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EXOTIC NUCLEI STRUCTURE AND REACTION 

The recent activity of the IPN Nuclear Structure group has been mainly focused on the study of the 
structure of exotic nuclei following three main research axes: 1) the study of the evolution of spherical 
shell structure of nuclei far from stability; 2) the study of weakly bound states and nuclear resonances; 
3) the study of the properties of nuclei involved in nucleosynthesis processes and more generally of 
astrophysical interest. During the last few years the rapid evolution and major breakthroughs realized in 
these fields of research were made possible thanks to the availability of new radioactive beams both in 
France and abroad. Our group has a decisive influence on this evolution: indeed, some of the members 
of our group are involved in the management and the exploitation of one of the major projects of the 
IPN: ALTO (Accélérateur Linéaire et Tandem à Orsay) which allows in particular the production of very 
neutron rich nuclei from photofission using ISOL (Isotopic Separation On Line) technique. The study of 
rarer and shorter-lived nuclear structures requires also a constant improvement in the quality (in terms 
of efficiency, resolution, granularity, dynamic range etc) of the detectors installed at different facilities. 
Some of the members of our group also contribute to this effort by being involved or leaders in the 
upgrade of one of the most heavily used particle detectors at GANIL namely the telescope array MUST, 
through the MUST2 project. MUST2 has now entered an active exploitation phase and is delivering 
quantities of data. 

The group is also actively involved in the SPIRAL2 project and particularly in the S3, DESIR, PARIS 
and GASPARD projects. 
 
 

NOYAUX EXOTIQUES STRUCTURE ET REACTION 

L’activité récente du groupe de structure nucléaire de l’IPN s’est concentrée autour de l’étude des 
noyaux exotiques suivant trois grands axes : 1) l’étude de l’évolution de la structure en couches 
sphériques des noyaux loin de la stabilité ; 2) l’étude des états faiblement liés et des résonances 
nucléaires ; 3) l’étude des propriétés de noyaux entrant dans les modèles de nucléosynthèse stellaire 
et d’intérêt astrophysique de manière générale. Les progrès rapides et les découvertes les plus 
importantes dans cette discipline qui ont eu lieu durant les quelques dernières années ont été rendus 
possibles grâce la disponibilité de nouveaux faisceaux radioactifs tant en France qu’ailleurs. Notre 
groupe est particulièrement présent sur ce front : certains chercheurs de notre groupe se sont en effet 
plus particulièrement investis dans la gestion et l’exploitation d’un des projets phares de l’IPN qui 
consiste à produire des noyaux riches en neutrons par photofission en technique ISOL (Isotopic 
Separation On Line) qu’est le projet ALTO (Accélérateur Linéaire et Tandem à Orsay). Par ailleurs, 
l’étude de structures nucléaires de plus en plus rares et éphémères nécessite un progrès constant dans 
la qualité (efficacité, résolution, granularités, dynamique électronique etc) des détecteurs mis en œuvre 
auprès des accélérateurs. Dans ce domaine également l’effort de notre groupe est notable : certains 
membres du groupe ont consacré beaucoup d’efforts dans l’amélioration et l’optimisation d’un des 
détecteurs à particules chargées les plus utilisés auprès du GANIL qu’est l’ensemble de télescopes 
MUST au travers du projet MUST2, qui est entré dans une phase d’exploitation très active et livre 
quantité de données.  

Le  groupe est aussi très actif dans la communauté  SPIRAL2, particulièrement dans les projets S3, 
DESIR, PARIS et GASPARD. 



11 

Experimental study of Experimental study of Experimental study of 848484Ga Ga Ga β β β decay at ALTOdecay at ALTOdecay at ALTO   

Au cours de la campagne de tests programmée dans le cadre du lancement d’ALTO, un faisceau de 
84

Ga, 
sélectionné à l’aide du séparateur en ligne PARRNe, a été produit avec une intensité suffisante (~10/s) 
pour permettre une étude de décroissance radioactive. Les sources de 

84
Ga, constituées par l’arrêt du fais-

ceau sur la bande de Mylar du dérouleur dont est équipé la ligne étaient entourées d’un ensemble de dé-

tecteurs à scintillateur plastique (détection et germanium (détection ). L’analyse des intensités relatives 

des raies  émises lors des décroissances  et -n de 
84

Ga et des ses descendants a permis de mettre en 

évidence pour la première fois l’existence d’un isomère  dans ce noyau. Tous les éléments de l’analyse 

concordent à montrer que la décroissance de ces deux états alimentent les états 2
+

1 et 4
+

1 de 
84

Ge, noyau 
pair-pair le plus exotique étudié à ce jour au-delà de la fermeture de couche N=50 au voisinage de 

78
Ni. 

resolution of 2.3 keV at 1.3 MeV and one small 
EXOGAM CLOVER detector from the prototype 
series (100% relative efficiency) with a typical 
resolution for the central signal of a single crystal 
of 2.0 keV at 1.3 MeV. These two detectors were 
placed in a 180

◦
 geometry close to the point where 

the beam was collected onto the tape. In this con-
figuration a total photopeak efficiency of 3% at 1.3 
MeV was achieved. This collection point was sur-

rounded by a tube-shaped plastic scintillator for  

detection ( ≃30-50%). In an experiment with an 

isotopic and isobaric-pure beam, the main function 
of the tape cycling is to provide a complementary 
piece of information to help in the identification of 
unknown new lines which are expected to appear 

Introduction 
Considerable efforts have been recently deployed 
in order to experimentally reach the region in the 
immediate vicinity of 

78
Ni to assess the doubly 

magic character of this very neutron rich nucleus. 
One of the most interesting questions related to 
the persistence of the Z=28 and N=50 shell gaps 
far from stability is whether 

78
Ni can be considered 

as an inert core (a good core) for the nuclear shell 
model. This is not only crucial for the development 
of nuclear shell model calculations in this exotic 
region but also for the underlying physical picture 
this model carries: Doubly magic nuclei are consid-
ered literally as the supporting pillars of the com-
mon understanding of nuclear structure. 

84
Ga(1+) beam production 

Test runs for mapping the effective dose rates in 
the Tandem building were performed with a pri-
mary electron beam intensity limited to 1 μA corre-
sponding to ≃10

10
 fissions/s inside the target con-

tainer. Those tests were scheduled in the frame-
work of the ultimate safety controls of the ALTO 
commissioning phase. An ensemble of a target 
containing 72 g of 

238
U connected to a surface ion 

source made of a W tube heated up to ≃2200◦C 
was irradiated. Alkalies and elements with very low 
first ionization potentials such as Ga and In were 
selectively ionized. This particular configuration 
with Z-selection insured by the source, the intrinsic 
selectivity provided by the photo-nuclear mecha-
nisms themselves and the A-selection achieved by 

the mass-separator (A/ A≃1500) allowed to obtain 

a pure beam of 
84

Ga
1+ 

ions with an intensity of a 
few tens per second. These ions were collected 

onto a Al-coated Mylar tape to detect -rays follow-

ing their  and -n decays. 

Detection setup 

The -detection system consisted of one coaxial 

large volume HPGe detector (70% relative effi-
ciency) of the non-tapered CHATO type with a 

IPNO Participation: F. Azaiez, M. Cheikh Mhamed, E. Cottereau, P.V. Cuong, S. Essabaa, M. Ferra-
ton, K. Flanagan, S. Franchoo, D; Guillemaud-Mueller, F. Hammache, C. Lau, F. Le Blanc, M. Lebois,  
J.-F. Le Du, J. Libert, B. Mouginot, C. Petrache, B. Roussière, L. Sagui, N. de Séréville, I. Stefan, B. 
Tastet, D. Verney and the Pôle Tandem/ALTO technical teams 

Fig. 1 Upper part: -gated γ -spectrum recorded at 

mass 84 (0 keV to 1700 keV). Peaks marked with 
dots correspond to the decay of 

89–96
Rb isotopes 

stopped within the mass separator (see text). 
Lower part: Zoom of the spectrum for the 600–750 
keV and 1200–1350 keV energy ranges. 
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that the largest part of the activity observed in this 
experiment corresponds to the decay of a low spin 
state which feeds essentially directly the 

84
Ge 

ground state through the -channel and the 
83

Ge 

1/2
+

1 state through the -n-channel. In addition to 

this analysis, comparison with similar measure-
ments made at ISOLDE  leads to the conclusion 

that there must exist two  decaying states in 
84

Ga: 

One with very low spin, dominant at ALTO, and a 
second, well produced at ISOLDE, of spin I ≥ 3 
(see Fig. 2).  

Nature of the two -decaying states in 
84

Ga 

The coexistence of two close lying levels with spin 

difference I>∼3 in 
84

Ga is easily accounted for by 

considering the natural valence space available for 
three neutrons and three protons above a 

78
Ni 

core. The recent experimental breakthrough in 
close vicinity of 

78
Ni provides indeed a rather clear 

picture of the single particle level ordering in this 
very neutron rich region: For protons, 1f5/2 and 2p3/2 

are close to each other and in this order in energy 
while for neutrons, 2d5/2 is the lowest closely fol-
lowed by 3s1/2. Then the natural proton-neutron 

configuration for 
84

Ga ground state is ( 1f5/2)
3⊗(

2d5/2)
3
. Use of the Paar model describing the pro-

ton and neutron coupling to the core vibrations 

shows that I =0
−
 is the favoured member of the 

proton-neutron multiplet which fits well with our 
experimental findings. The first excited configura-

tion is either ( 1f5/2)
3⊗[( 2d5/2)

2
( 3s1/2)

1
] or [( 1f5/2)

2

( 2p3/2)
1
]⊗( 2d5/2)

3
. The first configuration gives 

rise to a doublet 2
−
–3

−
 and the second produces a 

state I =4
−
 which is energetically favoured in Paar’s 

model. The two states with I =3
−
 originating from 

each of those two configurations are likely to be 
connected which could push the lowest below the 
4
−
 state. The higher spin long-lived state is then 

either 3
−
 of mixed configuration or 4

−
 of clean con-

figuration [( 1f5/2)
2
( 2p3/2)

1
]⊗( 2d5/2)

3
. These attri-

butions of spins and configurations, and the ade-
quacy of the particle-core vibration coupling picture 
follow and complete the general trends of the nu-
clear structure emerging in the region close to 

78
Ni 

in terms of dominant single particle states and dy-
namics. For further details and necessary refer-
ences cf M. Lebois et al. PRC 80 (2009) 044308. 
 

in the spectra by analyzing their time dependence. 
The evacuation of the activities of the daughter 
nuclei was not an issue because the precursor 
population was very weak and because the differ-

ence between the half-life of 
84

Ga and its  and -n 

descendants was large enough. Then the tape se-
quence was formed by a 9 s build-up phase fol-
lowed by a 1 s decay time, evacuation of the 
source and repetition ad libitum. 

-activity analysis 

The -gated -spectrum which was recorded with 

the PARRNe separator field set to A=84 is shown 

in Fig. 1. From that picture it is seen that -lines 

belonging to the decay of neutron rich Rb isotopes 
with mass ranging from 89 to 96 were present in 
the spectra (dots in Fig. 1). The Rb isotopes which 
are strongly favoured in both the fission process 

and the ionization mechanism ( i≃80%) were 

stopped within the separator chamber which was 
intentionally not shielded to allow the simultaneous 
safety measurements with the required conditions. 
In spite of the fact that they were accumulated few 
meters downstream from the tape system and that 

the -spectra were conditioned by simultaneous 

detection of a signal in the plastic scintillator, the 
activity of the accumulated neutron-rich Rb iso-

topes was such that the associated -lines could 

appear as random coincidences in the -

conditioned spectra. Despite this difficult experi-

mental environment, the -lines characterizing the 

activity of the  daughters : 
84

Ge (T1/2 = 947(11) 

ms) and 
84

As (T1/2 = 4.5(2)s) are clearly visible es-
tablishing that 

84
Ga was successfully collected 

onto the tape. We confirm the existence of two -

rays in the decay of 
84

Ga, one at 624.3(7) keV and 
the other at 1046.1(7) keV (see Fig. 1), both al-
ready observed at ISOLDE having a fast decaying 
component and at the HRIBS Oak Ridge. The 
624.3-keV and 1046.1-keV peaks are attributed to 
the 2

+
1 → 0

+
gs and 4

+
1 → 2

+
1 transitions in 

84
Ge, 

respectively. There exists a peak at 247.8(3) keV 
clearly visible in our spectra which half-life could 
be determined with T1/2=75±33 ms, compatible with 
the previously measured 

84
Ga half-life T1/2=85±10 

ms and was attributed to the transition 1/2
+

1 → 
5/2

+
gs in 

83
Ge fed through the neutron delayed 

branch. It is interesting to note that this 248-keV 

line was not observed in our previous 
83

Ga -

decay experiment. This constitutes an interesting 

additional piece of evidence for the proposed I  

=5/2
+
 assignment of the 

83
Ga ground state. The 

two -lines at 100.0 keV and 242.4 keV attributed 

to the decay of 
84

Ge are also clearly observed in 
our spectra. They correspond to transitions be-
tween states of 

84
As. There is however a clear un-

balance between the -activities of the different 

members of the A=84 isobaric chain that even a 
quick inspection of Fig. 1 can reveal : The rela-
tively high intensities of the 100.0-keV and 242.4-

keV -rays is clearly not compatible with the very 

low one of that at 624.3 keV. A quantitative analy-

sis of the -activity balance leads to the conclusion 

Fig 2. Decay paths in the hypothesis of two -

decaying states in 
84

Ga. State 1 is assumed to be 
of low-spin value (I=0) and state 2 of “high”-spin 
value (I≥3). 
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Study of the astrophysical key reactionStudy of the astrophysical key reactionStudy of the astrophysical key reaction   

   121212C(C(C( ,,, )))161616O through the transfer reaction O through the transfer reaction O through the transfer reaction 121212C(C(C(777Li,t)Li,t)Li,t)161616O O O    

La réaction de capture radiative 
12

C( , )
16

O joue un rôle crucial dans la combustion stellaire. En effet, dans 

les étoiles géantes rouges, cette réaction intervient juste après le processus triple alpha et le rapport des 
taux de production de ces deux réactions détermine directement le rapport d’abondance 

12
C/

16
O dans les 

étoiles en phase finale de combustion de l’hélium. Ce rapport influence aussi les stades ultérieurs d’évolu-
tion stellaire des étoiles massives. Toutefois, malgré de nombreuses études expérimentales, la section effi-
cace de cette réaction reste encore très incertaine aux énergies stellaires. L’extrapolation des données ob-
tenues à plus hautes énergies est rendue particulièrement difficile par la superposition de diverses contri-
butions dont certaines sont mal connues, c’est le cas de celles des résonances sous le seuil à 6. 92 et 7.12 
MeV de l’

16
O dont nous avons déterminé les largeurs a au moyen de la réaction de transfert 

12
C(

7
Li,t)

16
O.    

width and so their spectroscopic-factors are  

spread over a large range of values [3]. Moreover, 
in the R-matrix calculation, one has to take into 
account also the contribution of the non-resonant 
direct capture and all possible interference effects 
between the different resonances [4].  

In view of the importance of 
12

C( )
16

O, we ad-

dressed the problem concerning the values of the 

reduced -width of the two sub-threshold states 

by performing a new determination of these quan-
tities through 

12
C(

7
Li,t)

16
O transfer reaction meas-

urements at two incident energies and a detailed 
DWBA analysis of the data. 
 

Experiment description 
The experiment was performed using a 

7
Li

3+
 beam 

provided by the Orsay Tandem-ALTO facility. A 
self-supporting 

12
C targets was used. The reaction 

products were analyzed with an Enge Split-pole 
magnetic spectrometer and detected at the focal 
plane by a 50 cm long position-sensitive gas 

chamber and a E proportional gas-counter. The 

particle identification was made unambiguously 

using E versus position measurements. The tri-

tons were detected at angles ranging from 0 to 31 
degrees corresponding to angles up to 44 degrees 
in the center of mass frame.  
 
Results 
The experimental 

12
C(

7
Li,t)

16
O  differential cross 

sections measured for the 6.05, 6.13, 6.92 and 
7.12 at the two incident energies of 34 and 28 
MeV, are displayed in Fig.1a and Fig.1b, respec-
tively. The error bars assigned to our measured 
cross sections includes the uncertainties on the 
peak yield, the number of target atoms, the solid 
angle and the integrated charge. 
 
Finite-range DWBA calculations, using the 
FRESCO code were performed. For the triton 
channel, the optical potential parameters used 

Introduction 

.
12

C( )
16

O reaction plays a crucial role in stellar 

burning. Indeed, in stars like red giants, where the 

stellar core is in helium burning phase, 
12

C( )
16

O  

reaction follows the production of 
12

C  by triple al-
pha-process. The ratio of the yields of these two 
reactions determines directly the 

12
C to 

16
O abun-

dance ratio in stars at the end of helium burning 
phase. This ratio has important consequences for 
the nucleosynthesis of elements heavier than car-
bon  which are almost exclusively produced in this 
kind of stars. It has also an influence on the subse-
quent stellar evolution of the massive stars [1,2]. It 
somehow determines the final fate of the stars 
(blackhole, white dwarfs,…). The rate of the triple 
alpha process is well determined (10-15% uncer-

tainty), but it is not the case of 
12

C( )
16

O reaction 

which has an uncertainty of about 41% despite the 
various experiments which studied it these last 4 
decades.  
12

C( )
16

O reaction occurs at temperature around 

0.2 GK which corresponds to the Gamow peak of 
300 keV. At this energy, the cross section is ex-
pected to be 10

-8 
nbarn which excludes any direct 

measurement with the available techniques. 
Though direct measurements have been per-
formed at rather low energy down to 0.9  MeV 
(CM), the R-matrix extrapolation to stellar energy is 

quite complicated. Indeed, the -capture cross 

section at 300 keV which corresponds to the exci-
tation energy region of 

16
O around 7.46 MeV, is 

expected to be dominated by the E1 and E2 transi-
tions through the low energy tail of the large reso-
nance à 9.6 MeV state and the high energy tails of 
the two-subthreshold resonances at 7.12 (1

-
) and 

6.92 (2
+
) MeV states of 

16
O which interfere to en-

hance the alpha-capture cross section. These two 
subthreshold states make the extrapolation compli-

cated  because their contribution to 
12

C( )
16

O  

cross section at 300 keV are not very well known 

especially for the 2
+
 state since their reduced -

 
IPNO Participation: F. Hammache, N. Oulebsir, L. Audouin, D. Beaumel, S. Fortier, M. G. Pellegriti,  
P. Roussel 
Collaboration: IPNO, Université de Béjaïa, CSNSM, ULB-Bruxelles, GANIL, GSI 
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We find an E2-Sfactor S(0.3 MeV)=50

19 keV-b  with the best fits shown in 
Fig 2. The results are in good agreement with the 
results of Brune et al. 
 

S(300keV)=                   keV-b who deduced the  

-widths of interest via a sub-coulomb ANC meas-

urement and with those of references [8,10]. How-
ever, it is in disagreement with the value recom-
mended  in NACRE compilation [12]. 

Conclusion 

We determined the reduced -widths of the sub-

threshold 2
+
 and 1

–
 states of 

16
O from the transfer 

reaction 
12

C(
7
Li,t)

16
O at two incident energies. The 

obtained result for the 2
+
 sub-threshold resonance 

was introduced in the R-matrix fitting of radiative 
capture and elastic-scattering data to determine 
the low-energy extrapolations of E2 S-factor. The 
result confirms the value obtained in previous 
works [4,8,10] and disagrees with the value 
adopted in NACRE [12] and the one deduced in [9] 

where the -reduced width of the 6.92 MeV was 

considered as a free parameter. Calculations for 
the 1

–
 sub-threshold state are under development.   
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were taken from ref. [5]. Concerning the 
7
Li chan-

nel, we used the optical  potential parameters of 
Schumacher et al. [6]. The optical potential pa-
rameters finally selected are those giving the best 
fit for all the studied transitions in the (

7
Li,t) reac-

tion. 
The calculated angular distributions normalized to 
the data are shown in Figure 1. For both incident 
energies, the calculated curves agree fairly well 
with all the measured angular distributions of the 
different populated states. 

The -spectroscopic factors were extracted from 

the normalization of the finite-range DWBA curves 
to the experimental data. The spectroscopic factor 

for the overlap between +t and 
7
Li was taken to 

be 1.0 [7]. 
The good agreement between the DWBA calcula-
tions and the measured differential cross sections 
of the different excited states of 

16
O at the two 

bombarding energies of 28 MeV and 34 MeV 
respectively, gives strong evidence of the direct 
nature of the (

7
Li,t) reaction populating these levels 

and confidence in our DWBA analysis. An S mean 

value of 0.15 0.05-0.04 and 0.07 0.03 are de-

duced for the states of interest at 6.92 MeV and 

7.12 MeV of 
16

O respectively. The -reduced width 
2 
of about 26.7 10.3keV and 7.8 2.7 keV for the 

6.92 MeV and 7.12 states respectively were ob-
tained at the radius of 6.5 fm. The present value of 

2 
have been included in R-matrix fits of both 

12
C

( , )
16

O S-factors obtained by direct measure-

ments at high energies and the 
12

C( , ) measured 

phase shifts [8]. The E1 and E2 contributions were 
fitted separately.  The best fits were determined 

through a 2 minimization. 

The l=2 fitting ( see Figure 2) was performed using 
a 4-level including a background state and the as-
trophysical S-factors data from [9-11]. The l=1 R-
matrix fitting is still under calculation. 

