ALSJ, 2003), and they pursued their programme in the
unknown environment with efficiency and perfection. As a result they were able to
carry out the complete planned scientific programme (see Hess and Calio, 1969)
that included deploying the SWC (Geiss et al., 1969), a Seismometer (Latham
et al., 1969), and a Laser reflector (Alley et al., 1969), making geological obser-

Geiss et al. (1965, 1969)
1969 – 1972 (Apollo 11, 12, 14, 15, 16)
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atis on July 21, 1969. Photograph by Commander Neil A. Armstrong (NASA Photo S11-40-5872).

properties of the lunar soil and tested their ability to walk and move around the
lunar surface, Aldrin took the Solar Wind Composition (SWC) experiment from
its fixture in the Descend Stage of the LM, extended the telescopic pole, unrolled
the solar wind collection foil and at 03:35 UT deployed the device at a distance
of 4 meters from the nearest LM footpad (Figure 1). Towards the end of the EVA
(‘Extravehicular Activity’), at 04:52 UT, the astronauts rolled up the foil onto the
spring loaded reel, disconnected reel and foil from the pole, put them into a Teflon
bag and stored them in the lunar sample box. In this bag, the foil was returned
to Earth, and after having been released from the quarantine area of the Lunar
Receiving Laboratory at the NASA Manned Spacecraft Center (MSC) at Houston,
it was brought back to Switzerland where the solar wind particles trapped in the
foil were mass-spectrometrically analysed.

The Apollo 11 astronauts had written the activities planned for their lunar ex-
cursion on their cuffs (see ALSJ, 2003), and they pursued their programme in the
unknown environment with efficiency and perfection. As a result they were able to
carry out the complete planned scientific programme (see Hess and Calio, 1969)
that included deploying the SWC (Geiss et al., 1969), a Seismometer (Latham
et al., 1969), and a Laser reflector (Alley et al., 1969), making geological obser-

Johannes Geiss, Peter Eberhardt  – Université de Bern
Peter Signer – EPFZ

Météorite Pesynoae
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Abundances des isotopes 
d’ He, Ne, Ar

Informations sur le big bang 
et sur l’évolution
du soleil, des étoiles, 
et de la galaxie
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properties of the lunar soil and tested their ability to walk and move around the
lunar surface, Aldrin took the Solar Wind Composition (SWC) experiment from
its fixture in the Descend Stage of the LM, extended the telescopic pole, unrolled
the solar wind collection foil and at 03:35 UT deployed the device at a distance
of 4 meters from the nearest LM footpad (Figure 1). Towards the end of the EVA
(‘Extravehicular Activity’), at 04:52 UT, the astronauts rolled up the foil onto the
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L’énigme de l’évolution 
de 3He dans la galaxie

1969 – 1972 (Apollo 11, 12, 14, 15, 16)
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Origine des éléments chimiques
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SYNTHESIS OF ELEMENTS IN STARS

TAsr z I,1.Table of elements and isotopes /compiled from Chart of
the Xgcjides (Knolls Atomic Power Laboratory, April, 1956)).
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nuclear material into any other even at low energies
of interaction.
With this relatively simple picture of the structure

and interactions of the nuclei of the elements in mind,
it is natural to attempt to explain their origin by a
synthesis or buildup starting with one or the other or
both of the fundamental building blocks. The following
question can be asked: What has been the history of
the matter, on which we can make observations, which
produced the elements and isotopes of that matter in
the abundance distribution which observation yields?
This history is hidden in the abundance distribution of
the elements. To attempt to understand the sequence
of events leading to the formation of the elements it is
necessary to study the so-called universal or cosmic
abundance curve.
Whether or not this abundance curve is universal is

not the point here under discussion, It is the distribu-
tion for the matter on which we have been able to make
observations. We can ask for the history of that par-
ticular matter. We can also seek the history of the
peculiar and abnormal abundances, observed in some
stars. We can finally approach the problem of the uni-
versal or cosmic abundances. To avoid any implication
that the abundance curve is universal, when such an
implication is irrelevant, we commonly refer to the
number distribution of the atomic species as a function
of atomic weight simply as the atomic abundance dis-
tribution. In graphical form, we call it the atomic
abundance curve.
The 6rst attempt to construct such an abundance

curve was made by Goldschmidt (Go37).f An improved
curve was given by Brown (Br49) and more recently
Suess and Urey (Su56) have used the latest available
data to give the most comprehensive curve so far avail-
able. These curves are derived mainly from terrestrial,
meteoritic, and solar data, and in some cases from other
astronomical sources. Abundance determinations for
f Refer to Bibliography at end of paper.
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FIG. I,i. Schematic curve of atomic abundances as a function
of atomic weight based on the data of Suess and Urey (Su56).
Suess and Urey have employed relative isotopic abundances to
determine the slope and general trend of the curve. There is still
considerable spread of the individual abundances about the curve
illustrated, but the general features shove are now fairly well
established. These features are outlined in TaMe I,2. Note the
overabundances relative to their neighbors of the alpha-particle
nuclei A = 16, 20, ~ ~ 40, the peak at the iron group nuclei, and the
twin peaks at A =80 and 90, at 130 and 138, and at 194 and 208.