   Fig 2: Astrophysical S factor (see text) 

   Fig 1: Angular distributions (see text) 

16

2344
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Shell structure of neutronShell structure of neutronShell structure of neutron---rich Oxygen isotopesrich Oxygen isotopesrich Oxygen isotopes   

Nous avons étudié la structure en couches des isotopes d’oxygène riche en neutron à l’aide de réactions 
de transfert d’un neutron induites par un faisceau d’ 

20
O produit par le dispositif SPIRAL du GANIL, sur une 

cible de CD2. Le dispositif expérimental combinait les détecteurs MUST2 et TIARA pour la détection des 
particules, quatre détecteurs EXOGAM pour les gammas, et le spectromètre VAMOS pour l’identification 
de l’éjectile lourd.  Plusieurs états sous le seuil neutron sont observés dans le spectre en énergie d’excita-
tion de l’

19
O produit via la réaction 

20
O(d,t)

19
O. L’état excité à 1.41 MeV est peuplé par  pickup d’un neutron 

sur l’orbitale 2s1/2, en principe inoccupée. La valeur du facteur spectroscopique de cet état montre que la 
taille du gap N=14 est encore réduite par rapport au cas de l’ 

22
O. Un état à 3.23 MeV est identifié pour la 

première fois comme étant de parité négative,  Contrairement aux états observés plus bas, son énergie est 
mal reproduite par les calculs de modèle en couches.  

particles, offering a nearly 4 solid angle coverage.  

For -ray detection, four germanium clovers of the 

EXOGAM array were mounted in a cross geometry 
around the target point. The heavy fragments were 
detected using the VAMOS spectrometer set at 
zero degrees with its standard detection.  The exci-
tation energy in 

19
O is deduced from the measured 

triton angle and total energy using two-body kine-
matics. For tritons in coincidence with 

19
O frag-

ments in VAMOS, the resulting spectrum (Fig. 1) 
shows three peaks with an overall excitation en-
ergy resolution around 500 keV (FWHM).  

 
 
 
 
 
 
 
 

Results are summarized and compared to Shell 
Model calculations [5] performed with the WBP 
interaction in table 1 and Fig.2 for the three ob-
served peaks. Considering the known spectro-
scopic information on 

19
O, the first peak could cor-

respond to a doublet composed of the ground-
states (GS) and a state at 89 keV. However, the 
gamma-particle coincidences do not show any 89 

Introduction  
Shell structure evolution is one of the major para-
digms of nowadays nuclear physics. While related 
effects such as modification of  the magic numbers 
far from stability have been discussed for many 
years [1], experimental evidences are accumulat-
ing only since the advent of radioactive nuclear 
beams. The mechanisms at work in the structural 
changes in neutron-rich oxygen isotopes have 
been underlined in [2]. The proton occupancy and 
the strong monopole tensor force between the pro-

ton d5/2 and neutron d3/2  orbitals are invoked to 

explain the decrease of the N=20 gap in favour of 
N=16 when going from the stable 

30
Si to 

24
O. The 

present study aims to investigate the development 
of the N=14 and N=16 shell gaps across oxygen 
and neon isotopes using one neutron transfer re-
actions. The (d,p) and (d,t) transfer reactions on 
20

O and 
26

Ne beams delivered by the SPIRAL facil-
ity at GANIL have been studied. In the case of  
20

O, the (d,p) reaction will provide the single parti-
cle strength in 

21
O and measure the energy of the 

so-far unobserved 3/2+ state that carries the d3/2  

strength. Information concerning negative parity 
states in 

19
O measured in the (d,t) transfer reaction 

should also help to resolve uncertainties about the 
cross shell excitations in the N=16 region. In this 
report, only the preliminary results obtained for the 
20

O(d,t) reaction will be presented. 
 

Results  
 
The secondary beam of  

20
O was produced by the 

ISOL method using the SPIRAL facility at GANIL at 
11 MeV/u. A combined setup was used to detect 
light recoil charged particles, gammas and heavy 
ejectiles in coincidence. The TIARA [3] and 
MUST2 [4] silicon arrays were placed around the 
CD2 target to detect the recoiling light charged 

IPNO Participation: A. Ramus, D. Beaumel, Y. Blumenfeld, F.Maréchal, J.A. Scarpaci, N. De 
Séréville, S. Franchoo, J. Guillot, F. Hammache, I. Stefan 
 
Collaboration : University of Surrey (UK), University of Birmingham (UK); University of Liverpool  
(UK); University of West Scotland (UK), STFC Daresbury (UK), VECC Kolkata (India); GANIL, Caen 
(France); SPhN/IRFU/CEA, Saclay (France); LPC, Caen (France)  

Fig.1: Excitation energy spectrum in 
19

O recon-
structed from the energy and angles of tritons 
detected in the MUST2 array.   
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keV -ray with the particles and the peak is there-

fore ascribed to a transfer to the ground state only. 
The two other peaks are know to correspond to 
single states. The transferred angular momentum 
has been determined for each peak from the com-
parison of the extracted angular distribution to dis-
torted wave Born approximation (DWBA) calcula-
tions performed using the code TWOFNR. Optical 
potentials from global formulae were used in the 
calculations. Deduced spin and parity are in agree-
ment with previous studies for the GS and first ex-
cited state. The negative parity of the state at 3.23 
MeV is established for the first time.  
 

 
 
 
 
 
Spectroscopic factors (SF) were further deduced 
using the standard procedure of normalization of 
the calculated differential cross-section to the data.  
Agreement with Shell model calculations is rela-
tively good taking into account the error on the ex-
perimental SF (25%). The low value of the SF to 
the 1/2+ excited state evidences the fact that the 
subshell closure at N=14 observed in 

22
O [6] is not 

yet present in 
20

O. In a next step, the comparison 
of the present results to existing data on hole 
states in 

17
O is expected to provide informations on 

neutron-neutron components of phenomenological 
shell model interactions. 
 

 
 
 

 

 

E(MeV) J ESM JSM 

0 (3/2,5/2)+ 0 5/2+ 

1.408 1/2+ 1.47 1/2+ 

3.23 (1/2,3/2)- 2.244 1/2- 

Fig. 2 : Comparison of spectroscopic factors 

extracted from the DWBA analysis with shell 

model calculations 

Table 1 : Comparison of experimental ener-

gies and spin/parities assigned from the 

DWBA analysis with shell model calculations 
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Lifetime measurement of first 2Lifetime measurement of first 2Lifetime measurement of first 2+++   state in state in state in 747474ZnZnZn      

Les noyaux riches en neutrons autour de 
78

Ni sont actuellement intensément étudiés par des équipes de 
physique et astrophysique nucléaire de part le monde. Nous rapportons ici la mesure du temps de vie des 
états excités dans les isotopes de 

72, 73, 74
Zn par la technique du PLUNGER différentiel. Ces mesures nous 

permettront de contraindre les modèles nucléaires et de répondre aux questions liées au caractère 
magique du 

78
Ni.  

two rings around the target, first at 45° and second 
at 135° compared with the beam direction. The 
reaction products were transmitted to the end of 
the spectrometer, D6, were the products impinge 
on a (dE,E) system. For a precise time of flight 
(ToF) measurement, two MCP (Multichannel plate) 
were used, one placed in front of the PLUNGER 
device, second in front of the (dE,E) system. The 
ToF measurement allows an accurate velocity 
measurement for the nuclei traveling between the 
PLUNGER degrader and and the (dE,E) system. 
The velocity of the reaction products is necessary 
for Doppler correction of the measured gamma 
decay in EXOGAM detectors. 
For PLUNGER calibration purposes the 30+ 
charge state of the primary beam was selected 

with the LISE spectrometer and sent on the target. 
This allowed for the lifetime measurement of the 
first 2+ state in 

76
Ge. 

The center-of-mass gamma spectra corrected for 
the velocity of 

74
Zn are shown in Fig. 2. The 

spectra were obtained when the target and 
degrader were touching eachother. We clearly see 

Introduction 
 
The neutron-rich isotopes in the vicinity of 

78
Ni are 

in the focus of modern nuclear physics and 
astrophysics studies [1-7]. This is a report on the 
lifetime measurement of exited states in neutron-
rich Zn isotopes using differential PLUNGER 
technique with the aim of constraining models that 
tend to predict the degree of magicity of 

78
Ni. 

Experiment description 
 

The experiment was performed at the GANIL 
facility. The primary beam used was 

76
Ge at 60 

A.MeV. Maximum intensity used was 2 eµA. The 
secondary 

74
Zn beam at 30 MeV was produced in 

the CLIM target and selected using LISE 
spectrometer [11] and delivered on the PLUNGER 
device placed in the first image focal point of the 
spectrometer – D4. The beam impinging on the 
target contained 75% 

74
Zn,  20% 

73
Zn and 5% 

72
Cu. PLUNGER device consisted in 30 mg/cm

2
 

CD2 target and 55 mg/cm
2
 Be degrader.  

 
The distance between the target and the degrader 

could be changed between 0 – 40 mm with a 10 
um precision. The target was surrounded by eight 
EXOGAM clovers. The detectors were placed in 

IPNO Participation: B. Mouginot, M. Niikura, M. Assié, F. Azaiez, S. Franchoo, F. Ibrahim, J. A. Scar-
paci, I. Stefan D. Verney, I. Matea 
 
Collaboration : Institut fur Kernphysik, Darmstald (Germany), Universitaet zu Koeln, Cologne 
(Germany), CSNSM (France), GANIL (France), Laboratori Nazionali di Legnaro (Italy), NIPNE Bucar-
est (Romania), Institute of Nuclear Research Debrecen (Hungary), University of Sofia (Bulgaria), 
Flerov Laboratory Dubna (Russia)  

Fig. 2: Background subtracted gamma spectra 
measured at 45° (upper image)  and 135° 
compared with beam direction. We see gamma 
lines from 

72,73,74
Zn. 

Fig. 1: The Cologne PLUNGER device 
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the 605.9 keV line of the 
74

Zn 2+ to gs transition, 
the 449.6 keV line from 

73
Zn 3/2- to gs transition 

and a 653. keV  line identified as 
72

Zn 2+ to gs 
transition. In order to obtain these spectra a 
background subtraction was necessary.  
The background in this experiment can be divided 
in two type: prompt and random. The random 
background originate from room background, and 
beta decay of the secondary beam stopped on the 
collimator slits placed at 2 m in front of the 
PLUNGER target. The prompt background is 
mainly composed of 511 keV line and  gamma 
originating from (n,n' gamma) reactions in the 
germanium detectors. The neutrons who interact 
with the germanium detectors are produced from 
the breakup of the deuterium found in the target 
and from the fusion-evaporation reactions induced 
by secondary beam impinging the target and 
degrader. 
Using the data obtained for 562,93 keV line from 
76

Ge in this experiment the lifetime extracted for 
76

Ge 2+ state is consistent with the tabulated value 
of 26.27(29) ps [12]. The distance between the 
target and degrader used are 1.2, 1.5, 3.0 and 20 
mm. 
The data for 

74
Zn are under analysis. In the 

literature the values extracted from Coulomb 
excitation measurements supposing an quadrupole 
moment equal with 0 are 24.8(20) ps [13] and 24.5
(17) ps [14]. 
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First fastFirst fastFirst fast---timing experiment at ALTO: nucleartiming experiment at ALTO: nucleartiming experiment at ALTO: nuclear---state halfstate halfstate half---life life life 
measurements in measurements in measurements in 137,139137,139137,139Cs and Cs and Cs and 138138138Ba.Ba.Ba.   

Le dispositif de ‘’fast-timing’’ développé pour mesurer, auprès d’ALTO, les vies moyennes des états excités 
des noyaux dans la gamme de quelques dizaines de ps à quelques ns a été testé en ligne. Les mesures 

ont été réalisées sur les niveaux excités de 
137,139

Cs et 
138

Ba obtenus lors de la décroissance  
-   

des 

noyaux 
137-139

Xe. Les noyaux de Xénon riches en neutrons étaient produits par la photo-fission de 
238

U in-
duite en bombardant une cible épaisse de carbure d’uranium par un faisceau d’électrons (E = 50 MeV, I ≤ 
500 nA). Les résultats obtenus sur la masse 138 ont permis, puisque les vies moyennes dans 

138
Ba sont 

bien connues, de caractériser très précisément le dispositif expérimental et de valider les techniques d’ana-
lyse. Les vies moyennes des cinq premiers états excités de 

139
Cs ainsi que celle du premier état excité de 

137
Cs ont été mesurées pour la première fois. 

and for A = 138 tcollection = 7.5 m and tcounting = 30 m. 

Experimental results 
In 

138
Ba, except the level located at 1898.7 keV 

(T1/2 = 2.164(11) ns), the excited states most fed 

by the 
– 
decay of 

138g
Cs have very short half-lives 

[5]. Therefore, in view of the time properties of the 
detectors used, the transitions de-exciting these 
levels can be considered as prompt transitions and  
the 138 mass provides an ideal candidate for cali-
bration purpose. Thus measurements on mass 138 
allowed us i) to validate our experimental setup for 
the determination of half-lives in the ns range 
since, for the level located at 1898.7 keV, we have 
measured T1/2 = 2.11 (5) ns, in excellent agree-
ment with the value reported in the literature; and 
ii) to precisely characterize our fast-timing set-up, 
in particular by the determination of the prompt-
curve properties (position and width). Figure 1 
shows the displacement of  the center of gravity of 

the prompt curve as a function of the -ray energy 

when time measurement is performed between the 

 and LaBr3 or BaF2  detectors or between the 

LaBr3 and BaF2  detectors; one can note in this 
case the excellent agreement between the values 
observed experimentally (red dots) and those ex-

trapolated from -  measurements (yellow grid), 

which points out the consistency of measurements 

Introduction 
Nuclear-state half-lives, giving access to transition 
probabilities, provide direct insight into the struc-
ture of the nucleus and offer one of the most strin-
gent test of the nuclear models. The fast-timing 
technique is well adapted to measure half-lives in 
the sub-nanosecond range. Developed at first with 
BaF2 crystals [1], this method knows nowadays a 
revival of interest due to the advent of LaBr3 scintil-
lators [2] that have good spectroscopy properties 
(high scintillation light yield, fast emission and the 
best energy resolution among all scintillators). In 
the frame of our lanthanide nuclei study program at 
ALTO [3], we have developed a fast-timing experi-
mental set-up and optimized, by off-line tests with 
radioactive sources, its efficiency for measuring 
half-lives in the [100 ps - some ns] range by the 
slope method [4]. To test on-line this fast-timing 
system, we have performed measurements in 
137,139

Cs and 
138

Ba nuclei obtained from -decay of 
137,138,139

Xe that are well produced at PARRNe, 
either using the TANDEM deuteron beam or the 
low-intensity ALTO electron-beam. 

Experimental procedure 
137-139

Xe were produced by photo-fission in a thick 
uranium carbide target using a 100 to 500 nA, 50 
MeV electron beam. The target, composed of 122 
UCx disks of 14 mm diameter and 1 mm thick, was 
associated with a MK5 hot plasma ion source. The 
ions were extracted under 30 kV, mass-separated 
and collected on a mylar-aluminium tape. The col-
lected radioactive sources were then transported in 
front of the detection device consisting of one Ge 
detector and three scintillators (one PilotU plastic 

for  detection, one BaF2 and one LaBr3 for  de-

tection, all three with 25.4 mm diameter and 3 mm, 
30 mm and 10 mm length respectively).  
The yield of 

139
Xe was measured to be 2×10

5
 ions/

s. The measurement cycles were chosen in order 
to optimize the counting rates: for A = 139 tcollection = 
tcounting = 40 s, for A = 137 tcollection = tcounting = 4 m 

IPNO Participation: B. Roussière and the DA-ALTO group 
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                                Figure 1 
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515 and 289 keV levels (figures 4 and 5) or ii) se-

lect the 296 218 keV cascade, which leads to 

the half-life of the 515 keV level (figures 4 and 6). 
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a n d 
analysis. Figure 2 shows the intrinsic time resolu-
tion obtained for the BaF2 and LaBr3 detectors. 

In the 
137

Xe→137
Cs decay, the most fed levels are 

the 7/2
+
 ground state (I = 67%) and the 5/2

+
 first 

excited state located at 455.5 keV (I = 31%). Only 

an upper limit (T1/2 ≤ 0.1 ns) was known for the half
-life of the 5/2

+
 state [6]. The good time resolution 

of our fast-timing system allowed us to determine 
precisely its value: T1/2 = 59 (5) ps (see figure 3). 
In 

139
Cs, we have determined, for the first time, the 

half-lives of the first five excited levels (see figure 

4). For this nucleus, it was essential to use the 

 triple coincidence technique where the timing 

information is obtained from the delayed coin-

cidence between fast-timing detectors while the 
desired decay cascade is selected by a coincident 

-ray in the Ge detector. One can see in figure 4 

that two cascades involving -rays  of very close 

energy, 225-289 keV (drawn in red) and 296-218 
keV (drawn in green), exist in the level scheme. 
With scintillators, despite the good energy resolu-
tion of LaBr3, the 218-225 keV and 289-296 keV 
doublets cannot be separated. Therefore, because 

of the relative intensities of the transitions, the 

delayed coincidence between the BaF2 and LaBr3 
detectors gives access only to the half-life of the 

218 keV level. However, using the tech-

nique, we could, by setting with the Ge detector a 
gate on the 225 keV or 218 keV transition,  i) se-

lect the 225 289 keV cascade, which leads to 

the measurement of the sum of the half-lives of the 

 Figure 2 

Figure 6 

     Figure 4 

Figure 5 

 Figure 3 
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Breakdown of the Breakdown of the Breakdown of the ZZZ   = 8 shell closure in unbound = 8 shell closure in unbound = 8 shell closure in unbound 121212OOO   

Nous avons etudié le noyau non-lié d’
12

O à travers la mesure de la  réaction 
14

O(p,t) à une énergie inci-
dente de 51 AMeV afin d’explorer le caractère magique de Z = 8 au-delà de la drip-line proton. L’expéri-
ence a été conduite auprès du spectromètre SPEG au GANIL. La méthode de masse manquante a été 
appliquée en cinematique inverse en utilisant l’ensemble MUST2 pour la détection des tritons de recul. Un 
état excité d’

12
O a été clairement identifié à l’énergie d’excitation de 1.8(4) MeV. L’analyse de la section 

efficace différentielle a été effectuée à l’aide de l’approximation de Born en ondes distordues, qui nous a 
permis d’attribuer les spin-parité 0

+
 ou 2

+
 à cet état .  La basse énergie d’excitation de l’état indique que la 

fermeture de couche proton diminue fortement pour l’ 
12

O, signant la symétrie miroir du phénomène de l’af-
faiblissement du nombre magique 8.  
 

instead, a relatively large momentum for the recoil-
ing triton emitted in the forward direction. This en-
ables us to use a 1-mm-thick solid hydrogen target 
[6] to increase the experimental yield. Together 
with the state-of-the-art particle detection system 
MUST2, we realized a measurement of the (p,t) 
reaction, of which the cross section can be as low 
as several tens of μb. 

Experiment 
The experiment was performed at the GANIL facil-
ity. The secondary 

14
O beam at 51 AMeV was pro-

duced in the SISSI device [7] and delivered to the 
hydrogen target located at the scattering chamber 
of the SPEG spectrometer [8]. The beam spot on 
the target (Pxy) and incident angles (θin) were moni-
tored by two sets of multiwire low pressure cham-
bers, CATS [9], placed upstream of the target. The 
typical r.m.s. of Pxy (θin) was 2 mm (2.5 mrad). The 
time of flight, obtained as the timing difference be-
tween the radio frequency of the cyclotron and 
CATS, provided a clear identification of the beam. 
The purity and the intensity of 

14
O were around 

40% and 6×10
4
 particles per second, respectively. 