the sun were first derived by Russell (Ru29) and the
most recent work is due to Goldberg, Aller, and Muller
(6057). Acc111'a'te relative lsotoplc Rbu11daIlces al'e
available from mass spectroscopic data, and powerful
use was made of these by Suess and Urey in compiling
their abundance table. This table, together with some
solar values given by Goldberg et ul. , forms the basic
data for this paper.
It seems probable that the elements all evolved from

hydrogen, since the proton is stable while the neutron
is not. Moreover, hydrogen is the most abundant
element, and helium, which is the immediate product of
hydrogen burning by the pp chain and the CN cycle,
is the next most abundant element. The packing-frac-
tion curve shows that the greatest stability is reached
at iron and nickel. However, it seems probable that iron
and nickel comprise less than 1% of the total mass of
the galaxy. It is clear that although nuclei are tending
to evolve to the con6gurations of greatest stability,
they are still a long way from reaching this situation.
It has been generally stated that the atomic abun-

dance curve has an exponential decline to A j.00 and
is approximately constant thereafter. Although this is
very roughly true it ignores many details which are
important clues to our understanding of element syn-
thesis. These details a,re shown schematically in Fig. I,j.

Atomic abundance curve
Burbidge et al. (1957 – Synthesis of the elements in stars)                 
Meteoritic, solar, and terrestrial data (Suess & Urey 1956)

Origine des éléments chimiques
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available from mass spectroscopic data, and powerful
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is approximately constant thereafter. Although this is
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Atomic abundance curve
Burbidge et al. (1957 – Synthesis of the elements in stars)                 
Meteoritic, solar, and terrestrial data (Suess & Urey 1956)

Origine de l’hélium 3

Atmosphère terrestre : 1 3He pour 1 million 4He
Roches croute terrestre : 1 à 10 3He pour 1 million 4He
Milieu interstellaire : 1000 3He pour 1 million 4He
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ü Première contrainte observationnelle sur
la densité baryonique de l’univers

Abondances prédites par BBN
en fonction de la densité baryonique de l’univers (baryons (protons, neutrons) /photons)
Pitrou et al. (2018)

Production des éléments légers (H, D, 3,4He, 7Li) 
dans les premières minutes après le Big Bang
Gamov et al. (1940), Peebles (1966), Wagoner et al. (1967)

Fonds diffus cosmologique 
(Cosmic Microwave Background – CMB)

Rayonnement fossile émis ~ 380’000 ans après le Big Bang
Anisotropies à age, structure, densité de l’univers
Penzias & Wilson (1965)
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3He produit au cours du Big Bang

Expansion de l’Univers
Les galaxies s’éloignent de nous
Les galaxies les plus lointaines s’éloignent plus vite 
Slipher (1914), Friedman, Lemaître, Hubble, Einstein

Les « piliers » observationnels du Big Bang
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Figure 1. Apollo 11 Astronaut Edwin E. Aldrin deploying the SWC experiment in Mare Tranquillit-
atis on July 21, 1969. Photograph by Commander Neil A. Armstrong (NASA Photo S11-40-5872).

properties of the lunar soil and tested their ability to walk and move around the
lunar surface, Aldrin took the Solar Wind Composition (SWC) experiment from
its fixture in the Descend Stage of the LM, extended the telescopic pole, unrolled
the solar wind collection foil and at 03:35 UT deployed the device at a distance
of 4 meters from the nearest LM footpad (Figure 1). Towards the end of the EVA
(‘Extravehicular Activity’), at 04:52 UT, the astronauts rolled up the foil onto the
spring loaded reel, disconnected reel and foil from the pole, put them into a Teflon
bag and stored them in the lunar sample box. In this bag, the foil was returned
to Earth, and after having been released from the quarantine area of the Lunar
Receiving Laboratory at the NASA Manned Spacecraft Center (MSC) at Houston,
it was brought back to Switzerland where the solar wind particles trapped in the
foil were mass-spectrometrically analysed.