The ejectiles were detected by SPEG or by a Si 
ΔE-E telescope provided by RIKEN to select 

10
C 

produced in the decay of 
12

O. The energies and 
angles of the recoiling tritons were measured by an 
array of four MUST2 telescopes located 30 cm 
downstream of the target. Each telescope, with an 
active area of 10×10 cm

2
, consisted of a 0.3-mm-

thick double-sided Si strip detector and a 4-cm-
thick 16-fold CsI calorimeter. Particle identification 
was made by the ΔE-E  method. The total kinetic 
energy (TKE) was obtained as a sum of the energy 
information, for which a correction was made 
based on the calculated energy loss in the target. 
The DSSD was divided into 256 strips in both the x 
and y directions, providing position information  on 
the array (P′xy). The emission angle θe of the recoil-

Introduction 
We report on the missing-mass spectroscopy of 
unbound 

12
O via the 

14
O(p,t) reaction at 51 AMeV 

[1] utilizing the MUST2 telescope [2]. 
Mirror symmetry is a fundamental feature of atomic 
nuclei. Recent experimental studies have shown 
that the conventional magic numbers disappear in 
neutron-rich regions at N = 8, 20 and 28. Theoreti-
cal works point to various underlying mechanisms, 
while the validity of the mirror symmetry of these 
effects at extreme conditions of isospin and bind-
ing energies remains an open question, limiting 
predictions for very proton-rich nuclei. We experi-
mentally investigated the mirror symmetry in the 
shell quenching phenomena between 

12
O with Z = 

8 and its mirror partner 
12

Be with N = 8. 
The systematics of the low-lying excited states in 
even-even nuclei provides a sensitive probe for the 
evolution of the shell structure. The anomalously 
lowered excited states in 

12
Be [3-5] are known as a 

manifestation of the breakdown of the N = 8 shell 
closure. For 

12
O, however, experimental difficulties 

have hampered establishing the level scheme. The 
advantage of the (p,t) reaction is the sensitivity of 
the angular distributions to the transferred angular 
momentum. An observation of the characteristic 
distributions provides a firm confirmation of a new 
state as well as a reliable determination of its spin-
parity. 
In missing-mass studies with RI beams, measure-
ments of the energies and angles of the recoiling 
particles are essential to identify excited states of 
interest and determine the scattering angles of the 
reaction. The recoiling ions generally have low en-
ergies, placing a severe constraint on possible tar-
get thickness. However, the present reaction, 
which has a highly negative Q value (−31.7 MeV), 
occurs with a strong reduction of the momentum of 
the incoming 

14
O in producing 

12
O, which gives, 

IPNO Participation: D. Suzuki, H. Iwasaki, D. Beaumel, M. Assié, Y. Blumenfeld, N. De Séréville,  
S. Franchoo, J. Guillot, F. Hammache, F. Maréchal, A. Ramus, J.-A. Scarpaci, I. Stefan 
 
Collaboration : Department of Physics, University of Tokyo (Japan); CEA-Saclay, DSM/IRFU SPhN; 
The Andrzej Sołtan Institute for Nuclear Studies (Poland);  CNS, University of Tokyo (Japan); Uni-
versidad de Sevilla (Spain); RCNP, Osaka University (Japan); GANIL, CEA/DSM-CNRS/IN2P3 
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hatched histogram. We performed distorted-wave 
calculations with the code FRESCO [10], assuming 
a two-neutron cluster transfer. Bound state form 
factors for the two-neutron cluster were similar to 
those of Ref. [11]. We employed global optical-
model potential parameters for proton [12] and tri-
ton [13]; use of the recent GDP08 global potential 
[14] in the exit channel led to qualitatively similar 
results. In Fig. 2, we compare the 

14
O(p,t) data with 

calculations for ΔL = 0, 1 and 2. The pattern of the 
ΔL = 1 calculation is clearly incompatible with ei-
ther angular distribution. While the ΔL = 0 distribu-
tions most closely match the data for both states, 
ΔL = 2 cannot be completely ruled out. We hence  
determine the spin-parity of the newly-observed 
state at 1.8(4) MeV to be 0

+
 or 2

+
. 

Discussion 
The Ex of the 

12
O excited state is remarkably 

smaller compared to the second 0
+
 and first 2

+
 

states of 
14,16

O (Ex ~ 6 MeV) with a firm shell clo-
sure at Z = 8. In marked contrast, it is much closer 
to those of the mirror partner 

12
Be at Ex ~ 2 MeV. 

The lowering of the 2
+
 and 0

+
 states in 

12
Be is at-

tributed to significant neutron sd-shell configura-
tions. The lowered excited state in 

12
O thus indi-

cates that the proton shell closure at Z = 8 is dimin-
ishing. This demonstrates the persistence of mirror 
symmetry in the disappearance of the magic num-
ber 8 between 

12
O and 

12
Be. Implications for the 

shell quenching mechanism were discussed in 
terms of the shell model and the cluster model in 
Ref. [1]. 
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ing particles was thus obtained by combining the 
information on the beam (Pxy and θin) and P′xy. 

Result 
The excitation energy (Ex) spectrum of 

12
O, pro-

duced from TKE and θe of recoiling tritons, is 
shown in Fig. 1. A sharp peak is clearly observed 
at  0 MeV, which corresponds to the ground state 
of 

12
O. One can see another peak at around 2 

MeV, indicating an excited state of 
12

O. A Gaus-
sian fit to the spectrum gives a peak energy of 1.8
(4) MeV.  

Differential cross sections deduced for the ob-
served states are shown in Fig. 2 as a function of 
the center-of-mass scattering angle (θcm). Vertical 
bars represent statistical errors only, while the hori-
zontal ones denote the size of the angular bin. The 
data were obtained by analyzing the individual 
spectra gated by the each angular bin. An example 
of the gated spectra is shown in Fig. 1 by the red 

Fig. 1: Excitation energy spectrum of 
12

O. 
The dashed line denotes the 

10
C + 2p decay 

threshold at –1.78 MeV. The red-hatched 
histogram shows the spectrum gated by θcm 
= 35—45°. 

FIG. 2: Differential cross sections of the 
14

O
(p,t)

12
O reaction. The experimental data are 

compared to the distorted-wave calculations 
for ΔL = 0 (full), 1 (dot-dashed) and 2.
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HADRONIC AND ASTROPARTICLE PHYSICS 

Hadronic and astroparticle physics are the research fields developed within the High Energy Physics 
group (PHEN). In the field of hadronic physics, the IPNO is involved in several experiments and 
projects whose goal is to study the internal structure of the nucleons and the dynamics of the quark 
confinement. A large experimental program, carried out at JLab-6GeV (USA) for many years and which 
will be pursued at JLab-12GeV, consists in measuring the generalised parton distributions (DVCS 
experiments) characterising the quark correlations within the nucleon. The goal of the parity violation 
experiments, G0 and PVA4, located respectively at JLab and at the Mainz University (Germany), is to 
quantify the contribution of the strange quarks to the electromagnetic properties of the proton. In the 
framework of the future international facility FAIR at GSI  (Germany), the IPNO, within the PANDA 
collaboration, is mainly involved in the measurement of the electromagnetic form factors of the proton in 
the time-like region. In the PHEN group, other activities are dedicated to hadron spectroscopy, nucleon 
electromagnetic form factors (space-like region and theroretical works) and to experimental projects 
linked to energy production by nuclear fusion of polarized nuclei. The HADES experiment (GSI, 
Germany), is searching for possible in-medium modifications of vector meson properties. Already 
results have been obtained for the inclusive production of di-lepton in heavy ion collisions and for 
different channels of pp and dp reactions. In the domain of quark gluon plasma, the results of NA50 and 
PHENIX experiments will soon be enriched by those coming from the collisions observed by ALICE at 
the LHC, which successfully delivered its first beams late 2009, leading to a first LHC publication. 
During the first collisions, the IPNO took part in the successful commissioning of the di-muon 
spectrometer to which it has been largely contributing. It will soon be possible to compare the studies 
carried out at IPNO on the quarkonia production to real experimental data. In the field of astroparticle 
physics, the IPNO has been contributed to the Pierre Auger observatory since 2000. Already the 
analysis of the data collected in Argentina (South site) since 2004 allow to characterize the  ultra high 
energy cosmic rays and to compare the obtained results to theoretical models. This success reinforces 
the interest for the construction of the North site (USA) presently in the R&D phase. 
 

PHYSIQUE HADRONIQUE ET ASTROPARTICULES 

Physique hadronique et astroparticules sont les thèmes de recherche développés au sein du groupe 
de Physique des Hautes Energies (PHEN). En matière de physique hadronique, l'IPN d’Orsay est 
impliqué dans plusieurs expériences et projets dont le but est d'étudier la structure interne des 
nucléons et la dynamique du confinement des quarks. Un important programme expérimental, mené 
depuis de nombreuses années à JLab-6GeV (Etats-Unis) et qui se poursuivra auprès de JLab-12GeV, 
consiste à mesurer les distributions de partons généralisées (expériences DVCS) caractérisant les 
corrélations des quarks à l'intérieur du nucléon. Les expériences de violation de parité, G0 et PVA4, 
menées respectivement à JLab et à l’université de Mayence (Allemagne), ont pour but de quantifier la 
contribution des quarks étranges aux propriétés électromagnétiques du proton. Dans le cadre du futur 
laboratoire international FAIR (Allemagne), l'IPN d'Orsay s'investit au sein de la collaboration PANDA 
pour, entre autres, mesurer les facteurs de forme électromagnétiques du proton dans la région temps. 
Dans le groupe PHEN, d’autres activités sont dédiées à la spectroscopie des hadrons, aux facteurs de 
forme électromagnétiques des nucléons (région espace et travaux théoriques) et à des  projets 
d’expérience liés à la production d’énergie par fusion nucléaire de noyaux polarisés. L'expérience 
HADES (GSI, Allemagne) tente de mettre en évidence des effets de milieu sur les propriétés des 
hadrons. Des résultats ont déjà été obtenus pour la production inclusive de di-lepton lors de collisions 
d'ions lourds et pour différents canaux des réactions pp et dp. Dans le domaine d'étude du plasma 
quarks-gluons, les résultats des expériences NA50 et PHENIX vont désormais être enrichis par ceux 
issus des collisions observées par ALICE auprès du LHC qui a délivré avec succès ses premiers 
faisceaux fin 2009, conduisant à la première publication LHC. Lors des premières collisions, l’IPNO a 
participé à la validation du bon fonctionnement du spectromètre di-muon auquel il avait grandement 
contribué. Les études menées à l’IPNO sur la production des quarkonia vont désormais pouvoir être 
confrontées aux données expérimentales de physique. Dans le domaine des astroparticules, depuis 
2000, l'IPN d'Orsay contribue à l'observatoire Pierre Auger. L'analyse des données collectées depuis 
2004 en Argentine (site Sud) permettent déjà de caractériser les rayons cosmiques d'ultra haute 
énergie et de confronter les résultats obtenus à des modèles théoriques. Ce succès renforce l'intérêt de 
construire le site Nord qui est actuellement en phase de R&D. 
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First pFirst pFirst p---p collisions in the ALICE muon spectrometerp collisions in the ALICE muon spectrometerp collisions in the ALICE muon spectrometer   

La période 2008-2009 restera, pour le LHC, celle d'un incident important suivi du retentissant succès des 
premières collisions proton-proton. Après l’installation des détecteurs et le début de la mise en service en 
2007, la phase de tests s’est poursuivie en 2008 avec des prises de données en rayonnement cosmique 
jusqu’à la première tentative de démarrage du LHC qui se solda par un échec. Les tests en cosmique se 
sont donc poursuivis début 2009 jusqu’à la fin de l’année où le LHC a pu délivrer ses premiers faisceaux de 
protons accélérés à 450 GeV puis très rapidement à 1,18 TeV. Ces premières données ont permis à ALICE 
de faire la première publication des expériences LHC. Elles ont surtout validé le bon fonctionnement de 
l’ensemble du détecteur. 

tegrated in the global ALICE software framework 
(Data AcQuisition, Off/On-line and Experiment 
Control System) exhibited a very good stability.  

 

First p-p collisions with the ALICE forward 
muon spectrometer ! 
On November 23rd 2009, the LHC successfully 
delivered the first p-p collisions to ALICE at SPS 
injection energy, thus a centre of mass energy of  

s = 900 GeV. A few hundred of minimum bias 

triggers were collected by the ALICE subsystems 
robust enough to cope with the unstable beam 
conditions, i.e. the silicon tracker or ITS (Inner 
Tracking System). These data provided such clear 
physics results that ALICE was able to submit the 
first LHC paper on November 28th. This paper was  
accepted for publication on December 1st [6] !  
This demonstrates clearly that the ALICE detector 
was in perfect working order, that the analysis pro-
cedures are ready and efficient, and finally, that 
the reactivity of the ALICE collaboration was at its 

The IPNO ALICE team is involved in the ALICE 
project since its early dates. With the first p-p colli-
sions delivered by the LHC, the year 2009  has 
seen the outcome of years of efforts building one 
of the most complex detectors ever made [1,2]. 
The years 2008-2009 were devoted to the commis-
sioning of the muon spectrometer and to the first 
data taking in cosmic runs, preparing for the first 
LHC beam. 

Commissioning phase and cosmic runs. 
As presented in the previous activity report, the 
first tracking station of the muon spectrometer, 
built by IPN Orsay, was successfully commis-
sioned in 2007 [3]. Thus, only station 1 participated 
in the first ALICE cosmic run of December 2007. 
Triggers were delivered by a scintillator array lo-
cated on the top of the L3 magnet (~90 Hz) to all 
subsystems ready in the global ALICE data acqui-
sition. Very good results were obtained with station 
1 in terms of readout electronic and data acquisi-
tion software [4,5]. In addition,  the first clusters 
were observed. After this first success, cosmic 
runs continued with stations 1 and 2 in February 
2008 with a dedicated single muon trigger deliv-
ered by the RPC chambers of the muon spec-
trometer.  
In September 2008, the LHC circulated both 
beams rather quickly, but stopped only nine days 
latter due to an electrical link failure causing a ma-
jor liquid helium leak. The LHC suffered of impor-
tant damages requiring a full year to repair it. 
Therefore ALICE continued the cosmic runs until 
the end of 2009. During these cosmic tests, we 
were able to check and to improve the perform-
ances (noise, pedestal stability, gain, data taking 
efficiency …) of all the tracking and trigger stations 
of the muon spectrometer. The first muon tracks 
hitting all the stations were observed during this 
period (Fig 1).  
The detector readout system called CROCUS, in-

IPNO Participation: L. Bimbot, B. Boyer, V. Chambert, S. Drouet, B. Espagnon, C. Hadjidakis, I. Hriv-
nacova, B.Y. Ky, G. Lalu, V. Lafage, Y. Le Bornec, M. Lopez-Noriega, M. Malek, G. Noël, S. Rous-
seau, C. Suire, D. Tapia-Takaki, N. Willis and SEP technicians. 
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Kolkata. 

Fig 1 : First reconstructed muon track with dipole 
magnet on (cosmic run).  
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top. 
On November 29th, the LHC became the world’s 
most powerful particle accelerator, when circulat-
ing proton beams at the energy of 1.18 TeV. 
A large part of the minimum bias data sample 

(435890 events) was collected at s = 900 GeV 

under stable beam condition, allowing all ALICE 
subsystems, in particular gaseous detectors and 
thus the Muon Spectrometer to be fully powered 

up (note that the ~60000  events collected at s = 

2.36 TeV were never under stable beam condi-
tions).  Requesting the muon trigger to be fired 
scales down this number to ~1500  events, and 
allows to extract the beautiful events displayed on 
Fig.2. All these data are under analysis.  
During these 2 years, the run coordination of the 
muon spectrometer tracking was carried out by the 
IPN Orsay.  
 
With the startup of the LHC, a new era begins for 
ALICE which will undoubtedly be rich of new dis-
coveries. Two years of taking p-p data at √s = 7 
TeV and the first lead beams at √s = 2.76 TeV are 
foreseen, promising an important haul of data at an 
energy never yet reached. 
 

Fig 2 : First dimuon event observed in the muon spectrometer at s = 900 GeV p-p collisions. 
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Quarkonia physics with ALICEQuarkonia physics with ALICEQuarkonia physics with ALICE   

Avec le démarrage du LHC, les premières données de physique enregistrées par l'expérience ALICE se-
ront accessibles à des énergies encore jamais atteintes. En ce qui concerne le groupe de l’IPN d’Orsay 

nous avons poursuivi les études portant sur la production des quarkonia : étude de la production du J/  

dans le cadre du modèle du Color Glass Condensate en p-p et p-Pb, préparation à la mesure de la section 

efficace de production du J/  en p-p et enfin étude de la production de J/  par désintégration des mésons 

B en p-p. 

The computing power of the GRIF TIER2 was also 
intensively used for our local simulations [4]. In-
deed we have initiated in ALICE the study of 
charm and beauty production in the framework of 
the Color Glass Condensate (CGC) model. All 
these simulations, requiring a large amount of CPU 
time, have run on the IPNO machines. 
The CGC model describes the initial state of nucle-
ons at very high energy and had some success in 
describing heavy ion collision at RHIC energies. 
The ALICE IPNO team, in collaboration with theo-
rists, has worked on the possibility to observe the 
onset of the CGC regime in p+p and p+Pb colli-
sions with the muon spectrometer [5-7]. In Fig 1 
one can see the nuclear modification factor as a 
function of pT for muons coming from charm and 
beauty at forward rapidity (corresponding to the 
muon spectrometer acceptance). This factor is de-
fined as  : 
 
 
 
 
where NPbp (Npp) is the yield of particles produced 
in Pb-p (pp) collisions and <Ncoll> is the average 
number of binary collisions. This factor is sup-
posed to be equal to unity if the Pb-p collision is a 
superposition of independent nucleon-nucleon col-
lisions. The CGC calculations show a strong sup-
pression for the open heavy flavour in p-Pb colli-
sions at low pT and for the lowest quark mass, as 
expected in this model. This work has led to a sec-
ond PhD [8] defended in July 2009. This thesis has 
demonstrated that CGC effects might be difficult to 
observe in the single muon spectra from heavy 
flavours as the effects are visible at low pT where 
the heavy flavours measurement is challenging. It 
was also shown that multiplicity fluctuations of 
charged particles in p-p collisions can be ex-
pressed in terms of a pseudo impact-parameter, 
driven by a CGC calculation of the parton density, 
between  the two protons. 

On November 23rd 2009, the LHC successfully 
delivered the first p-p collisions to ALICE at SPS 
injection energy (corresponding to a center of 

mass energy of s = 900 GeV). These data pro-

vided such clear physics results that ALICE was 
able to submit the first LHC paper on November 
28th. This paper was  accepted for publication on 
December 1st [1] !  The forthcoming two years of 
data with collisions in p-p at √s = 7 TeV and lead-
lead at √s = 2.76 TeV will open a window on a new 
physics never yet explored [2,3].  

Physics simulations and data analysis 
The data analysis in ALICE constitutes a real chal-
lenge. In order to store and analyse the huge 
amount of data produced by the LHC experiments, 
the LHC Computing Grid (LCG) has  been devel-
oped to provide the requested computing re-
sources. As a member of the GRIF (Grille de Re-
cherche d'Île de France) TIER2, the IPN hosts now 
416 CPUs (~1000 kSi2K) and 100 To of disk stor-
age. A total of 442 000 ALICE jobs were executed 
on the IPNO cluster during the period covered by 
this report. 

IPNO Participation: L. Bimbot, B. Boyer, V. Chambert, S. Drouet, B. Espagnon, C. Hadjidakis, I. Hriv-
nacova, B.Y. Ky, G. Lalu, V. Lafage, Y. Le Bornec, M. Lopez-Noriega, M. Malek, G. Noël, S. Rous-
seau, C. Suire, D. Tapia-Takaki, N. Willis and SEP technicians. 
 
Collaboration : INFN Cagliari, IRFU/SPhN, PNPI Gatchina, SINP Kolkata, SUBATECH Nantes, VECC 
Kolkata. 

Fig 1 : Nuclear modification factor as a function of 
pT for muons coming  from charm or beauty de-
cays in p+Pb at √s = 8.8 TeV. The quarks are pro-
duced with the CGC   model. 
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Paper Preparation Group dedicated to the J/  

study in p-p collisions. The deputy convener for 
this first paper belongs to our group. 

The last physics theme about the J/ concerns its 

expected suppression in Pb-Pb collisions relatively 
to p-p collisions. One of the main problem in this 
study is to separate the contribution of the different 

J/  production sources. An important part (~ 20%) 

comes from the B decay meson. Contrary to the 
ALICE central part, the muon spectrometer is un-
able to directly separate this contribution because 
there is not a forward silicon tracker to see the 
shifted B decay vertices. A possibility to measure 
indirectly this contribution in the muon spectrome-
ter is to study 3 muons events. For example a B 

meson giving a J/  plus another meson, all of 

them decaying into muons. This kind of measure-
ment would be a complementary one to that of the 
ALICE central barrel where B mesons will be ex-
tracted thanks to the high resolution silicon tracker 
able to measure shifted B decay vertexes. ALICE 
upgrades program include the possibility to add a 
forward silicon tracker to enable such measure-
ment in the muon spectrometer. 
 
With the startup of the LHC, the ALICE collabora-
tion has demonstrated is capacity to extract the 
physics results from the collected data very 
quickly. The two forthcoming years will be rich of 
new results which will shed a new light on quark-
onia physics. 
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This study continues now with the J/ , which can 

be measure down to zero pT where CGC effects 
would appear more dramatically. 

 

The study of the J/  in p-p collisions is also of a 

first importance as a reference measurement for 
the p-Pb and Pb-Pb collisions [9,10]. The IPNO 

ALICE team is involved in the extraction of the J/  

cross section at LHC energies. This study consti-
tutes the main subject of a new PhD (started in 
October 2008). In this thesis we study the different 
fitting methods and the corrections to apply in or-
der to calculate the cross-section (Fig 2 and 3) for 
different pT ranges. We also study the impact of 

the number of collected J/  on the result uncertain-

ties. This work is directly linked to the one of the 

Fig 2 : Fit of the J/  invariant mass spectra in the 

pT range from 3 to 4 GeV/c in p-p collisions at 7 
TeV. 

Fig 3 : J/  acceptance and efficency map in y and 

pT range for the muon spectrometer in p-p 
collisions at 7 TeV. 
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NA50 updated NA50 updated NA50 updated    puzzle puzzle puzzle    

Les derniers résultats issus des expériences réalisées jusqu’en 2000 ont considérablement augmenté la 
précision, à la fois des phénomènes de référence dans les réactions proton-noyaux ou deuton-noyaux, et 

des observations de la suppression de la production de  et de ’ et de l’augmentation  de celle du  si-

gnatures prédites des effets de la réalisation d’un plasma de quarks et de gluons (QGP) dans les collisions 

d’ions lourds. 400 upsilons ont de plus été extraits des données proton noyaux. Le «  puzzle » a récem-

ment évolué grâce aux analyses des mesures effectuées en 2000:  les résultats de NA50 deviennent plus 
compatibles avec les autres expériences, mais combinés avec les nouveaux résultats de CERES ils suggè-
rent une différence systématique entre les canaux leptoniques et hadroniques.  

higher than the one measured by NA49. In 1998 
this was confirmed by new NA50 results and  led 

to the «  puzzle ». A third NA50 independent 

measurement was performed in 2000, with up-
graded detector and using partly a different instru-
mental method for the minimum bias trigger, very 
important for the determination of the absolute 

value of the  multiplicity. The new NA50 points ap-
pear closer [1] to the NA49 ones, partly due to the 
20% increase of the Particle Data Group dimuon 
branching ratio. In the meantime, the CERES ex-

periment extracted  multiplicities from kaons and 

electrons pairs. Their results are slightly lower than 
NA49, in an MT domain closer to NA50. In a few 
years the picture has then strongly evolved: the 
consistency between experiments improves, but 
still a systematic difference exists between had-
ronic and leptonic decays. The NA60 results in In-

In also show a higher  production rate than the 

NA49 ones in the dimuon channel, at low MT. Such 
SPS results with high precision combined to the  
forthcoming data from RHIC with high precision, 
and first results from LHC will open interesting per-
spectives in the future.  

NA50 in  conclusion phase  
The NA38 and NA50 experiments have measured 
the muon pairs produced in heavy ion collisions at 
SPS along the last 20 years.  Proton-nuclei (p-A) 
collisions have also been studied, mostly as a ref-
erence. The energy density reached in the most 
central A-A collisions should be sufficient to 
achieve a transition toward a plasma of quarks and 
gluons. After some years it was realized that 
dimuons are a favoured access to the decays of 
heavy quarkonia, rare productions that should be 
particularly sensitive to the early existence of a 
QGP. Indeed, thanks to the high precision of the 
measurements performed with various size of col-
liding systems, NA38 and NA50 have observed the 

predicted abnormal suppression of the J/  and of 

the ’ production, and the enhancement of the 

production.  In 2000,  the last Pb-Pb measure-
ments have confirmed these observations with an 
increased precision and including more peripheral 
collisions. Last p-A measurements and reanalyses 

led to a slightly lower value for the J/   absorption 

cross section, 4.2 0.5 mb, and 7.7 0.9 mb for the 

less bound ’. About 400 bottomia ( ’ ’’) have 

been extracted in p-A NA50 data sets,   results are 

consistent with low  absorption observed at 

higher energy. 

 production and Pb-Pb  multiplicity puzzle    

Analyses of  and production in  d-C, d-U,S-U  

and Pb-Pb have been iteratively continued in NA50 
during the last years.  They are performed in tran-

verse mass MT domains, where the ratio  

should be directly related to the strange quarks 

fraction ( S/ q) in the medium.  d-C and d-U bring  a  

complementary estimate of the evolution of and 

 cross sections  in p-A, confirming the very  differ-

ent pattern compared to what is  observed in ion 
induced collisions. Since the display of the first 

preliminary results  in 1997, the  multiplicity in  Pb

-Pb central collisions found by NA50 appeared 

IPNO Participation: D.Jouan, T.Wu, M.P.Comets, C.Gerschel, Y.LeBornec, M.MacCormick,  
X.Tarrago, L.Villatte, N.Willis 
 
Collaboration: Univ. du Piemont Oriental, LPC Aubière, IFA Bucarest, Univ. de Cagliari, CERN, LIP 
Lisbonne, INR Moscou, LLR Palaiseau, Univ. de Turin, IPN Lyon, YerPhI Yerevan 

MT distribution of multiplicity  in central Pb-Pb 

collisions observed by the SPS experiments 
through K

+
K

-
, µ

+
µ

–
 or e

+
e

-
  decay channels.   
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PHENIX: widening of the quarkonia spacePHENIX: widening of the quarkonia spacePHENIX: widening of the quarkonia space   

IPNO Participation:  D.Jouan                
 
Collaboration: Brookhaven national lab. (USA): 62 institutions, 550 participants  from Brazil, China, 
Czech rep., France, Korea, Germany, Hungary, India, Israel, Japan, Russia, Sweden, USA.   

La collaboration PHENIX a observé l’apparition de nombreux effets spécifiques dans les collisions d’ions 
lourds aux énergies du RHIC. La mesure des paires de leptons, électrons et muons, permet d’observer la 
suppression de la production des quarkonia lourds. L’augmentation de la statistique donne accès aux distri-

butions en rapidité et impulsion transverse du J/ , ainsi qu’aux premières mesures du .  La description 

des effets nucléaires froids, évalués grâces aux collisions p-p et p-Au,  est reconsidérée, et ces mesures 
peuvent aussi contribuer à contraindre les modèles de production des quarkonia, qui semblent en voie de 
reproduire à nouveau les résultats expérimentaux. De nouvelles observables deviennent accessibles avec 

les faisceaux de protons polarisés: l’asymétrie de production du J/ , et peut être sa polarisation. 

The  PHENIX collaboration is taking data at RHIC 
(relativistic heavy ion collider), in Brookhaven na-
tional laboratory (USA) since 2000. The central 
part of the detector  measures hadrons, photons 
and electrons, and  muons are measured at for-
ward and backward rapidity Y  (1.2<|Y|<2.4). The 
√sNN = 7 to 200 GeV energy of the N-N collision at 
RHIC is a perfect bridge between the studies car-
ried out at SPS from 1986 (=20 GeV) and the up-
coming ones at LHC (5500 GeV). The ongoing 
increase of the statistic brings more precise results 
with respect to transverse momentum or rapidity, 
or allows to reach new observables. Also, recently 
the polarization measured by CDF at Tevatron did 
challenge the theories of quarkonia production, 
increasing the interest of p-p and d-Au measure-
ments at RHIC energies. One central question, 
popping up in 1995 and dramatically bouncing in 
2007, is the relative importance of the color octet 
and singlet states in the production of quarkonia 
from qqbar pair.  
Among many observables [1], PHENIX has ob-
served a first signal of upsilon production in AuAu 
collisions (Fig.1).  In p-p [2], the shape of its rapid-
ity distributions agree with Color Evaporation 
Model (CEM) and Color Singlet Model (CSM) NLO 
calculations. In p-p, more precise PT and Y distribu-

tions of J/  agree with CSM predictions, with s-

channel cut or the most recent NLO calculations. 

Polarization evolution with PT (Fig.2) is a promising 
way of discriminate between models, particularly at 
forward rapidity (in progress).  
RHIC  allows also the use of polarized proton 

beams, and beside studies of nucleon spin, J/

production asymmetry has been analyzed for the 
fist time. Polarization with polarized beams should 

be another new available observable for J/ .    

  In d-Au, increase of precision questions the usual  
parameterizations of cold nuclear matter effects, 

notably abs as a function of Y. Au-Au results, after 

CNM effects subtraction, should lead to a similar 
abnormal suppression in central and forward re-
gion, consistent, for the most central collisions, 
with Quark Gluon Plasma formation.  High statistic 
and refinements in analyses lead to characteriza-
tion of a low mass electron pair excess, possibly 
direct photons reflecting the initial quark and glu-
ons soup high temperature.  
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Fig 1. Higher part of the mass distribution  of elec-
tron pairs, in Au-Au collisions. The upsilon produc-
tion rate per N-N collision appears reduced to 64% 
(90% confidence level), compared to p-p collisions.  

Fig.2 Polarization [2] of the J/  compared to mo-

dels predictions. 
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Status of the HADES experiment (I): Status of the HADES experiment (I): Status of the HADES experiment (I):    
heavyheavyheavy---ion reactionsion reactionsion reactions      

Les premiers résultats de production inclusive de dileptons en collisions Ar+KCl à 1.76 GeV par nucléon 
avec le détecteur HADES sont présentés. Mesuré pour la toute première fois avec une haute résolution, le 
spectre de masse invariante e+e- est comparé avec les prédictions des codes de transport UrQMD et HSD. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[ 5 ] 
i n 

During the year 2009 the dielectron analysis of the 
Ar+KCl run at 1.756 GeV/u has been finalized. 
This experiment provided data for a moderately 
large collision system, allowing to continue our 
studies of dilepton production started with the light 
12

C + 
12

C system [1], as well as in the elementary  
p + p and d + p reactions [2]. The spectroscopy of 
the vector-meson region was started with this data 
set as well. The reconstructed dielectron invariant-
mass distribution shows for the first time at SIS 
energies a clear ω peak, providing thus new and 
valuable constraints for transport models. 
In Figure 1, we contrast our e

+
e

-
 invariant mass 

spectrum with predictions by the UrQMD [3] and 
the HSD models [4]. Both predictions were gener-
ated assuming that hadron properties are not 
modified by the surrounding nuclear medium, i.e., 
particles have their vacuum properties. The 
UrQMD and HSD results were weighted according 
to our first level trigger impact parameter selection. 
Both predicted spectra were normalized to their 

respective 
0
 multiplicities. Systematic errors are 

given by the horizontal bars. They stem from the 
correction on reconstruction efficiency and combi-
natorial background estimates (20%), the uncer-

tainty in our knowledge of the 
0 
multiplicity (11%). 

Both transport codes suggest that below an invari-
ant mass 0.15 GeV/c

2
, the spectrum is dominated 

by the dielectrons from 
0
 Dalitz decays. In the in-

termediate mass region 0.15-0.5 GeV/c
2
, the pair 

yield originates mainly from eta and Delta decays. 
Dielectron decays of the light vector mesons, ω 
and ρ

0
, have substantial contributions to the spec-

trum only at higher invariant masses. As compared 
to the UrQMD calculations, HSD includes addi-

tional sources of dielectrons, namely the NN an N 

bremsstrahlung processes. These contributions to  
the pair yield, are however, for the Ar+KCl system 
at given beam energy predicted to be less signifi-
cant. 
In [4], the HSD group published also a prediction 
on how the dielectron spectrum would be changed, 
if ρ

0
 and ω were modified by simultaneous colli-

sional broadening and mass shifts a la Brown-Rho  

IPNO Participation: J. L. Boyard, T. Hennino, T. Liu, E. Morinière, B. Ramstein, M. Sudol. 
 
Collaboration : FZR-Dresden, GSI-Darmstadt, INR-Moscow, INFN/LNSCatania, INFN/University-
Milano, ITEP-Moscow, SIP/Jag. Univ-Cracow, JW Goethe Univ.-Frankfurt, JINR-Dubna,  J Liebig 
Univ.-Giessen, LIP-Coimbra, TUM-München, Univ., Santiago de Compostela, Univ. of Cyprus-
Nicosia, NPI-Rez, Univ. Valencia 

Figure 1. Invariant mass distribution of e
+
e

-
 pairs 

measured by HADES (points) compared with pre-
dictions (up: UrQMD [3], down: HSD [4]). All parti-
cles have their vacuum properties. Statistical and 
systematic errors of the measurement are shown 
as vertical and horizontal bars, respectively.  
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medium. The HSD calculation suggests that the 
most sensitive part of our spectrum to possible     
in-medium modifications should be the region of 
0.5-0.8 GeV/c

2 
(see Figure 2) . 

Non of the predicted results by transport code 
gives a fully convincing explanation of the data in 
the vector meson mass region. One of the reasons 
might be the parameterization of the elementary 
cross sections which overestimates the ρ

0
 meson 

cross section measured in pp collisions [6]. 
Further progress will be made by extending our 
measurements to heavy reaction systems like 
Au+Au and Ag+Ag. 

 

References 
[1]. G. Agakichiev et al., HADES collaboration, 
Phys. Rev. Lett. 98 (2007) 052302 and Phys. Lett. 
B 43 (2008) 663 
[2].  G. Agakichiev et al., HADES collaboration, 
arXiv:910.5875 
[3]. K. Schmidt et al., Phys. Rev. C (2009) 064908  
[4]. E.I. Bratkovskaya and W. Cassing, Nucl. Phys. 
A 807 (2008) 214-250 
[5]. G. E. Brown and M. Rho, Phys. Rev. Lett. 66 
(1991) 2720 
[6]. F. Balestra et al., Phys. Rev. Lett. 89 (2002) 
092001 
 
 
 
 
 
 
 
 

Figure 2. Invariant mass distribution of e
+
e

-
 pairs 

compared with the HSD vacuum and in-medium 
scenarios [4]. The HSD in-medium prediction took 
into account collisional broadening and simultane-
ous dropping masses of ρ

0
 and ω in nuclear envi-

ronment. Experimental data points are the same 
as in Figure 1. 
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Status of the HADES experiments (II): Status of the HADES experiments (II): Status of the HADES experiments (II):    
dilepton channels in elementary reactions dilepton channels in elementary reactions dilepton channels in elementary reactions    

La production de dielectrons en réactions pp et dp à 1.25 GeV/nucléon a été étudiée avec HADES (High 
Acceptance DiElectron Spectrometer) à GSI. Les résultats obtenus en canaux inclusifs et exclusifs sont 

présentés et comparés à des modèles. Pour la première fois, le processus de décroissance Dalitz du  (

Ne
+
e

-
) a pu être identifié. Le taux d’événements mesurés est en accord avec le rapport de branchement 

calculé en QED (4.2 10
-5 

). 

masses larger than 140 MeV/c
2
 is well described 

by the simulation of the  Dalitz decay.  The agree-

ment is even better when the two-component 

Motivation 
The first results from the HADES collaboration ob-
tained in C+C and Ar+KCl systems [1] have 
pointed to the important role played by the nucleon

-nucleon bremsstrahlung and  Daliz decay proc-

esses in the dilepton production at intermediate 
invariant masses ( 0.15 < Mee < 0.5 GeV/c

2
), The 

contribution of these dilepton sources has there-
fore to be clarified, as a prerequisite to the study of 

and  in-medium properties. 

  In particular, the new results from the HSD trans-
port model [2] use the recent bremsstrahlung cal-
culation from [3], which is a factor 2-4 higher than 
other predictions [4]. Meanwhile, other transport 
models reproduce quite well the data with different 

relative contributions of bremstrahlung and  Dalitz 

decay processes. 

 Inclusive dilepton spectra: 
Following these motivations, inclusive e

+
e

-
 spectra 

(Fig.1) were measured in the p+p and quasi-free 
n+p reactions studied with HADES  in experiments 
with the GSI proton and deuterium beams at 1.25 

GeV [5],  i.e. below the production threshold.  

Two different approaches for the analysis of these 
spectra were followed in our event generator 
PLUTO [6]. The first one is based on the domi-

nance of the resonance. In analogy with the 

transport model calculations, it provides a descrip-
tion of the following channels: 

N N e e
- 
(

0
 Dalitz decay) 

Ne e
-  

(  Dalitz decay) 

The details of the treatment of the  production 

and pionic decay could be checked quite precisely, 
using the new measurements by HADES in the 

hadronic channels  [7]. Two options for the N-

transition form factors are used: either a constant 
magnetic form factor (GM=3, GE=0, GC=0) in agree-
ment with the photon-point measurements, or the 
two-component quark-model [8], which is mainly 
based  on the Vector Meson Dominance model in 
our energy range. As shown on fig.1, there is a 
good agreement, for both reactions, between the 
dilepton yield measured at low invariant masses 

and the simulation of the 
0
 Dalitz decay. In the 

case of the pp reaction, the region of invariant 

IPNO Participation: J.L. Boyard, T. Hennino, T. Liu, E. Morinière, B. Ramstein, M. Sudol. 
Collaboration : CAS-Rez, FZR-Dresden, GSI-Darmstadt, INR-Moscow, INFN/LNSCatania, 
INFN/University-Milano, ITEP-Moscow, SIP/Jag. Univ-Cracow, JW Goethe Univ.-Frankfurt, JINR-
Dubna, J Liebig Univ.-Giessen, LIP-Coimbra, TUM-München, Univ., Santiago de Compostela, Univ. 
of Cyprus-Nicosia, NPI-Rez, Univ. Valencia 

Fig. 1: Invariant mass distribution of electron pairs 
measured in p+p (top) and quasi-free n+p (bottom) 
reactions at a beam energy of 1.25 GeV. The das-
hed and long-dashed lines show the contributions 

of 
0 and  Dalitz decays, respectively, in simula-

tions using the resonance model. The enhance-

ment due to the N-  transition form factor [8] is 

shown as the grey area. The dashed and full lines 
are the results of OBE models [3] and [4], respecti-

vely. The  contribution has been added in the ca-

se of the n+p reaction.  
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0.14 GeV/c
2
  from 5 to 10 and the number of re-

constructed signal pairs N
signal

 e+e-
 
~200, after the 

0.889 < M
 miss 

pee < 1.011 GeV/c
2
  (3 ) selection. It 

is important to prove that the data reveal the Δ 
resonance properties despite the unavoidable 
smearing due to the proton not coming from the Δ 
decay. Firstly, the measured Δ invariant mass and 
angular production distribution (Fig. 2 left and cen-
ter parts) are in good agreement with the simula-
tion, which indicates the resonant origin of the ob-
served events. 
Another useful quantity is the helicity angle, i.e. the 

angle between leptons in the * rest frame and the 

* itself, when both leptons and * are boosted to 

the Δ rest frame at first. 
Fig. 2 (right part) shows the acceptance and effi-
ciency corrected helicity angle spectrum, which is 

anisotropic and in agreement with the 1+cos
2

 dis-

tribution expected from QED, when neglecting the 
Coulomb transition amplitude. 
This is, again, the hint that the Δ Dalitz decay 
channel has been reconstructed. Considering sta-
tistical and systematic errors on the measured 
yields, which are respectively 9% and less than 
20%, the branching ratio is in agreement with the 
value of 4.2 10

-5 
predicted by the QED calculations. 

The comparison of the exclusive 3-prong analysis 
in p+p and quasi-free n+p at 1.25 GeV will shed 
more light on the nature of the e

+
e

- 
pair excess 

(measured in np) and on the role of the N-N 
bremsstrahlung. 
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quark model [8] is used instead of the constant 
magnetic form factor (GM=3), which illustrates  the 
sensitivity of these data to the electromagnetic 

structure of the N-  transition. The predictions of 

the OBE model [4] (shown as dashed line) are in 
pretty good agreement with the data, but the other 
OBE model [3] (full line) overestimates the data.  
The shape of the spectrum changes dramatically 

when going from p+p to n+p interactions. In the  
mass region between 0.15 and 0.35 GeV/c

2
, the 

yield is about a factor 9 higher in the n+p reaction 
with respect to the pp reaction, while only a factor 

2 is expected for the  Dalitz decay contribution 

due to the isospin factors. The resonance model 

simulation, which includes a small   Dalitz decay 

contribution, due to the neutron Fermi momentum, 
widely underestimates the measured dilepton 
yield.  In this simulation, is missing the nucleon-
nucleon bremsstrahlung contribution, which is 
known to be in the case of the pn system much 
larger than in the case of pp. However, no satisfac-
tory agreement is achieved either with the OBE 
calculations, in particular with the model of [4], de-
spite its good behaviour in the case of the pp data. 
The interpretation of the pn dilepton spectra is still 
the subject of theoretical investigations, related  for 

example, to possible  meson off-shell production 

by  higher-lying resonances or contribution of proc-
esses beyond the quasi-free approximation. 

Exclusive pp ppe
+
e
– 
reaction 

The identification of three particles (p,e
+
,e

-
 ) in the 

final state allows for the exclusive reconstruction of 
Δ Dalitz decay channel under two conditions: a) 
invariant mass Mee> 0.14 GeV/c

2
  for rejection of 

the Δ
+ 

p decay followed by the 
0
 Dalitz decay; 

b) selection of the missing mass of (p,e
+
,e

-
), M

 miss 

pee, close to the proton mass, as a signature of the 

exclusive pp  ppe
+
e

-  
channel identification. The 

simulation using the resonance model is used to 
apply acceptance corrections to the measured 
events and finally deduce the Δ Dalitz decay 
branching ratio. The integrated yield for Mee> 0.14 
GeV/c

2
  is not sensitive to the N-Δ transition form 

factor model [8], so the main model-dependent 
uncertainty comes from the description of the an-
gular distributions. 
The signal to background ratio ranges for Mee> 

Fig. 2. (p,e
+
,e

-
 )  invariant mass (left) and acceptance and efficiency corrected angular distribution  in the 

CM frame (center), compared to the simulation (blue line) using the resonance model [5]. Right part:  helici-

ty angle distribtution (acceptance and eff. corrected).fitted by :a(1+ b cos
2

 ) (b=1.11± 0.32) (blue line). 
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Status of the HADES experiment (III): Status of the HADES experiment (III): Status of the HADES experiment (III):    
hadronic channels in elementary reactionshadronic channels in elementary reactionshadronic channels in elementary reactions   

Les voies hadroniques sont mesurées en parallèle avec les voies de production de di-électrons dans les 
réactions élémentaires par la collaboration HADES. L’idée est de contraindre précisément les modèles utili-
sés pour décrire les différents sources de di-électrons et, en particulier, la décroissance Dalitz de la réso-
nance Δ.  Les données très précises fournissent aussi des informations sur les mécanismes de production 

et de décroissance du Δ. Les résultats de l’analyse des voies hadroniques (pp→np
+
 et pp → pp

0 
) mesu-

rées dans la réaction à 1.25 GeV sont présentés.  

ground coming from misidentified protons as well 

as two-  contributions. In the case of pp → pp
0 

channel, the signal is obtained after subtractions of 

a background under the 
0 
peak in the (p,p) miss-

ing mass spectrum. The upper row of fig.1 exhibits 

the N invariant mass distributions from these two 

hadronic channels measured at 1.25 GeV. Error 
bars include statistical and systematic errors due 
to event selection procedure (5%)  and correction 
for trigger condition which has been applied for 
some of the bins. The uncertainty of the normaliza-
tion to the pp elastic scattering is also considered 
as a source of systematic error (6%) but not pre-
sented in the error bars here. We have compared 
the invariant masses at 1.25 GeV with the same 
distributions measured by HADES in pp reaction at 
2.2 GeV as shown in lower row of fig.1. We can 
see that the absolute yield and invariant mass dis-
tributions are in good agreement with the simula-
tion in which the cross sections of involving reso-
nances are taken from [4] and the mass distribu-
tion and production angular distribution are calcu-

lated based on the one-  exchange model [5]. The 

dominant contribution comes from the  resonance 

excitation, but some higher lying resonances like N
(1440) and N(1520) play also a significant role at 

2.2 GeV. At 1.25 GeV, the relation (pp→np
+
) ~ 5

(pp→pp
0
) is fulfilled, as expected from the isospin 

factors in the different  decay channels.  