The Apollo 11 astronauts had written the activities planned for their lunar ex-
cursion on their cuffs (see ALSJ, 2003), and they pursued their programme in the
unknown environment with efficiency and perfection. As a result they were able to
carry out the complete planned scientific programme (see Hess and Calio, 1969)
that included deploying the SWC (Geiss et al., 1969), a Seismometer (Latham
et al., 1969), and a Laser reflector (Alley et al., 1969), making geological obser-
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Synthèse des éléments dans les étoiles
Burbidge et al. (1958)
Premiers modèles d’évolution stellaire
Iben (1967)

Réactions nucléaires au cœur du soleil
(chaines proton-proton)
T ~ 15 MK

3He produit dans les étoiles

Géante rouge

AGB

Time

X
(3 H

e)

Log (L/L⦿ )
Evolution de l’abondance de 3He dans des étoiles de faible masse
Charbonnel & Zahn (07a)

Nébuleuse
protosolaire
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3He – Evolution dans la Galaxie au cours du temps

Temps (milliards d’années)         
Big Bang Aujourd’huiNaissance du soleil C.Charbonnel – Cours UniGe 1051 – 20210928



Prédictions « classiques »
Geiss & Reeves (1972)
Rood (1972)
Rood, Steigman, Tinsley (1976)
Steigman & Tosi (1992)
Galli et al. (1995)
Olive et al. (1995)
Tosi (1996, 1998, 2000)
Dearborn, Steigman, Tosi (1996)
Palla et al. (2000)
Chiappini et al. (2002)
Romano et al. (2003)
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Protosolar

Le problème de 3He

Observations:
SWE@Moon

Geiss & Reeves (1972)
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Figure 1. Apollo 11 Astronaut Edwin E. Aldrin deploying the SWC experiment in Mare Tranquillit-
atis on July 21, 1969. Photograph by Commander Neil A. Armstrong (NASA Photo S11-40-5872).

properties of the lunar soil and tested their ability to walk and move around the
lunar surface, Aldrin took the Solar Wind Composition (SWC) experiment from
its fixture in the Descend Stage of the LM, extended the telescopic pole, unrolled
the solar wind collection foil and at 03:35 UT deployed the device at a distance
of 4 meters from the nearest LM footpad (Figure 1). Towards the end of the EVA
(‘Extravehicular Activity’), at 04:52 UT, the astronauts rolled up the foil onto the
spring loaded reel, disconnected reel and foil from the pole, put them into a Teflon
bag and stored them in the lunar sample box. In this bag, the foil was returned
to Earth, and after having been released from the quarantine area of the Lunar
Receiving Laboratory at the NASA Manned Spacecraft Center (MSC) at Houston,
it was brought back to Switzerland where the solar wind particles trapped in the
foil were mass-spectrometrically analysed.

The Apollo 11 astronauts had written the activities planned for their lunar ex-
cursion on their cuffs (see ALSJ, 2003), and they pursued their programme in the
unknown environment with efficiency and perfection. As a result they were able to
carry out the complete planned scientific programme (see Hess and Calio, 1969)
that included deploying the SWC (Geiss et al., 1969), a Seismometer (Latham
et al., 1969), and a Laser reflector (Alley et al., 1969), making geological obser-
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1 à6 à
Galileo probe

Mahaffy et al. (1998)
Ulysses

Gloeckler & Geiss (1996)
Green Bank radio-telescope

Balser & Bania (2018)

Observations:
SWE@Moon

Geiss & Reeves (1972)
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Le problème de 3He
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Taux de réaction sous-estimé pour la réaction 3He (3He, 2p)4He ?
Solution similaire au problème des neutrinos solaires?

Homestake
Fowler (1972)
Fetisov & Kopysov (1972)

Nuclear reactions of the pp-chains 

Un problème de physique nucléaire?

Galli et al.(1995)

Galactic chemical evolution

(3
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e 
/ H

) x
 1

05
Expérience LUNA (Gran Sasso)
à Taux de réactions corrects

Junker et al. (1998)

ü Oscillation des neutrinos
Super-Kamiokande & Sudbury 
2015 Nobel Prize in Physics

Kajita & McDonald
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Þ Inversion du poids moléculaire moyen
3He(3He,2p)4He reaction

Hot, salty water overlying cool, fresh water
ultimately becomes unstable, forming salt fingers
Image: Cantiello

Modèle hydrodynamique en 3D d’une étoile géante 
Apparition d’une étrange instabilité hydrodynamique
Eggleton et al. (2006) 

à Instabilité thermohaline
Charbonnel & Zahn (2007a, b)
Stern (1960) 
Analytical prescriptions: Ulrich (1972), Kippenhahn (1980)

Un processus hydrodynamique?
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Circulation thermohaline à grande échelle – Océans terrestres
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ü Production de 3He

Evolution de l’abondance de 3He dans des étoiles de faible masse
Charbonnel & Zahn (07a)

Time

X
(3 H

e)

Log (L/L⦿ )

3He produit dans les étoiles

Géante rouge
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ü Production puis destruction de 3He

Mise en action du mélange 
thermohaline mixing

RGB tip

Time

X
(3 H

e)

Log (L/L⦿ )

La solution thermohaline

Géante rouge

v Explique d’autres “anomalies”
12C/13C, Li, C/N 

Evolution de l’abondance de 3He dans des étoiles de faible masse
Charbonnel & Zahn (07a)
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1 à6 à
Galileo probe