For the np
+
 channel at 1.25 GeV, we also looked 

at the neutron angular distribution in the center of 
mass system which is sensitive to the angular dis-

tribution of  production. A nice global agreement 

has been found between simulation and measured 

data, however an excess around cos =0 is ob-

served. But one should mention that the majority of 
statistics is located at forward and backward neu-
tron angles where the yield is in agreement with 
the simulation and that the overall discrepancy is 
less than 5% of the total cross section. To mini-
mize the model dependence, a two dimensional 
acceptance correction has been performed using 

the resonance model. For each (cosθn, Minv(p,
+
)) 

Physics motivations  
HADES reported in the recent years di-electron 
production in nucleus-nucleus collisions around 1-
2 AGeV [1]. In the invariant mass region 0.15 GeV/
c

2
<Me+e-<0.5 GeV/c

2
 the measured pair yield 

shows a strong excess above the contribution ex-
pected from hadron decays after freeze-out. In this 

mass range, the  Dalitz decay is well under con-

trol, but two other di-electron sources which play 

an important role are poorly known: the  (1232) 

resonance Dalitz decay (
+ 

→ pe
+
e

-
) and NN 

Bremsstrahlung (NN → NNe
+
e

-
). For a better un-

derstanding of the contribution from such proc-
esses, HADES studied pp and dp interactions at 
1.25 GeV per nucleon kinetic energy [2], just below 

the  production threshold. Due to the small ex-

pected contribution of the pp Bremsstrahlung, the 
pp reaction at 1.25 GeV is considered to be mostly 

sensitive to the  Dalitz decay. This process is 

studied by leptonic inclusive (pp → e
+
e

-
X) and ex-

clusive (pp → ppe
+
e

-
) channel analyses [3]. At the 

same time, we measured the hadronic channels 

(pp → np
+
, pp → pp

0
) which provide a consis-

tency check with the analysis of leptonic channels 
as well as a precise and independent control of 
inputs (cross section, angular distribution, etc.) for 

 Dalitz decay studies.  

 

Results from hadronic channels in pp reactions 
at 1.25 GeV and 2.2 GeV 
The pp run was performed in April 2006 at 1.25 
GeV kinetic beam energy, with a proton beam up 
to 10

7
 per second shooting on the 5cm long liquid 

hydrogen target developed in IPN Orsay. Two had-

ronic channels with the final states np
+
 and pp

0
 

have been recorded by requiring two charged par-
ticles in the exit channel. Both of them are selected 
by using the mass of the missing neutral particle. 

The pp → np
+
 channel is selected simply by a (p,

+
) missing mass cut imposed around the neutron 

mass. This cut efficiently suppresses the back-

IPNO Participation: J. L. Boyard, T. Hennino, T. Liu, E. Morinière, B. Ramstein, M. Sudol. 
 
Collaboration : CAS-Rez, FZR-Dresden, GSI-Darmstadt, INR-Moscow, INFN/LNSCatania, 
INFN/University-Milano, ITEP-Moscow, SIP/Jag. Univ-Cracow, JW Goethe Univ.-Frankfurt, JINR-
Dubna, J Liebig Univ.-Giessen, LIP-Coimbra, TUM-München, Univ., Santiago de Compostela, Univ. 
of Cyprus-Nicosia, NPI-Rez, Univ. Valencia 
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right panel of fig. 2 shows the angular distribution 

of 
+
 in the (p,

+
) reference frame extrapolated to 

full solid angle, which fits nicely with the simulation. 
In summary, the measured cross sections from 
both hadronic channels agree with the previous 
data and the resonance model within error bars. 
The invariant masses and angular distributions 

show an overall agreement with the one-  ex-

change model although a deviation is observed at 
large production angles. Consistent with previous 
data, the Δ resonance decay is clearly anisotropic.  
Hadronic channels valid the descriptions of the Δ 
production and decay characteristic in simulation, 
the high quality data also provide the possibility to 

test models beyond the one- exchange assump-

tion.  
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bin, the correction factors are calculated as the 
ratio of events from simulation in full phase space 
and in geometrical HADES acceptance, then they 
are applied to correct the data (left panel of fig.2). 
The width of the bins is adjusted to optimize the 
precision of the correction. The systematical error 
introduced by the acceptance correction procedure 
is estimated to 5%. We finally obtain the cross sec-

tion σ(pp → np
+
) = 20.4 ± 1.9 mb at 1.25 GeV, in 

good agreement with previous data [4]. 
The decay angular distribution of the Δ resonance 
has been studied in this channel as well by looking 

at the angular distribution of 
+ 
in the (p, 

+
) center 

of mass system. In the simulation, the angular dis-

tribution of  in the Δ resonance frame according 

to dσ/dΩ~(1+Bcos
2
θ) is assumed. The data shows 

a great sensitivity to the anisotropy of the Δ and 
the good agreement with anisotropies measured in 
previous experiments [6]. The acceptance correc-
tion is done using the same procedure as for the 
neutron angular distribution mentioned above. The 

Fig. 2 Left: Angular distribution of neutron in center
-of-mass system after acceptance correction. 

Right: Angular distribution of 
+
 in (p,

+
) reference 

frame after acceptance correction. Data (black 
dots) compared to Pluto simulation (red solid line).  

Fig1. N invariant masses measured in pp™pp
0
 and pp™np + reactions at 1.25 and 2.2 GeV. HADES data 

(dots) are compared to simulation with contributions of the following reosonances 
+
(1232) in pink, 

++

(1232) in blue, N(1440) in green, N(1520) in light brown and (1600) in light green.  A small phase space 
contribution (dark brown) is also added.  
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Hadron physics in pbarHadron physics in pbarHadron physics in pbar---p annihilation with the PANDA detector at p annihilation with the PANDA detector at p annihilation with the PANDA detector at 
FAIRFAIRFAIR   

Le faisceau d’antiprotons de FAIR à Darmstadt, unique pour ses qualités d’énergie et d’intensité, sera un 
outil privilégié pour l’étude de la Chromodynamique Quantique (QCD), théorie de l’interaction forte. Le thè-
me central de notre étude est la détermination des facteurs de forme électromagnétiques du genre temps 
du proton qui sont des observables caractérisant la structure interne du nucléon. Le conseil scientifique de 
l’IN2P3, en donnant un avis favorable à ce projet d’expérience en juin 2009, a reconnu la pertinence du 
sujet et la démonstration argumentée de la faisabilité de cette mesure. Ce soutien ouvre de nouvelles pers-
pectives pour l’étude d’autres canaux hadroniques à deux corps et électromagnétiques à trois corps dans 
l’état final, dans un domaine cinématique totalement inexploré. 

The simulations are performed within the BaBar 
framework. The detector description and the diffe-
rent steps of the simulations are described in the 
PANDA Physics Book (arXiv:0903.3905 [hep-ex]). 
A realistic projection of the angular distribution of 
the lepton, as it will be measured with PANDA is 
given in Fig.1, for q

2
= 8.21 (GeV/c)

2
, and assuming 

|GE|=|GM|.  

Introduction  
The physics program of the PANDA experiment at 
the upcoming FAIR facility is concentrated on ex-
ploring the hadron physics from the non-
perturbative down to the perturbative regime of 
QCD, via the study of hadronic and electromagne-
tic final states in pbar-p annihilation. The high lumi-
nosity at the HESR antiproton storage ring of 
2x10

32
 cm

-2 
s

-1 
and the values of the total energy 

square up to 30 (GeV/c)
2
 provide the optimal 

conditions  for a sensitive search of glueballs, hy-
brids and high precision spectroscopy of charmo-
nium as well as for the exclusive electromagnetic 
processes studies.  
The project proposed by the IPNO group is the 
determination of the electromagnetic form factors 
(FF) of the proton, in the time-like region, through 
the annihilation reaction pbar-p into e+e-, over a 
large range of the transfer momentum q

2
 up to 28 

(GeV/c)
2
 through the angular distribution measure-

ment of one of the final leptons.   
The precision of this measurement is limited by 
two constraints: first, the huge hadronic back-
ground, dominated by the two charged pion chan-
nels has an event rate  about 10

6 
higher than the 

signal. Secondly, a sufficient sensitivity of the an-
gular distribution to the ratio R IGE/GMI has been 
demonstrated and the statistical accuracy on this 
quantity has been quantified. 

Simulations studies  for pbar+p→e
+
+e

- 

The differential cross section in the center of mass 
reads : 

where θ is the electron production angle and τ=q
2
/

(4m
2
) and m is the proton mass.  The calculated 

cross section and the number of counts are given 
in Table 1, assuming IGEI=IGMI, with an integrated 
luminosity of L=2 fb

-1 
with 100% efficiency and full 

acceptance, using two parametrizations (dipole-
like form and QCD-inspired model)  for the form 
factors. 

IPNO Participation: J. Boucher, T. Hennino, R. Kunne, D. Marchand, S. Ong, B. Ramstein, M. Sudol, 
E. Tomasi-Gustafsson, J. Van de Wiele. 
 
Collaboration :  Panda Collaboration 

Fig. 1 Electron angular distribution as a function of 
cos θ : generated events (black circles), reconstruc-
ted events (red squares), acceptance and efficiency 
correction (blue stars, right scale), and efficiency 
corrected events (green triangles). 

Table 1.  Cross section σ (σQCD) and number of 
counts,  N  (NQCD) for different values of s and of 
the antiproton momentum p. 
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The  reconstruction efficiency, after integration 
over the angular range |cos θ|< 0.8, is shown in 
Fig. 2. It is maximum at q

2
= 8 (GeV/c)

2
, and de-

creases to 15% at q
2
~ 23 (GeV/c)

2
. 

Fig.2 Average reconstruction efficiency as a func-
tion of q

2
(black solid line). The effect of applying 

kinematical constraints (red dashed line) and PID 
cuts (blue dotted line) are separately shown.  

Results and discussion 
For each q

2
 value, the simulated differential cross 

section was fitted with a two-parameter function, in 
order to extract a global normalization and the form 
factor ratio R. The results are shown in Fig. 3, 
where the expected statistical uncertainty on R is 
plotted as a function of q

2 
as a yellow band for the 

case R=1, and  compared with the existing values 
from LEAR (squares) and BaBar (triangles). 
In the low q

2
 region, the precision is at least an 

order of magnitude better than for the existing 
data. With a precise measurement of the luminos-
ity, this will allow to extract the moduli of GE and 
GM, to be compared with the corresponding space-
like (SL) values and with model calculations.  

Fig.3 Expected statistical precision on the ratio R, 
(yellow band) for  R=1, as a function of q

2
, com-

pared with the existing data from BaBar (triangles) 
and LEAR (squares). Curves are theoretical pre-
dictions VDM-based models (green and blue 
lines),  QCD inspired (red dashed). 

At larger  q
2
 , when the sensitivity of the experi-

ment will make the extraction of  R meaningless, it 
will then be possible to extract |GM|  under a defi-
nite hypothesis on the ratio, in general R=1, as 
done in previous measurements. With a precise 
knowledge of the luminosity, the absolute cross 
section can be measured up to q

2
~ 28 (GeV/c)

2
.  

The precision of such a measurement is shown in 
Fig. 4.The comparison with the world data shows 

an expected improvement of at least a factor ten. 
For PANDA, only the statistical accuracy, based on 
the number of events measured and identified is 
taken into account. The reported error bars are  
based on conservative extrapolation of the values 
reported in Table 1. 

Fig.4 q
2
 dependence of the world data on the ef-

fective time-like proton form factor |GM|,  assum-
ing |GE|=|GM|. PANDA (full black squares) : pre-
sent simulations. 

Conclusions and outlook 

Feasibility studies of measuring proton time-like 
form factors, at PANDA (FAIR) have been carried 
out. Realistic Monte Carlo simulations, which take 
into account the geometry, the material budget and 
the performance of the future detector, as well as 
tracking efficiency and particle identification have 
been performed. Background reactions have been 
studied, with particular attention to two body had-
ron production. The results show that, applying 
combined PID criteria and kinematical constraints, 
it is possible to reach a background/signal ratio of 
the order of 0.1%, which is sufficient to ensure a 
clean identification of lepton  pairs. The cumulated 
statistics, will give precise information on the pro-
ton electric and magnetic FFs, in a wide q

2 
range. 

The precision of the ratio of the moduli of the elec-
tric and magnetic form factors will be of the order 
of a few percents, in the overlapping region with 
the data from BaBar. The ratio of the electric to 
magnetic form factor will be measurable until q

2
~ 

14 (GeV/c)
2
. 

The two-body hadronic reactions (two pion or kaon 
production) are under investigation with preliminary 
promising results; the study of the three-body elec-
tromagnetic channel (e+e– pion) is in progress 
(J. Boucher, PhD thesis).   
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Hadron ElectrodynamicsHadron ElectrodynamicsHadron Electrodynamics   

Le but de ces études est la compréhension de la structure interne du nucléon et des mécanismes d’interac-
tion pour les réactions élastiques, inélastiques et d’annihilation induites par électrons ou hadrons. Nous 
avons calculé les observables pour la réaction avec cinématique inverse proton-électron, qui a un intérêt 
particulier  pour les phénomènes de  polarisation. L’étude des corrections radiatives pour la diffusions élas-
tique électron-proton et pour la diffusion Compton profondément virtuelle,  a montré que les  corrections 
aux ordres supérieurs, deviennent importantes dans le domaine d’énergie couvert par JLab (USA). Les 
réactions d ‘annihilation  protons-antiprotons (électron-positron)  font l’intérêt de programmes d’études au-
près de FAIR (Allemagne) et de BES (Chine), en particulier pour l’étude des facteurs de forme électroma-
gnétiques du proton dans la région temps. Nous avons suggéré de mesurer  le rapport de production de 
paires de pions et de kaons qui pourrait mettre en évidence les excitations du vide de QCD. 

ments. A model independent calculation being not 
possible, it turns out that theoretical models are 
very little constrained and give quantitatively differ-
ent results. Our approach is different. 
Firstly we calculated the box diagram for ep scat-
tering, using approximations that are known to 
magnify this contribution, which was found of the 
order of a percent. Secondly, we calculated exactly 
the box diagram due to two photon exchange for  

e  scattering, which is possible for a pure QED 

process. Finally we proved that e   scattering con-

stitutes an upper limit for ep scattering (for the 
elastic intermediate state), the reason being that 
proton form factors decrease very fast with the mo-
mentum transfer squared and are smaller than the 
static values for a structureless particle. 
Calculations for high order radiative corrections, 
based on the structure functions method were ap-
plied to elastic ep scattering and to Deep Virtual 
Compton scattering (DVCS), Fig.1. In both case, it 
appeared that high order contributions modify the 
size and the dependence of the experimental ob-
servables on the kinematical variables [1]. 

Proton electron elastic scattering 
Electron proton scattering is the most simple reac-
tion which allows to have information on the had-
ron structure. It has been widely studied theoreti-
cally and experimentally, but the present interest is 
related to specific kinematical conditions which 
could not be reached in the past. The  inverse 
kinematics p+e→ p+e has to be treated separately, 
as approximations, such as neglecting the electron 
mass, do not hold anymore. The specificity of this 
reaction is that also at a few GeV incident energy 
the values of the transferred momenta are very 
small. Born approximation can be applied, but at 
very small energiesn Coulomb corrections have to 
be taken into account. Recent interest is related to 
two possible applications: - the possibility to build 
beam polarimeters, for high energy polarized pro-
ton beams, in the RHIC energy range, - the possi-
bility to produce polarized antiprotons beams, 
which would open a wide domain of polarization 
studies at the FAIR facility. We have calculated the 
cross section and the relevant polarization observ-
ables in the Born approximation, as a function of 
the scattering angle (or the transferred momen-
tum), in a wide energy range. Applications to po-
larimetry for high energy beams and antiproton 
polarization are under evaluation. 

High Order Radiative Corrections 
The problem of radiative corrections to electron 
proton elastic scattering is very important at the 
energies and with the experimental precision 
achievable in present experiments. In particular, 
corrections to the cross section can be very large, 
and first order corrections, as usually applied, may 
not have the necessary precision. The possibility 
that the two photon exchange mechanism (in prin-
ciple suppressed by a factor of α, the electromag-
netic fine structure constant) could become impor-
tant, has been recently recalled, in connection with 
the measurement of proton electromagnetic form 
factors in polarized and unpolarized measure-

IPNO Participation: Egle Tomasi-Gustafsson, Dominique Marchand 
 
Collaboration : IRFU/SPhN (Saclay), JINR-BLTP(Dubna,Russia), NSC-KFTI (Kharkov, Ukraine) 
 

Fig.1 DVCS helicity asymmetry as a function of 
the azimuthal angle: Born (solid line), radiatively 
corrected (dashed line) (top); relative value of the 
correction in percent (bottom). 
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tation of physical vacuum through the measure-
ment of the ratio of pbar-p annihilation into kaon 
and pion pairs near the threshold region [3]. The 
threshold region can be reached using the mecha-
nism of ‘return to resonances’ where the excess 
energy is carried by photon or jet emission. In the 
threshold region, the S-state dominates, and the 
pbar-p system can be formed in singlet or triplet 
state. The underlying idea is that the main decay 
from the triplet state is to a charged pion pair, due 
to the absence of constituent strange quarks in the 
nucleon. Charged pion and kaon pairs are pro-
duced with equal probability fom the singlet state 
due to the equality of quark-antiquark particle-hole 
excitations in the physical vacuum, for the different 
quarks, u,d, or s. A good agreement with the data 
obtained at LEAR on the ratio of the yields of 
charged kaon to pion pairs can be obtained after 
correcting for the phase volume ratio, taking into 
account not only quark rearrangement in the inci-
dent hadrons, but also vacuum excitations. An ap-
plication to the kinematical range covered by the 
PANDA experiment is suggested. The following 
ratios, for pair production in S and P states:  
 
 
 
 
contain useful information on the reaction mecha-
nism. If it is found that RP<<RS~1, this would give 
evidence for vacuum excitations. Moreover the 
angular distribution for kaons would be isotropic, 
whereas for pions, it would be driven by the domi-
nant contribution of triplet state. 

Deviation from the Rutherford formula 
The precision of the data, reachable at the present 
accelerators could provide evidence for multiple 
virtual photon exchange, for specific reactions and 
kinematical conditions. We considered in particular 
small angle elastic scattering of relativistic leptons 
on heavy ions, of charge Z. The expansion pa-
rameter, in this case, is not α but x=Zα.  We have 
calculated  the deviation of the cross section for 
small angle electron (positron)-ion elastic scatter-
ing from the Rutherford formula including  high or-
der effects, as well as the induced asymmetry and 
polarization of the scattered lepton. The elastic 
scattering cross section of a lepton in the Coulomb 
field of a nucleus has been calculated at first order 
by Mott. He showed that the amplitude differs from 
the Born approximation by a phase, which is pro-
portional to the lepton charge and cancels in the 
cross section. If one takes into account the hadron 
structure, then Coulomb effects appear in the 
cross section, too. We have revised previous  cal-
culations of high order effects, and applied them to 
the  polarization of the scattered particle [2]. Two 

(or more) photon exchange induce a nonzero 
imaginary part in the scattering amplitudes, there-
fore the scattered electron may be polarized also 
in case of unpolarized particles collisions.  
The charge asymmetry is shown in Fig. 2 as a 
function of the polar angle θ, for Ca (Z=20, x=0.15)
(black, solid line) and Pb (Z=82, x=0.6) (red, 
dashed line) at E=3 GeV. The charge asymmetry 
is almost constant with energy, in the relativistic 
limit. It increases with angle, and reach measur-
able values of a few percent. The present calcula-
tion is valid for small scattering angles. 
The normal component of the polarization of the 
outgoing electron is drawn in Fig. 3 as a function of 
x for θ=5 deg (black, solid line), and  θ=10 deg 
(red, solid line). The corresponding dashed lines 
are the result of the first order calculation. This ob-
servable is very small and negative (note that the 
vertical scale is multiplied by 10

7
).  

Excitation of physical vacuum 
We suggested the possibility of observing the exci-
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Fig.3 Polarization of the scattered electron  as a 
function of x θ=5 deg (black, solid line), and  θ=10 
deg red, solid line),  E=3 GeV. Dashed lines are 
the result of the first order calculation. 

Fig. 2 Charge asymmetry as a function of the scat-
tering angle for Z=20 (black, solid line) and Z=82 
(red, dashed line), at E=3 GeV. 
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G0 experiment at Jefferson Lab.G0 experiment at Jefferson Lab.G0 experiment at Jefferson Lab.   

L’expérience G0 est une expérience de mesure de violation de parité dans la diffusion d’électrons polarisés 
sur les nucléons. Le but principal est la détermination d’une éventuelle contribution du quark étrange aux 
propriétés électrique et magnétique du proton. L’ensemble expérimental a servi pour les mesures aux an-
gles avants et aux angles arrières. Ainsi ont pu être mesurées les asymétries non seulement pour les élec-
trons élastiquement diffusés sur le proton mais aussi les quasi élastiques  après interaction avec une cible 
de deutérium, les électrons diffusés inélastiquement et les pions issus des mêmes interactions. Une grande 
moisson de résultats a été  analysée qui apporte de nouveaux éléments sur notre connaissance des fac-
teurs de formes étrange et axiaux des nucléons.  
 

NUPPAC [2] and are shown in Fig.1. 

Data taking 
The total charge of incident beam on different tar-
gets is given in Table 1, for the different energies. 
A long serie of additionnal measurements have 
also been recorded for detailed studies of accura-
cy, false asymmetries, backgrounds and dilutions 
factors. 

Analysis and results 
The analysis procedure was similar for both con-
figurations; blinding factors were introduced to pre-
vent distortion in the analysis from any expecta-
tion. After rejecting all quartets including bad 
events, the raw asymmetries were calculated from 
which we could verify the data quality. Corrections 
coming from beam quality and instrumental effects 
were applied, followed by all the corrections com-
ing from background contamination. Then the re-
sults were unblinded to allow combination with 

Motivation 
Three asymmetry measurements are necessary to 
extract G

z
E, G

z
M  and G

e
A - from  which the strange 

form-factors can be deduced [1]. The asymmetry 
of the reaction for the two helicity states of the 
beam can be expressed as: 

 

where: 

 
Q

2 
is the squared four-

momentum transfer (Q
2
 > 0), GF and  the usual 

weak and electromagnetic couplings, Mp the proton 
mass and  the laboratory electron scattering an-

gle. G E and G M are the electromagnetic form-

factors, G
z
E and G

z
M are the electroweak form-

factors and G
e
A is the effective axial form-factor of 

the proton seen in parity-violating electron scatter-
ing. From the measurements of G

z
E, G

z
M and G

e
A 

and the knowledge of the electromagnetic form-
factors of the proton and the neutron, it is possible 
to extract the s quark contribution (Gs

E and Gs
M ) to 

the nucleon structure. This decomposition only 
relies on charge symmetry of the nucleon and on 
the assumption that only the light quark flavours 
contribute to these form factors. Finally the meas-
ured asymmetry can be expressed in terms of 
strange form factors: 

A =  +  Gs
E  + Gs

M  +   G
e
A  

where  is the asymmetry known from neutron and 

proton form factors (for the G0 experiment  varies 

between -1 and -35 x10
-6 

). 

Experimental setup 
To undertake the experiment a specialized instru-
mentation apparatus has been set up in Hall C of 
Jefferson Laboratory, Newport News, Virginia, 
USA. Both forward and backward angle configura-
tions were described in detail in contributions to 
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IPNO Participation: L. Bimbot, S.Ong, J. Van de Wiele et J. Arvieux+   
 
Collaboration : http://www.npl.uiuc.edu/exp/G0/admin/g0-phone-book.html 
 

Figure 1 Experimental setup 

 362 MeV 687 MeV 3.30 GeV 

Hydrogen ~90C ~100C  ~101C 

Deuterium ~70C ~45C  

Table 1 Total charge on target 
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Summary 
In summary, we have measured forward angle pa-
rity violating asymmetries in elastic electron-proton  
in the range of Q

2
 = 0.15 to 1.0 GeV

2 
and back-

ward angle parityviolating asymmetries in elastic 
electron-proton and quasielastic electron-deuteron 
scattering at Q

2
 = 0.221 and 0.628 GeV

2
. These 

asymmetries determine the neutral weak interac-
tion analogs of the ordinary charge and magnetic 
form factors of the nucleon, together with the effec-
tive axial form factor. From the asymmetries we 
have determined G

s
E, G

s
M, and G

e
A

T=1
, which indi-

cate that the strange quark contributions to the 
nucleon form factors are ~ 10%, and provide the 
first information on the Q

2  
dependence of G

e
A

T=1
. 

Future forward angle experiments at Q
2 
= 0.63 

GeV
2
 at Jefferson Lab and Mainz will further impro-

ve the precision of these determinations.Other new 
data on parity violation will soon complement these 
studies leading to a better knowledge of hadronic 
effects at low Q

2
. The next challenge for the parity-

violating electron scattering is the search of phys-
ics beyond the Standard Model, part for example, 
of the already planned Qweak experiment at JLab 
[12].  
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other world results, starting with the G0 forward 
angle measurements to enable the determination 
of individual strange and axial form factors. 

Forward measurements results 
For eighteen values of Q

2
, the asymmetries have 

been measured simultaneously, the results of 

which are presented in Fig.2, together with the li-
near combinations of G

s
E, G

s
M , extracted from the 

asymmetries [3]. 

Backward measurements results 
Only two Q

2 
regions have been explored at back-

ward angle because of time limitation. Combined 
with the forward angle measurements it was possi-
ble to extract all the form factors separately with 
data from G0 only. The results are presented in           
Fig.3 with some theoretical calculations.  

Figure 3 G 
s
E, G 

s
M and G 

e
A determined by the G0 

experiment forward and backward angle measure-
ments [4]. Results are compared to other experi-
ments [5], [6] and [9] and to recent calculations [7], 
[8], [10] and [11].  

Figure 2 Asymmetries and form factors 
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GGGEpEpEp---III and III and III and GGGEpEpEp---222    at Jefferson Labat Jefferson Labat Jefferson Lab   

L’étude des facteurs de forme électrique (GEp) et magnétique (GMp) du proton par la  mesure de la polari-
sation du proton de recul dans une diffusion élastique d’électrons polarisés s’est révélée mieux adaptée à 
leur détermination que la méthode de séparation de Rosenbluth. Des expériences faites dans le hall A de 
Jefferson Lab (JLab) ont mis en évidence une décroissance continue de GEp quand Q

2
 augmente. De nou-

velles expériences dans le hall C ont permis d’étendre les mesures du rapport  GEp/GMp  [GEp-III] jusqu’à 
8,49 (GeV/c)

2
 et de valider la méthode qui est basée sur le mécanisme d'échange d'un photon. L'expérien-

ce [GEp-2 ] a montré que le rapport des facteurs de forme du proton GEp/GMp est constant en fonction de 

 (polarisation linéaire du photon virtuel) et donc de réfuter un rôle éventuel  d’un processus à deux pho-

tons. 

meter is completely new and is working in two sta-
ges with additionnal tracking chambers placed  
between two analyzer blocks to improve the factor 
of merit of proton polarization determination at hig-
her energies. The electron is detected  in coinci-
dence in a lead glass calorimeter. 

When CEBAF started to deliver intense beam of 
electrons it was possible to consider measuring 
polarisation of the exit particles by means of a se-
cond scattering. The hall A was first equipped with 
a polarimeter for proton placed at the focal plane of 
one the two identical spectrometers. This made 
possible the use of the polarisation of the recoiled 
proton from electron elastic scattering on hydrogen 
to determine precisely the ratio of the electric to 
magnetic form factor of the proton [1]. From the 
theoretical formalism, this ratio is directly proportio-

nal to the measured polarisations: 
Due to precession in the magnet the transverse 
and longitudinal polarisations, Pt and Pl  are mea-
sured simultaneously. In the formula Ee and E’e are 

the electron energies before and after scattering, e 

is the electron scattering angle and M is the proton 
mass. Before these measurements, this ratio was 
supposed to be constant, this assumption being 
consistent with the measurements using the Ro-
senbluth separation method: see results in Fig. 1.  
The results obtained with the recoil polarisation 
method are shown in blue on the same figure and 
present a different behaviour: a continous decrea-
sing of GEp for increasing Q

2
 up to 6 (GeV/c)

2.
. 

This puzzling observation has been confirmed by 2 
sets of measurements perfectly overlapping. The  
results of these specific measurements are pre-
sented separateley, with a linear scale in Q

2 
in Fi-

gure 2, together with the expected  error bars for  
the measurements to come, in red for the present 
experiment and in black for the submitted experi-
ment to be run after the upgrade of JLab at 12 
GeV. 
Since fall 2007 a new setup is being used to imple-
ment the results obtained using the recoil polarisa-
tion, in the hall C at JLab. The focal plane polari- 

IPNO Participation: L. Bimbot and E.Tomasi-Gustafsson 
 
Collaboration: Christopher Newport University, College William & Mary, Norfolk State University, Jef-
ferson Lab., Argonne National Laboratory, California State University at Los Angeles, DAPNIA Sa-
clay, Florida State University, IHEP Protvino, INFN-ISS, IPNO, Kent State University, LHE JINR Dub-
na, M.I.T., Northwestern University, Old Dominion University, Rutgers University,  University of Ma-
ryland, University of New Hampshire, Universiy of Regina. 

Figure. 1 Experimental results from Rosenbluth 
separation (red) and recoil polarisations (blue). 

Figure 2. Results from recoil polarisation method: 
previous data (black full square), this experiment 
(red open circle) and expected measurement at 
JLab 12 GeV with the new spectrometer SHMS in 
hall C (open symbols). 
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Figure 4. Form factor ratio in GEp-2g experiment. 
Theoretical predictions from GPD [5], hadronic 
from Blunden et al.[6], BLW and COZ using proton 
distribution amplitudes from [7], SF method include 
higher order radiative corrections from  [8]. 

Figure 3. μGEp/GMp (filled triangles) as a function 
of Q

2
 from GEp-III experiment. Also shown for 

comparison, the results from GEp-I (filled circles), 
GEp-II (filled squares) and Rosenbluth separation 
(empty triangles) data. Only statistical uncertainties 
are shown. 

 

and polarization transfer must come from experi-
ments. The  GEp-2γ experiment, shows a stability 
of the recoil polarisation method to extract the ratio 

 

Future 
The measurement of nucleon form factors to the 
highest possible Q

2
 is one of the prime tenets of 

the JLab 12 GeV upgrade. Two new proposals, 
GEp-IV [9] and GEp-V [10], were submitted to the 
JLab PAC 34 and 32, respectively, to extend the 
proton form factor ratio measurements, when a 12 
GeV beam will become available with the upgrade 
of the CEBAF accelerator. In the experiment GEp-
IV (GEp-V) the ratio will be measured in Hall C 
(Hall A) up to 13 (14.8) GeV

2
. These planned ex-

periments, covering a Q
2
 range of 10-15 GeV

2
, will 

determine the further behavior of the ratio GEp/

GMp, if it continues to decrease and eventually 
crosses zero. 
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 of form factor independently on the value of . 
Since the setting of the HMS is fixed, the transport 
of the spin from the focal plane back to the target 
is the same for all the data points. For these rea-
sons the systematic uncertainty is quite small for 
the final GEp-2γ results.The preliminary results for 
the mGEp/GMp ratio at Q

2
=2.49 GeV

2
, at three 

values of e of 0.14, 0.63 and 0.79, are shown in 
Fig. 4; no deviation from a constant value is seen 
at the level of 0.01 absolute, following the Born 
approximation at this Q

2
. 

 

Conclusions 
The new data from the GEp-III experiment at hig-
her Q

2
, although still preliminary, show a smaller 

decrease of  GEp/GMp with Q
2
 relative to the li-

near decrease observed in the Hall A data for Q
2 
≤ 

5.6 GeV
2
. Although the statistical significance of 

this change in behavior is somewhat marginal, its 
physical implications are interesting to consider. A 

constant ratio GEp/GMp  at asymptotically large 

Q
2
 is a signature of the onset of the dimensional 

scaling expected from perturbative QCD for a nu-
cleon consisting of three weakly interacting quarks. 
The final answer about the origin of the discrepan-
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Exotic low mass narrow baryons from charge exchange Exotic low mass narrow baryons from charge exchange Exotic low mass narrow baryons from charge exchange    
reactions and one pion electroproduction at JLAB reactions and one pion electroproduction at JLAB reactions and one pion electroproduction at JLAB    

Les résultats des mesures des réactions d’échange de charge utilisant des hadrons  incidents, sont réana-
lysés dans la région du Δ et en dessous. L’objectif de cette étude est de vérifier si les maxima des oscilla-
tions observées  dans les spectres de sections efficaces, correspondent aux masses des baryons étroits, 
faiblement excités, observés précédemment. Les fonctions de structure des sections efficaces d’ électro-
production d’ un pion, mesurées  à JLAB, sont réanalysées. Les sections efficaces des fonctions σTT, σTL et 
σT+ε σL, sont décrites à l’aide du modèle phènomènologique MAID2007. Les différences entre les spectres 
expérimentaux et les résultats du modèle, sont ajustées par des gaussiennes, de largeur constante, ajus-
tées sur les masses des résonances baryoniques exotiques, déterminées précédemment par d’autres ex-
périences. On obtient une nette amélioration entre les valeurs expérimentales et les descriptions, après 
introduction des structures baryoniques étroites aux masses fixées auparavant. 

Narrow baryonic structures were previously extrac-
ted at stable masses, from missing masses and 
invariant masses of the following reactions: 
p+p→p+π+X, p+p→p+p+X, and α+p→α’+X. These 
three reactions, as well as the reactions discussed 
now, were studied at the beam lines SPES3 and 
principally SPES4 at Saturne.  

Charge exchange reactions 
A large number of charge-exchange reactions we-
re investigated with the aim to study isospin-spin 
excitations. The corresponding missing mass  ran-
ge from nucleon up to Δ(1232), therefore are 
convenient for the present study. The performed 
reanalysis concerns the following reactions [1]: 
pp →nΔ++, pd →2pΔ

0
, d

12
C →2pX, p

3
He →tΔ++,  

d
3
He →tX,  

12
C

3
He →tX,  

12
Cp →Δ

0
 
12

N; 
20

Ne p →Δ
++20

F,  
12

Ne p,→Δ
0 20

Na, 
12

C(
12

C →
12

C)X 
12

C(
14

N →
14

C)X; p(
16

O →
16

N)X,  
12

C(
16

O →
16

N)X,   
27

Al(
20

Ne →
20

Na)X,  and 
27

Al(
20

Ne →
20

F)X. 
These reactions were measured at different angles 
and different incident energies. The data are read, 
as well as the calculated cross-sections, when gi-
ven, which included the quasi-elastic contribution 
and the final state interaction (Δ-N interaction and 
ΔN→NN process). The result of this calculation is 
taken as background. Namely we fit the difference 
between data and the calculation with the function 
summing the gaussians corresponding to the 
narrow structures. In the following figures, the posi-
tions of the narrow structure masses are identified 
by greek letters as follows: M=1004 MeV(α), 1044
(β), 1094(γ), 1136(δ), 1173(ε), 1210(λ), 1249(η), 
1277(φ), 1339(ν), and 1384 MeV.  
The oscillating behaviour in all two figures shown, 
one and two, is well fitted by the masses of the 
narrow baryonic structures. A large improvement is 
obtained in the description of the data. The mean 
value of the statistical significance χ

2 
 of the data, 

shown in figure 1, is improved from 21.7 up to 1.9. 
These structures were associated with quark clus-
ters. In order to reproduce the masses of exotic, 
narrow, and weakly excited baryons, we use a  
phenomenological relation which describe them by  

IPNO Participation: B, Tatischeff and E. Tomasi-Gustafsson  
 

Fig.1 Cross-section of the p(d,2p)Δ0 
reaction, versus Mx at 

Td=2 GeV, θ=0.50  in insert (a), and θ=4.30  in insert (b) [2]. 

a configuration adding one (or more) q-qbar pairs 
to the classical configuration. Two parameters are 
adjusted to reproduce the masses, spins and isos-
pins of the nucleon and of the Roper N

*
(1440) re-

sonance, M0 = 838.2 MeV and M1= 100.3 MeV,  
allow to reproduce the masses of most of the ten 
excited states existing between them. 
 
Figure 2 shows the forward cross-section of 

12
C 

charge exchange reaction. We observe in all figu-
res, a very good agreement, between the maxima 
of the experimental structures and their masses, 
located by vertical arrows. 

One pion electro and photoproduction at JLAB 
The structure functions of one pion electroproduc-
tion cross-sections, measured at JLAB, are studied 
to add information on the possible existence of 
narrow exotic baryonic resonances.  
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Fig. 2 Cross-section of the p(12C,12N) reaction at Tp=1100 
MeV/N, θ=00  [3]. 

The σTT, σTL and σT+ε.σL functions are described with 
the help of the phenomenological model MAID2-
007 [4]. The differences between data and model 
are fitted by single width gaussians, at the masses 
of these resonances, previously determined on the 
basis of different experiments. No attempt is done 
to adjust any mass. Such procedure assumes no 
interference between background and resonances. 

The γp→π
0
p reaction 

The backward cross-sections of the structure func-
tions of the γp→π

0
p reaction, were measured by 

the Hall A collaboration at four angles θ and at 
Q

2
=1 (GeV/c)

2 
[5]. The angular variations of all 

three structure functions display continuous sha-
pes for nearly all seven narrow structure masses, 
namely: M=1136 MeV, 1210 MeV, 1277 MeV, 
1339 MeV, 1384 MeV, 1480 MeV and 1540 MeV. 
Only one distribution, corresponding to ζTL function 
for M=1136 MeV, displays a not smooth shape. 
The improvement between data and final fits is 
noteworthy; indeed before the introduction of the 
narrow structure contributions, the experimental 
data have to be compared to the baseline. The 
mean χ

2 
 is reduced from 24 to 3.1. 

The γp→π
+
n reaction 

The γp→π
+
n reaction was measured at JLAB in 

Hall B, by the CLAS collaboration [6]. The cross-
section of the three structure functions were ex-
tracted at four values of the momentum transfers: 
Q

2
=0.3, 0.4, 0.5, and 0.6 (GeV/c)

2
 and ten angles 

from θ=7.5
0 
up to 142.5

0 
.
 
Figure 3 shows a redu-

ced sample of structure function data, after subs-
traction of  the corresponding MAID2007 calcula-
ted results[4]. No attempt to get a better adjust-
ment by shifting the masses is done on the fits. A 
large improvement between data and theory is 
observed. Quantitatively  the  mean χ

2
, obtained 

on a large number of structure functions, is redu-
ced from 55 until 9.3. The ζTT structure functions of 
the γp→π

+
n reaction, contribute to a large part of 

the uncertainty on the previous χ
2  

value. The ex-
tracted structure surfaces, exhibit rather smooth 
angular variations. 
Although the two discussed experiments, namely 
one pion photoproduction reaction on proton, were 
performed with another aim, therefore with a reso-
lution not appropriate for the present study, we 
have shown that their analysis is essentially        

Figure 3. The reaction γp→π+n [6]. σT+ε.σL  structure func-
tion, at Q2=0.3 (GeV/c)2  for  θ=52.50  insert (a), and 
θ=127.50 insert (b),  σTT  structure  function  at  Q2=0.3  
(GeV /c)2    and θ=97.50 , insert (c), σTL structure function at 
Q2=0.4 (GeV/c)2  and θ=67.50 insert (d) .The red lines are 
the final fit, the gaussians are shown as black lines. 

improved after introduction of narrow low mass 
baryonic structures. Indeed the description with 
MAID is sometimes more qualitative than quantita-
tive. The difference between data and results from 
MAID calculations, exhibit narrow peaks. The en-
tire range discussed here, can be described by 
structures at the masses extracted from previous 
experiments performed with hadrons and previous 
analysis. 
 
In conclusion, this work increases the experimental 
signatures for the excitation of low mass baryons, 
previously observed in different reactions. A large 
improvement is obtained in the description of the 
data by a fit which takes narrow structures into ac-
count by gaussians with pre-determined masses 
and with widths given by the experimental resolu-
tion.  
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The PVA4 parity violation experimentThe PVA4 parity violation experimentThe PVA4 parity violation experiment   

Le but de l’expérience  PVA4 est l’extraction de la contribution des quarks  étranges aux facteurs de forme 
électrique et magnétique du nucléon. Pour se faire, on étudie la diffusion élastique d’électrons polarisés 
longitudinalement sur des protons. Les asymétries résultantes sont sensibles à l’interaction faible violant la 
parité. Les mesures comprennent des prises de données aux angles avant et arrière, avec des cibles à 
hydrogène et à deuterium liquides. L'ensemble des mesures permet la séparation des facteurs de forme 
étranges G

s
E et G

s
M , ainsi que le facteur de forme axiale G

p
A . L'augmentation de l'énergie de MAMI à 1500 

MeV, donne accès à des valeurs plus élevées de Q
2
. 

tion, covering angles between 140 and 150° the 
experiment is mainly sensitive to G

s
M. The PVA4 

collaboration performed two forward angle measu-
rements at momentum transfers of 0.11 (GeV/c)

2
 

and 0.23 (GeV/c)
2
, while a third one at 0.60 (GeV/

c)
2 
is currently under way. A backward-angle mea-

surement at a momentum transfer of 0.23 (GeV/c)
2
 

has been performed as well. As AA is not negligible 
at backward angles, PVA4 performed also a mea-

surement on a deuterium target at that momentum 
transfer. 

Experimental set-up 
The experiment is located at the MAMI accelerator 
of the Institut für Kernphysik in Mainz, Germany. 
An electron source produces a polarized electron 
beam with an average polarization of 80%. The 
electron beam intensity is 20 μA. The beam polari-
zation is measured on a regular basis with a Møller 
polarimeter. During data taking the polarization is 
monitored with a transmission Compton polarime-
ter situated in the experimental hall before the 
main experiment. The electron spin is randomly 

Parity violation in electron scattering 
The PVA4 Collaboration at the MAMI accelerator 
in Mainz measures the parity violating asymmetry 
in the cross-section of elastic scattering of longitu-
dinally polarized electrons off unpolarized protons. 
The contributions can be expressed in terms of the 
strange electric and magnetic form factors G

s
E and 

G
s
M. 