Mahaffy et al. (1998)
Ulysses

Gloeckler & Geiss (1996)
Green Bank radio-telescope

Balser & Bania (2018)

Protosolar

Observations:
SWE@Moon

Geiss & Reeves (1972)
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Jupiter

HII 
regions

Local
ISM

Prédictions « classiques »
Geiss & Reeves (1972)
Rood (1972)
Rood, Steigman, Tinsley (1976)
Steigman & Tosi (1992)
Galli et al. (1995)
Olive et al. (1995)
Tosi (1996, 1998, 2000)
Dearborn, Steigman, Tosi (1996)
Palla et al. (2000)
Chiappini et al. (2002)
Romano et al. (2003)

Le problème de 3He

Big Bang Naissance du soleil 
Temps (milliards d’années)         

Nébuleuse
protosolaire
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1 à6 à
Lagarde, Romano, Charbonnel, 
Tosi, Chiappini, Matteucci (2012)
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HII 
regions

Local
ISM

La solution thermohaline

Temps (milliards d’années)         
Naissance du soleil Big Bang

Nébuleuse
protosolaire
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308 J. GEISS ET AL.

Figure 1. Apollo 11 Astronaut Edwin E. Aldrin deploying the SWC experiment in Mare Tranquillit-
atis on July 21, 1969. Photograph by Commander Neil A. Armstrong (NASA Photo S11-40-5872).

properties of the lunar soil and tested their ability to walk and move around the
lunar surface, Aldrin took the Solar Wind Composition (SWC) experiment from
its fixture in the Descend Stage of the LM, extended the telescopic pole, unrolled
the solar wind collection foil and at 03:35 UT deployed the device at a distance
of 4 meters from the nearest LM footpad (Figure 1). Towards the end of the EVA
(‘Extravehicular Activity’), at 04:52 UT, the astronauts rolled up the foil onto the
spring loaded reel, disconnected reel and foil from the pole, put them into a Teflon
bag and stored them in the lunar sample box. In this bag, the foil was returned
to Earth, and after having been released from the quarantine area of the Lunar
Receiving Laboratory at the NASA Manned Spacecraft Center (MSC) at Houston,
it was brought back to Switzerland where the solar wind particles trapped in the
foil were mass-spectrometrically analysed.

The Apollo 11 astronauts had written the activities planned for their lunar ex-
cursion on their cuffs (see ALSJ, 2003), and they pursued their programme in the
unknown environment with efficiency and perfection. As a result they were able to
carry out the complete planned scientific programme (see Hess and Calio, 1969)
that included deploying the SWC (Geiss et al., 1969), a Seismometer (Latham
et al., 1969), and a Laser reflector (Alley et al., 1969), making geological obser-

1 
à

Un voyage scientifique 
pluridisciplinaire

From Switzerland to the Moon, 
and back

Ou comment une invention simple et suisse a révolutionné
notre compréhension de l’évolution chimique de l’Univers
avec la 1ère expérience scientifique sur la Lune
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3He – Une intéressante source d’énergie ? 
Centrales nucléaires à fusion contrôlée de 2ème génération (pas de pollution ni de radioactivité) 
25 tonnes de 3He à énergie consommée par les USA en 1 an

100’000 tonnes de 3He dans le régolite lunaire (Missions Apollo, Change’1 – 2007-2009)

http://www.esa.int/Enabling_Support/Preparing_for_the_Future/Space
_for_Earth/Energy/Helium-3_mining_on_the_lunar_surface C.Charbonnel – Cours UniGe 1051 – 20210928



Cours 1 – 21 septembre 2021
Cours 2 – 28 septembre 2021

Pourquoi explorer 
Le système solaire ?

-
L’exemple de la Lune

Mercredi 19 mai 2010, à 18h30, Auditoire Rouiller, UNIGE En
tr

ée
lib

re

par Corinne Charbonnel, Professeure au Département 
d’Astronomie de l’Université de Genève

le mardi, du 21 septembre au 21 décembre 2021 
de 17h45 à 18h30 

Auditoire A300 - Sciences II, 30 quai Ernest-Ansermet, Genève

Inscription au cours sur place le 21 septembre
Renseignements : http://unige.ch/sciences/astro

Les grandes missions spatiales pour l'Astrophysique 
Saison 2 – Le système solaire

Département d’astronomie 

Chaotic clouds on Jupiter (mission Juno). Image Credits: NASA/JPL-Caltech/SwRI/MSSS/Gerald Eichstädt /Seán Doran

Plus d’informations sur la 
Lune 

dans un document annexe
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Mardi 5 octobre 2021 
!!!! Amphi A150 – Sciences 2 !!!!

Un voyage scientifique 
pluridisciplinaire