 
The asymmetry APV in the cross-section of elastic 
scattering of right- and left-handed polarized elec-
trons off unpolarized protons can be written 
(omitting radiative corrections) as a sum of three 
terms: 
 

APV= kinematic factor *(AV + AS + AA), 
 
where AV represents the asymmetry due to the 
vector coupling at the proton vertex without stran-
geness contribution, AS is the asymmetry arising 
from the strangeness contribution only and AA re-
presents the asymmetry due to the axial coupling 
at the proton vertex.  
 
By measuring the asymmetry APV, and using the 
known electromagnetic form factors of the nucleon 
to determine AV, it is possible to determine AS, as-
suming that AA is small. Subsequently a linear 
combination of G

s
E and G

s
M can be derived from 

AS. For a separate determination of G
s
E and G

s
M it 

is necessary to perform at least two measurements 
at the same momentum transfer Q

2
, but at different 

scattering angles. Finally the assumption that AA is 
small can be checked by a third measurement on a 
deuterium target at the same Q

2
. PVA4 aims at 

doing the complete separation using its own data, 
by performing all three measurements at a given 
Q

2
.   

Forward and backward angles 

The PVA4 experiment has two possible configura-
tions. In the forward-scattering configuration the 
angles from 30-40° are covered and the experi-
ment is sensitive to G

s
E + ŋ · G

s
M, where ŋ de-

pends on Q
2
. In the backward-scattering configura-

IPNO Participation: R. Kunne, M. Morlet, S. Ong, J. Van de Wiele 
 
Collaboration : IKP Mainz, LNS-MIT Cambridge 
 

         Fig. 1: The PVA4 detector in the 
backward configuration. 
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doubt on this simple picture. To investigate if two 
photon exchanges are more important than pre-
viously assumed, the measurement of other polari-
zation observables might help. One such observa-
ble is the transfer beam spin asymmetry AT in the 
elastic scattering of transversely polarized elec-
trons of unpolarized protons, which is directly sen-
sitive to two photon effects by interference with the 
Born amplitude. In parallel with the main experi-
ment, the collaboration performed two measure-
ments at momentum transfers of 0.11 (GeV/c)

2
 and 

0.23 (GeV/c)
2
, while data taking has started on a 

third one at 0.60 (GeV/c)
2
. 

Results and outlook 
In 2008 and 2009 we took more than 1000 hours 
of asymmetry data for the Q

2
 = 0.23 (GeV/c)

2
 back-

ward angle measurement with deuterium and pro-
ton target. This completed our measurement pro-
gram at that particular momentum transfer and 
allowed for the first time the disentanglement of 
G

s
M and G

s
E  using data from the same experiment.   

The result   
G

s
E = 0.050 ± 0.060 

G
s
M = -0.14 ± 0.22  

is shown in figure 3. The errors include statistics 
and systematics, while the third error takes into 
account the uncertainty in the electromagnetic 
form factors. G

s
E and G

s
M are small and compatible 

with the assumption of no strangeness. The analy-
sis of the deuterium data, and the separation of 
G

s
M  and the axial form factor G

p
A  is under way. 

 
The upgrade of MAMI increased the energy from 
855 MeV to 1508 MeV, which allows data taking at 
Q

2
 = 0.62 (GeV/c)

2
. This forward angles measure-

ment corresponds to a backward angle measure-
ment performed by the experiment G0 at the same 
momentum transfer. The technical challenge was 
the adjustment and new installation of the beam 
stabilization systems capable of managing the 
doubling of the energy. It is expected that 700 
hours of data taking will be sufficient. After a com-
missioning run, a second run has allowed us to 
collect already one third of the data. 

reversed with a frequency of 50 Hz. An indepen-
dent working half wave plate in the laser beam at 
the electron source can flip the polarization as well.  
 
In the forward configuration a liquid hydrogen tar-
get with 10 cm length is used, while in the back-
ward setup the electrons are scattered off a 23 cm 
length target. The luminosity is monitored by eight 
water Cerenkov counters monitors placed between 
4 and 10°.  
 
Special care has been taken to minimize false 
asymmetries coming from helicity correlated beam 
differences in position, angle, energy or intensity. 
Several feedback systems have been installed to 
control and minimize such beam fluctuations. 
 
The scattered electrons are detected in a calorime-
ter that consists of 1022 PbF2 crystals to which the 
IPN Orsay contributed. The crystals are placed in 7 
rings of 146 crystals. For each accepted event the 
signals of 3x3 adjacent crystals are summed, digiti-
zed and stored in real time in histograms.  

To reduce the background in the backward confi-
guration from photons originating from the decays 
of inelastically produced π

0
's, a plastic scintillator 

system is installed between the target chamber 
and the detector. Events are stored in different his-
tograms depending on whether a signal from the 
scintillator is detected in coincidence with a signal 
in the PbF2 calorimeter or not.   

Transverse beam spin asymmetry 

The elastic scattering of electrons on protons has 
always been approximated as a single photon ex-
change process. Higher order processes like two-
photon exchange, are treated as small ‘’radiative’’ 
corrections. Recent polarization transfer measure-
ments at Jefferson Laboratory have put serious 

Fig.3: Separation of form factors at Q
2
 = 0.23 

(GeV/c)
2
 .  The solid line with its error band repre-

sents the backward angle result. Also shown are 
some theoretical predictions.  

Published in PRL 102 (2009) 151803. 

Fig.2: The detector illuminated by UV light, 
used to fight aging of the crystals. 
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Etude des Distributions de Partons Généralisées Etude des Distributions de Partons Généralisées Etude des Distributions de Partons Généralisées    
du nucléon à CLASdu nucléon à CLASdu nucléon à CLAS   

The group is studying the Generalized Parton Distributions of the nucleon by measuring a series of exclusi-
ve meson and photon electroproduction processes at the Jefferson Laboratory. We summarize below our 
activities and results of these past two years. 

and that thus a quark-level GPD interpretation is 
possible, Fig.1 shows how the size of the nucleon 
tends to increase (i.e. the t slope sharpens) as the 
probed momentum fraction of the quarks decrease 
(i.e. xB decreases). In other words, this suggests 
that high-momentum quarks (xB close to 1), i.e. the 
valence region) would tend to be located in the 
core of the nucleon while low-momentum quarks 
(xB close to 0), i.e. the ``sea" region of quark-
antiquark pairs, would extend up to the periphery, 
in accordance with a traditional image of a meson 
cloud surrounding the nucleon core. 

 
 

Fig.1: Longitudinal cross section d /dt (in b/GeV
2
) 

for the *p ->p
0
 reaction for all our (xB,Q

2
) bins as 

a function of t (in GeV
2
).  

 
The GPDs are universal objects. This means that 
the same quantities (weighted by different kinema-
tic or charge coefficients) can be accessed in other 
exclusive processes. It is therefore important to 
validate and confirm the preliminary conclusions 

that are drawn from the 
0
 channel by studying 

other channels. We have therefore also explored 

the exclusive electroproduction of the 
+
 meson. 

Fig.2 shows the (longitudinal) differential cross 

section d /dt of the *p ->n
+
 process for different 

(xB,Q
2
) bins. The same xB evolution of the t slope 

as in Fig.1 is observed, providing further ground 
and constraints for GPD interpretation. This is the 
world first ever measurement of this reaction, 
which has been the PhD subject of A. Fradi who 

Generalized Parton Distributions (GPDs) have 
emerged this past decade as a powerful concept 
and tool to study nucleon structure. Among many 
aspects, the GPDs describe the (correlated) spatial 
and momentum distributions of the quarks in the 
nucleon, a feature unknown to this day. As a 
consequence of these (longitudinal) momentum-
(transverse) space correlations, there is the possi-
bility to access the contribution of quarks to the 
orbital momentum of the nucleon. This is of great 
interest for instance for the "spin puzzle" of the 
nucleon, a long-standing issue in nucleon structure 
studies. 
GPDs are the structure functions which are acces-
sed in hard exclusive leptoproduction of a photon 

( ) or a meson (M) on the nucleon (N), such as:  

*N->N(M, ). Jefferson Lab, with its 6 GeV conti-

nous electron beam (to be upgraded to 12 GeV in 
a couple of years), is a unique facility to begin to 
explore these exclusive processes in a systematic 
and precise fashion and extract some first insights 
on GPDs. 
Our group has played a leading role for several 
years in this GPD experimental program within the 
JLab Hall B collaboration, which uses the large 
acceptance CLAS spectrometer. We review in this 
short report our activity of these past two years.  
Early 2009, we have published the largest set ever 
of total and differential cross sections for the exclu-

sive electroproduction of the 
0
 meson (see Ref.

[1]). Fig.1 (which made the cover page of the first 
EPJA issue of 2009) shows the (longitudinal) diffe-

rential cross section d /dt for this process for diffe-

rent (xB,Q
2
) bins. The Q

2 
variable represents the 

"hardness" of the collision. If it is sufficiently large, 

the whole *p ->p
0
 process can be interpreted in 

terms of a collision between the virtual photon * 

and a quark inside the nucleon. The xB variable 
can then be associated, in a first approximation, to 
the momentum fraction of the quark which is hit by 
this virtual photon. The t variable, which represents 
the momentum transfer between the final and ini-
tial state proton, can be associated to the size of 
the target nucleon. Precisely, the slope of  

d /dt reflects, under certain conditions, the size of 

the target nucleon. Thus, under the reserve that 
the experimental data are at sufficiently large Q

2 
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See Ref.[2] for description of variables, curves and 
other data points. 
In this experiment, we also analyzed a side-

product, the DVCS process on the  nucleon reso-

nance: *p -> with the decaying into a pion and 

a nucleon. A first-ever beam spin asymmetry si-
gnal for this channel has been observed. This pro-
mises to give access to the space-momentum cor-
relations of quarks in  the excited states of the nu-
cleon as well. This has been the PhD subject of B. 
Moreno who defended in July 2009 (adviser M. 
Mac Cormick). 
Besides data analysis, we have taken data in 2009 
during about three months for a new DVCS experi-
ment which used a longitudinally polarized target. 
S. Niccolai is one of the spokespersons of this ex-
periment. Target spin asymmetries allow to disen-
tangle various GPDs and are a necessary comple-
ment to beam spin asymmetries. Data are now 
under analysis by S. Pisano with first preliminary 
results expected by the end of 2010. 
Finally, the group is also carrying phenomenologi-
cal studies of GPDs by modeling them and/or fit-
ting the experimental data in order to extract them. 
In particular, these past two years, a fitting code 
has been developed aimed at fitting the DVCS 
world data. This work has been the subject of three 
articles and has led to the first-ever model-
independent extraction of several GPDs at particu-
lar kinematics (see Refs [3]).  
Concerning perspectives, the group is, in parallel 
to these current activities, preparing the mid-term 
future in relation with 12 GeV energy upgrade of 
JLab. We have submitted a letter of intent in 2009 
for an original study of the DVCS on the neutron, 
which is a barely explored process. The aim is, on 
the one hand, to carry out a flavor (u and d quarks) 
separation of the GPDs by combining the neutron 
and proton DVCS data and, on the other hand, to 
have access to the particular E GPD, which is very 
sensitive to the orbital momentum contribution of 
the quarks to the nucleon spin. There is an asso-
ciated R&D project for building a neutron detector, 
which is the subject of another contribution in this 
yearbook. 

References 
[1] S. Morrow et al., Eur.Phys.J. A 39, 5 (2009) 
[2] F.-X. Girod et al., Phys.Rev.Lett. 100, 162002 
(2008). 
[3] M. Guidal, Eur.Phys.J. A 37, 319 (2008); M. 
Guidal and H. Moutarde, Eur.Phys.J. A 42, 71 
(2009); M. Guidal, arXiv:1003.0307 [hep-ph].  
 
 
 
 
 
 
 
 
 
 
 

defended in July 2009 (adviser M. Guidal). The 
article is in preparation. 

 
 

Fig.2: Longitudinal cross section d /dt (in b/GeV
2
) 

for the *p ->n
+
 reaction for all our (xB,Q

2
) bins as 

a function of t (in GeV
2
). 

 
Besides meson channels, we also have a strong 

implication in the DVCS ( *p ->p  program. DVCS 

has a different sensitivity to GPDs than meson pro-
duction channels. In particular, its theoretical inter-
pretation is expected to  suffer less corrections and 
uncertainties which should provide a more direct 
access to GPDs. We are still in the process of fina-
lizing the extraction of the DVCS cross section 
from the data that we took a few years ago. Howe-
ver, beam spin asymmetries (easier to extract as 
no normalization is required) were published in 
2008 (see Fig.3 and Ref. [2]). We recall that the 
IPN detector and electronics groups built a dedica-
ted electromagnetic calorimeter based on PbWO4 
crystals in order to detect the final state photon of 

the process.  
 
 
Fig.3: Solid circles: DVCS beam spin asymmetry at 

=90
o
 as a function of t for different (xB,Q

2
) bins. 
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Latest Results from GRAALLatest Results from GRAALLatest Results from GRAAL   

Depuis l’arrêt de l’expérience GRAAL à l’ESRF de Grenoble en 2008, plusieurs publications sont apparues.   
Elles résultent de l’analyse des états finals complexes menée à bien par les différentes équipes de la Colla-
boration GRAAL. Il s’agit de la photo-production simultanée de π° et de η, la mesure des observables de 
polarisation correspondant au canal KΛ, la photo-production de π° et de η sur le neutron et enfin, 
l’observation des effets du milieu nucléaire affectant la photo-production de mésons sur les noyaux. 

Figure 1 : In part (a), various data on the total 
cross section for η photoproduction on the proton. 
In (b), the ratio of the cross section on the neutron  
to the one on the proton is shown: by solid squares 
(this work), thick line from the MAID code and thin 
line from Zhao model. In (c), the total cross section 
on the free proton deduced from (a): empty circles 
and the one scaled for the free neutron: dots. 
Predictions from MAID and Zhao: thick and thin 
lines respectively (continuous for the neutron and 
dotted for the proton).  
 
 
plete kinematical reconstruction of the final state 
and therefore, determination of the momentum of 
the so called « spectator nucleon ». This in turn 
permits the selection of quasi-free events and cor-
rections for any underlying background.                                             
The analysis compares quasi-free nucleon data 
(neutron and proton) to previous free proton data 
to access « free » neutron observables.  
As shown on Fig. 1, the total cross section on the 
neutron is found to be higher than the proton one 

Simultaneous photoproduction of π° and 
ηmesons on the proton  
The two baryonic resonances S11(1535) and Δ
(1700) are expected to be dynamically generated 
in this channel, as quasi-bound states of a meson 
and a baryon. It is remarkable that there is almost 
no excitation of the S11(1535), but exclusive 
excitation of the Δ(1700), decaying to η Δ(1232) 
and then to η π° p. This decay mode for the  Δ
(1700) was not known before. Therefore, the Δ
(1700) could be considered as a Δ(1232) + η in the 
same way as the S11(1535) can be described as a 
N + η system (Ref. 1).  

Polarization observables for the γp → KΛ 
reaction     
The KΛ channel has been presented since the 
beginning of the GRAAL venture, as the most 
promising one, because it allows to measure 
double polarization observables, the Λ polarization 
in the final state being accessible through its decay 
products. The double polarization (beam-recoil) 
observables Ox and  Oz have been measured 
from threshold to 1500 MeV. Values for the target 
asymmetry T could also be extracted, despite the 
use of an unpolarized target. Those new data 
confirm the complexity of this channel, by requiring 
inclusion of poorly known resonances in theoretical 
models (Ref. 2). 

Photoproductionon of π° or η meson on the 
neutron  
The beam asymmetry Σ for π° has been measured 
from quasi-free nucleons in a deuterium target. 
Results are very similar to those obtained with a 
free proton target below 0.82 GeV and significantly 
different at higher energies (Ref. 3). The values 
are fairly well reproduced by recent partial wave 
analysis.  
 
Σ beam asymmetries and cross sections for η have 
been deduced from the photoproduction on quasi-
free nucleons in a deuterium target. The analysis 
has been completed by our late colleague E. Hou-
rany using an original method similar to the one 
used for the double π° photoproduction on the 
neutron (Ref 4).  The GRAAL detector allows com 
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above a beam energy of 1 GeV. There is no 
accident in the ratio (n/p), as reported in other 
analysis from GRAAL or recent  data from EL-
SA (Bonn). Such an accident, which has been 
tentatively interpreted as due to a possible non
-strange pentaquark, is ruled out by the pre-
sent analysis. 
As shown on Fig. 2, the Σ beam asymmetries  
are positive and large, in particular at backward 
angles and beam energies larger than 1 GeV, 
as anticipated from recent partial wave analy-
sis. Again here, there is no need of exotic sta-
tes to reproduce qualitatively the data. It is a 
pity that the death of our colleague prevented 
the publication of those data which go against 

present fashionable speculations.                                    
 
Figure 2 : The beam asymmetry Σ for the η 
photoproduction on the quasi-free neutron and 
the quasi-free proton at 8 energy bins of 200 
MeV width, centered at the values indicated on 
the figure. The symbols represent the 
experimental data and the lines, the 
theorertical models predictions, with the 
conventions shown on top of the figure.  

Nuclear effects in meson  photoprodution 
The russian component of the GRAAL collabo-
ration has proposed a new experimental ap-
proach to study  meson photoproduction in 
nuclei. It is based on the measurement of the 
recoil nucleon as a tagger for identification of 
the initial step of the reaction. Propagation of 
mesons and nucleons within a nucleus is des-
cribed by the Intra-Nuclear Cascade model. 
Simulations and preliminary data for the  deu-
teron target obtained at GRAAL were reported 
(Ref. 5). 
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Persistence of the Polarization in a Fusion ProcessPersistence of the Polarization in a Fusion ProcessPersistence of the Polarization in a Fusion Process   

La persistance de la polarisation dans un processus de fusion permettrait d’accroître de 50% la réactivité 
du DT utilisé comme combustible nucléaire. Elle peut être testée en utilisant un laser de puissance irradiant 
une cible polarisée de pur HD. Les protons et les deutons polarisés dans le plasma induit par le laser peu-
vent fusionner, produisant à l’état final un 

3
He et un γ ou un neutron. La persistance de la polarisation dans 

le plasma est signée par les sections efficaces et les distributions angulaires des  γ ou des neutrons. 

have been achieved (Ref. 2). It is advocated that a 
petawatt laser hitting a piece of polarized HD will 
induced locally  a plasma hot enough to allow the 
fusion reactions (2) and (3) to take place and to be 
measured. If both H and D, namely the proton and 
the deuteron of the HD molecules are polarized in 
the same direction and have kept their polarization 
in the fusion process, the γ ray or the neutron will 
be emitted with some angular distribution relative 
to the polarization axis. Also, the fusion rate will 
depend dratically on the initial states polarizations. 
A tentative sketch  of the experimental set-up is 
displayed on the Figure. It should be mentionned 
that with an energy of 200 mJ/shot, the laser 
repetition rate can be adjusted to prevent melting 
of the target. Without cooling power provided by 
the holding cryostat, 1,000 laser shots would be 
necessary to melt completely 25 cm

3  
of solid HD. 

Back in 1970, a french group of the CEA reported 
the observation of neutron emission from DD 
fusion after focussing a 3GW fast laser on a piece 
of D2 ice. More recently, quantitative data resulting 
from the irradiation of C2D4 targets with laser 
pulses (200 mJ, 160 fs, 4.5 μm FWHM, 790 nm, 
~10

18 
W/cm

2
, 10 Hz) have been published. A total 

rate of 140 neutrons/shot could be produced 
through the fusion reaction (3) (Ref. 3).  

The « Few-Body » problems 
For the radiative capture (2), the experiment is es-
sentially based on the angular distribution of the 
radiated γ ray with respect to the polarization axis. 
Assuming that P and D nuclei collide from all direc-
tions in a hot plasma, with a total spin S = 3/2 
(quartet transitions: σ4, namely 100% polarization), 
while an unpolarized plasma involves also transi-
tions from total spin S = 1/2 (doublet transitions: 
σ2), the angular dependence has the form: 
 
dσ4/dω ~ (1 + cos

2
θ)                                            (4) 

 
At the low energies considered here, other contri-
butions containing isotropic and (3cos

2
θ - 1) terms 

can be neglected (Ref. 4). This means that the 
quartet transitions contribute mainly at forward an-
gles, namely in the direction of the laser beam. It is 
out of question to put a γ ray detector in this region 

Introduction 
The polarization of D and T  nuclei should increase 
their reactivity when used as fuel material in fusion 
processes induced either by magnetic or by inertial 
confinement. The fusion reaction: 
  
D + T → α + neutron + 17.6 MeV                        (1) 
 
goes mainly through the excitation of an 

5
He 3/2

+
 

intermediate state, resulting from the coupling of 
the spins 1 and 1/2 of the D and T nuclei to a total 
spin S = 3/2. Without polarization of D and T, the 
statistical distribution of the six possible states 
gives four S = 3/2 and two S = 1/2 states. Only the 
3/2 states can produce the intermediate 3/2 
resonance. With 100% parallel polarization of D 
and T, all states would contribute to the fusion, 
increasig the reactvity by 50%. In addition, the 
polarization allows to control the direction in which 
the reaction products are emitted, the neutron 
having a sin

2
θ distribution. This can be very useful 

to reduce damage or activation of costly 
equipments (Ref. 1). The question is to know if the 
polarization will persist in a dense and hot plasma.           

Method 
We propose to investigate the polarization 
persistency using the reactions: 
 
P + D → 

3
He + γ + 5.5 MeV                                 (2) 

 
D + D → 

3
He + n + 3.3 MeV                                (3) 

 
induced by fusion of polarized protons and 
deuterons heated in a plasma. It is anticipated that 
the angular distributions of final state products as 
well as significant changes in the fusion rates can 
be measured and related to the persistence of the 
polarization. 

Tentative set-up  
At IPN Orsay, we have developed the static 
polarization of HD molecules for samples as large 
as 25 cm

3
. It has been demonstrated that the 

distillation and the ageing technique allow to get 
relaxation times larger than one wek, even at 1.5 K 
and 1.0 T. Proton polarization in excess of 60% 
and deuteron vector polarization higher than 14% 
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Conclusions 
A considerable effort is under way to produce 
energy using controlled fusion either  by magnetic 
or by inertial confinement. Polarized fusion fuel is 
of great interest, both to increase the fuel reactivity 
and to control the direction in which reaction pro-
ducts are emitted. The question to know if the po-
larization will persist in a fusion process can be 
answered using existing experimental equipments 
and neutron detection. A signal of 10-20% on the 
neutron yield due to the persistence of the polari-
zation should be « easily » measurable.                                    
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of high electron background. This makes the radia-
tive capture reaction fairly difficult to exploit and 
even hopeless from experimental point of view. 
The hadronic fusion reaction (3), producing 2.45 
MeV neutron which are much easier to detect in a 
high background than γ rays, offers an alternative 
possibility. It has been argued that the cross sec-
tion should be significantly reduced if the interac-
ting deuterons have parallel vector polarizations 
(i.e., with total spin S = 2, namely quintet transi-
tions σ5). 
The large Quintet Suppression Factor (QSF), is 
confirmed by recent calculations, with QSF going 
from 0.5 at 100 keV to 0.2 at 4 MeV (Ref. 5). Mo-
reover, total cross sections are in the range of 100 
mb, to be compared to 100 μb for the electroma-
gnetic reaction (2). In addition, the neutrons produ-
ced by quintet transitions are preferentially emitted 
in a direction perpendicular to the polarization axis.  
In view of those considerations, the reaction D + D 
→ 

3
He + n is the way to go. It should be noted that 

for a polarized HD target, it is possible to increase 
the D polarization above 50% at the expense of 
the P one, by transfer of the polarization of P to D 
by adiabatic fast passage (Ref. 6). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Powerful Laser (Petawatt)

creates a local plasma

of p and d ions (5 KeV)

5.5 MeV γ ray from

p + d → 3He + γ

2.45 MeV n from

d + d → 3He + n

Tentative Set-Up  

Polarized HD Target

25 cm3

H (p) polarization > 60%

D (d) vect. polar. > 14%

200 mJ, 160 fs 

4.5 µm FWHM 

970 nm, ~ 1018 W/cm2
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TTThe northern site of the Pierre Auger Observatoryhe northern site of the Pierre Auger Observatoryhe northern site of the Pierre Auger Observatory   

Le site Nord de l’Observatoire Pierre Auger La construction du site sud de l’Observatoire Pierre Auger a 
été terminée en juin 2008. Les données collectées depuis janvier 2004 ont déjà conduit à des résultats ma-
jeurs sur le spectre en énergie, sur la composition et sur les anisotropies des rayons cosmiques aux plus 
hautes énergies. Ces résultats motivent la construction du site nord de  l’Observatoire qui couvrira plus de 
20000km

2  
aux USA dans le Colorado. Nous décrivons ici les caractéristiques  de ce nouveau site, ainsi 

que les spécificités de ses détecteurs et les performances attendues  

Auger North Site 
The Northern site of the Pierre Auger Observatory 
is located in South East Colorado, U.S.A. The av-
erage altitude is about 1300 m above sea level. 
The landscape is almost flat and offers an excep-
tionally large area of more than 20,000 km

2
. An 

important feature is the system of county roads, 
which are spaced on a rectangular one-mile grid 
covering a large fraction of the anticipated deploy-
ment area. Auger North will be built with a combi-
nation of the same basic elements as used in Au-
ger South: Surface Detector (SD) stations and 
Fluorescence Detector (FD) telescopes. 4,000 SD 
stations will be deployed on a rectangular pattern 
on every second corner of the square mile grid, 
alternating in adjacent lines over a total area of 
20,000 km

2
 with a detector spacing of 2 miles (2.3 

km). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 1: Auger North site map. The proposed positions of  
the fluorescence buildings are shown together with the 
distant laser facilities (DLF). The shaded area around 
station S12 contains the infill array. 

 

The Pierre Auger Observatory studies cosmic rays 
with energies exceeding 10

18
eV. The construction 

of the Southern observatory in Malargüe, Men-
doza, Argentina, was completed in June 2008. 
Data collected since January 2004 have yielded 
important information on the energy spectrum, the 
primary particle composition, the fluxes of photons 
and neutrinos and on the anisotropic distribution of 
the arrival directions of the most energetic particles 
published (see previous contribution in annual re-
port and references therein).  
 
The recent results mentioned above represent a 
significant scientific breakthrough in the field. The 
energy spectrum shows a feature at the highest 
energies, which is consistent with the Greisen-
Zatsepin-Kuzmin (GZK) effect predicted 40 years 
ago. Moreover, it is now evident that there is a de-
tectable flux of particles from extragalactic sources 
within the GZK sphere. The inhomogeneous distri-
bution of matter in the local universe imprints its 
anisotropy on the arrival directions of cosmic rays 
above 60 EeV. The challenge is to collect enough 
such arrival directions to identify the individual 
sources and study their properties. However, the 
effect of sources reaching their maximum energy 
cannot yet be distinguished from the GZK effect. 
Only above 60 EeV there is anisotropy to exploit 
for identifying the sources. The southern site of the 
Auger Observatory in Argentina collects only about 
25 of the crucial trans-GZK events per year, with 
fewer than two per year (on average) that have 
their longitudinal profiles measured by the air fluo-
rescence detector. This low rate is not sufficient to 
achieve the objectives of identifying the sources.  
   Auger North will significantly increase the aper-
ture with its surface extending to 20,000 km

2
 while 

taking advantage of the well-proven hybrid tech-
nique of Auger South. The combination of two sites 
Auger North and South will provide observations of 
the entire sky and offer an unprecedented opportu-
nity for the detailed study of both the astrophysics 
of cosmic ray sources and of particle physics at the 
highest energies.  
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studied using Monte Carlo simulations of the Auger 
North detector configuration. The simulations were 
verified using real data from Auger South, in which 
only sub-sets of SD stations were used such that 
the spacing resembled the sparser array projected 
for Auger North.The 1-mile square array becomes 
fully efficient at an energy close to that of Auger 
South, with more than 90% efficiency down to 4 
EeV. Therefore, the denser infill array allows effi-
ciently to compare data from Auger North to the 
data from Auger South. In the case of the √2-miles 
square array about 90% efficiency is reached 
around 30 EeV for proton primaries, and 20 EeV 
for Fe primaries. The √2-miles square array be-
comes fully efficient slightly below the energy 
where the Auger South data show evidence for 
anisotropy in cosmic ray arrival direction and al-
lows efficiently to accumulate statistics above this 
crucial energy.  
Using a Monte-Carlo simulation and comparing the 
reconstructed arrival direction with the simulated 
one, the accuracy in the determination of the arri-
val direction of the cosmic rays was estimated. For 
a fixed energy of 50 EeV the resolutions are 2.2

◦,
 

1.2
◦
 and better than 1◦ for zenith angles of 25

◦
, 45

◦
 

and 60
◦
, respectively. Three components dominate 

the energy determination based on the FD: the 
fluorescence yield, the light transmission proper-
ties of the atmosphere, and the absolute calibra-
tion of the photometric response of the telescopes. 
The global systematic uncertainty of the FD energy 
measurement is expected to be below 15%, simi-
larly to Auger South. The expected resolution for 
shower maximum Xmax is below 20 gcm

−2
. Although 

the acceptance is increased by about a factor of 7 
compared to Auger South, Auger North conserves 
the performances and resolutions that are impor-
tant for reliable physics results. The hybrid concept 
allows to use the nearly calorimetric energy deter-
mination of the FD, the angular resolution of the 
SD is sufficient to determine arrival directions, and 
the Xmax resolution of the FD to identify the masses 
of the primary cosmics rays.  

The prototype R&D Array  (RDA)  
A prototype array RDA of 10 SD stations and 10 
additional stations for communication system will 
be installed on site in Colorado during 2010. The 
aim of the RDA is to test the surface detector with 
the new electronics and communication system.  
IPNO is strongly involved in the construction of this 
array (see corresponding technical contribution to 
this annual report). The PMT bases and the front–
end electronic have been designed and produced 
at IPN-Orsay, they will be shipped together with 
the PMTs for tests to be performed at fall 2010.  
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An infill array of 400 additional SD stations will be 
placed on the empty positions of the 1-mile grid. 
This denser array will allow extending to lower en-
ergies and to a detector density similar to Auger 
South. Almost full coverage of the SD array will be 
achieved with 39 fluorescence telescopes ar-
ranged in five stations, anticipating a usable view-
ing distance of 40 kilometers. A layout of the site is 
shown in fig. 1.  

Auger North Detectors 
The SD consists of Water Cherenkov Detectors 
similar to those of Auger South. However, due to 
low winter temperatures (-35

◦
C) expected in Colo-

rado, the tanks will require additional thermal insu-
lation. This can be done by integrating a polyethyl-
ene foam insulation on the inside surface of the 
tank during the rotomolding process. In case of 
Auger South, the Cherenkov light produced in the 
water tanks is detected by 3 large 9” viewing the 
water from the top. Only one PMT, placed in the 
middle of the tank will be used for Auger North. 
The Auger South dynamic range of 15 bits will be 
increased to about 22 bits by reading the signals 
from an intermediate dynode. This will allow to 
keep the signal saturation in an acceptable level 
even for the very high energy showers. The re-
search and development for the increased dy-
namic range has been done by the IPN-Orsay 
(SEP and RDD, see contribution to this annual re-
port). The FD design is based upon the well 
proven principles implemented in Auger South. 
Individual telescopes are installed in buildings 
holding six telescopes. The transmitted light is col-
lected by spherical mirrors with 3.4 m radius. The 
camera in the focal surface of the optical system 
includes a photomultiplier array of 440 PMTs. The 
read-out electronics of the camera is similar to that 
of Auger South.  

The communication system 
The biggest modifications compared to the Auger 
South concerns the communication system. Auger 
North communication system makes use of Wire-
less Sensor Nets (WSNs). It is configured as a 
WSN with heavy reliance on local station-to-station 
communication using the Wireless Architecture for 
Hard Real-time Embedded Networks (WAHREN) 
sensor nets paradigm. Unlike an ad hoc WSN, 
WAHREN provides a base infrastructure of fixed 
nodes suitable for fixed installations such as the 
SD array. Each message is multicast to its nearest 
neighbors, all of whom can then forward the mes-
sage. The SD communications system is inter-
faced to optical fibers for transmission of the data 
to the observatory central campus at Concentrator 
Stations (CSs). Each FD site provides convenient 
place to install a CS, as they will have a connec-
tion to fiber. 

Performance 
It is important that the trigger efficiency or aperture 
is well understood as a function of energy, in par-
ticular when the spectral index changes in the en-
ergy range concerned. The aperture has been 
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The Pierre Auger southern Observatory: The Pierre Auger southern Observatory: The Pierre Auger southern Observatory:    
   Results on UltraResults on UltraResults on Ultra---High Energy Cosmic RaysHigh Energy Cosmic RaysHigh Energy Cosmic Rays   

 
Le site  sud  de l’Observatoire Pierre Auger: résultats sur les rayons cosmiques d’ultra-haute éner-
gie. Les premiers résultats publiés par la collaboration Pierre Auger ont apporté des informations  fonda-
mentales sur l’énergie, la masse et les directions d’arrivée des rayons cosmiques aux énergies les plus 
hautes. L’extinction du flux au-delà de 50 EeV est en accord avec la  coupure prévue par Greisen-Zatsepin-
Kuzmin (GZK). Cette hypothèse est renforcée par la mesure d’une corrélation des rayons cosmiques au-
delà de 55 EeV avec des AGN proches (d<75Mpc). Les mesures de masse réalisées avec le détecteur à 
fluorescence indiquent un alourdissement progressif de la composition jusqu'à 50EeV. D’autre part des 
limites sur les flux de photons observés ont été établies, imposant de sévères contraintes au modèles  de 
type top-down décrivant l’origine des rayons cosmiques. 

configuration for almost two years. The Surface 
Detector of the Pierre Auger Observatory is com-
posed of 1600 Water Cherenkov Detectors (WCD) 
extending over an area of 3000 km

2 
with 1500 m 

spacing between them. Each WCD consists of a 
3.6 m diameter water tank containing 12,000 l of 
ultra-high purity water. Three nine-inch-diameter 
photomultiplier tubes look downwards into the wa-
ter to collect the Cherenkov light produced by the 
passage of relativistic charged particles through 
the water. SD measures the lateral spread of the 
Extensive Air Showers (EAS) at ground with a 
100% duty cycle. Its acceptance for zenith angles 
up to 60˚ yields a nominal aperture of 7,000 km

2 
sr 

yr. The arrival directions are reconstructed through 
the differences in the times of  flight in the shower 
front among triggered detectors. The primary en-
ergy is estimated through the signal at 1000 m, S
(1000), from the shower core. At the edge of sur-
face array, four buildings located atop small eleva-
tions, each hosting 6 fluorescence telescopes, 
overlook the surface detector (see figure 1). Each 
telescope has a field of view of 30˚x30˚ in azimuth 
and elevation. The telescopes face towards the 
interior of the array so that the combination of the 
six telescopes provides 180˚ coverage in azimuth. 
The fluorescence telescopes observe the longitudi-
nal development of the shower in the atmosphere 
providing a calorimetric measurement of the pri-
mary particle energy. 

 

Ultra High Energy Cosmic Ray (UHECR) spec-
trum  
The combination of the high statistics obtained with 
the surface detector and the extension to lower 

The Pierre Auger Observatory 
The Pierre Auger Observatory uses a hybrid detec-
tion technique, allowing the reconstruction of ex-
tensive air showers with two complementary meas-
urements: the surface detector array (SD) and the 
fluorescence telescopes (FD). Installation of detec-
tors started in 2002 and the Observatory has been 
collecting stable data since January 2004. The 
construction was completed in June 2008.  
 

 
Fig 1 : Status of the Pierre Auger Observatory in 
2009 
 
Figure 1 shows the current status of the array. The 
Observatory has been running now with its full 

IPNO Participation:  O. Deligny , P.N. Dong, P. Ghia, A. Lemière, I. Lhenry-Yvon, H. Lyberis,              
T. Suomijärvi  
Collaboration : Pierre Auger Collaboration 
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contributions to this uncertainty are the absolute 
fluorescence yield (14%) and the absolute calibra-
tion of the fluorescence photodetectors (9,5%). 
Including all the systematics an overall uncertainty 
of the energy scale of 22% has been estimated. 
The combined energy spectrum scaled with E

3
 is 

shown in Fig. 2 in comparison with the spectrum 
obtained with stereo measurements of the HiRes 
instrument. The characteristic features of the com-
bined spectrum are quantified in two ways. First 
(shown as a dotted line in figure 2) we have used 
three power laws with free breaks between them. 
A continuation of the power law above the ankle to 
highest energies can be rejected with more than 
20 standard deviation. In addition, we have 
adopted two power laws in the ankle region and a 
smoothly changing function at higher energies. It is 
shown as a black solid line in figure 2. Two spec-
tral features are evident: an abrupt change in the 
spectral index near 4EeV (the "ankle") and a more 
gradual suppression of the flux beyond about 30 
EeV. The ankle is at log10(Eankle/eV) = 18.61 ± 0.01. 
An index of 3.26±0.04 is found below the ankle. 
Above the ankle the spectrum follows a power law 
with index 2.55 ± 0.04. In comparison to the power 
law extrapolation, the spectrum is suppressed by a 
factor two at log10(E1/2/eV) = 19.61 ± 0.03. 
 

Photons 

 
The most likely candidates for cosmic rays with E > 
10

18
 eV are protons and nuclei. So far, no primary 

CR photons nor neutrinos were identified. The Pi-
erre Auger Observatory has set upper limits on 
their contribution to the composition of CRs. Two 
observables of the SD are chosen to discriminate 
showers initiated by photons from those induced 
by nuclear primaries: the risetime of the recorded 
shower signal and the radius of curvature of the 
shower front. These measurements have deter-
mined that the photon fraction is below 2% for E > 
10

19
 eV [3]. Hybrid measurements were used to 

bound the photon fraction down to E = 2 EeV. The 
hybrid technique allows direct observation of the 
longitudinal shower profile and measurement of 
the depth of shower maximum Xmax. This is a pow-
erful discriminating observable since showers in-
duced by photons in general reach their maxima 
deeper in the atmosphere than showers initiated 
by nuclei. The current upper limits on photon frac-
tions are 3.8%, 2.4%, 3.5% and 11.7% (at 95% 
c.l.) above 2, 3, 5 and 10 EeV respectively [4]. The 
current Auger upper limits on photon fractions 
compared to some theoretical predictions and re-
sults from other experiments are plotted in figure 3.  
 
 
 
 
 
 
 
 
 

energies using hybrid observations enables the 
precise measurement of spectral features in the 
CR flux for E > 10

18
 eV with unprecedented statis-

tics [1]. Due to its high duty cycle, the data of the 
surface detector are sensitive to spectral features 
at the highest energies. Its energy scale is derived 
from coincident measurements with the fluores-
cence detector. The energy of each shower de-
tected by the surface array is calibrated with a sub-
set of high quality events observed by both the 
surface and the fluorescence detectors. The sys-
tematic uncertainty of the energy cross-calibration 
is 7% at 10

19
 eV and increases to 15% above 

10
20

eV.The SD detector is fully efficient starting 
from an energy of 3x10

18
eV: the exposure is 

12790±380 km
2 
sr y [2].  

 
An extension to energies below the SD threshold is 
possible with the use of hybrid observations, i.e. 
measurements with the fluorescence detectors in 
coincidence with at least one surface detector. 
These measurements make it possible to extend 
the energy range down to 10

18
 eV and can there-

fore be used to determine the position and shape 
of the ankle at which the power-law index of the 
flux changes. The exposure of the hybrid mode of 
the Pierre Auger Observatory is derived using a 
Monte Carlo method that reproduces the actual 
data conditions of the observatory. The total sys-
tematic uncertainty of the derived hybrid spectrum 
is 10% at 10

18
 eV and decreases to about 6% 

above 10
19 

eV. 
 
Fig 2 : The combined energy spectrum is fitted with 
two functions (see text) and compared to data from 
the HiRes instrument. The systematic uncertainty 
of the flux scaled by E

3
 due to the uncertainty of 

the energy scale of 22% is indicated by arrows. 
 
 
 

The Auger energy spectrum covering the full range 
from 10

18
 eV to above 10

20
 eV is derived by com-

bining the two measurements discussed above. As 
the surface detector data are calibrated with hybrid 
events, both spectra share the same systematic 
uncertainty for the energy assignment. The main 
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Fig 3 : Upper limits on the photon fraction in the 
integral cosmic-ray flux for different experiments: 
AGASA (A1,A2),  AGASA-Yakutsk (AY), Yakutsk 
(Y), Haverah Park (HP). In black the limits from 
Auger surface detector (Auger SD) and in blue the 
limits above 2, 3, 5, and 10 EeV derived through 
the hybrid events (Auger HYB). The shaded region 
shows the expected GZK photon fraction. Lines 
indicate predictions from top-down models 
 
They severely constrain the family of “top-down” 
models for CR origin, which predict photon contri-
butions of up to 50% to the observed CR flux.  
 

Neutrinos 
A highly inclined shower initiated by a neutrino 
would have a significant electromagnetic compo-
nent leading to a broad time structure of detected 
signals, in contrast to showers induced by protons 
or nuclei in the upper atmosphere. Earthskimming 
tau neutrinos can also lead to showers with similar 
properties, induced by emerging tau leptons pro-
duced in the Earth that decay just above the array. 
A search has been made for such young inclined 
showers and no candidates have been found [5,6].  
 

Fig 4 : Differential and integrated upper limits for a 
diffuse flux of down-going all-flavors neutrinos and 
up-going tau neutrinos. Limits from other experi-
ments are also plotted, as well as backgrounds 
expected from the GZK effect.. 

In figure 4 we plot the differential limits and the 
corresponding integral limits assuming a flux pro-
portional to E

-2
. Also shown is the background con-

tribution expected to originate from interactions of 
CR protons with the CMB. The neutrino back-
ground predicted is smaller if the highest energy 
CRs are heavy nuclei. shower is directly measured 
by the FD elongation rate.  
 

UHECR composition 
 

At a given energy, the average position of the 
depth of shower maximum Xmax and its fluctuations 
depend on the composition of the primary CR. The 
depth of shower maximum reflects the depth of the 
first interaction. Proton showers penetrate deeper 
into the atmosphere, have larger values of Xmax 
and wider distributions than heavy nuclei. Hybrid 
events have been used to measure Xmax [7]. The 
information from the SD allows to constrain the 
geometry of the EAS. The longitudinal develop-
ment of the electromagnetic part of the shower is 
directly measured by the FD.   
 
In figure 5 we show the mean value of Xmax. The 
change of < Xmax > per decade of energy is called 
the elongation rate.  
 

 
 

Fig 5 : <Xmax> compared with simulations based on 
different hadronic interaction models 
 
 
The data show a larger elongation rate below 
10

18.25 
eV and a smaller elongation rate above. If 

the properties of hadronic interactions do not 
change significantly over less than two orders of 
magnitude in primary energy, this change would 
imply a change in composition, becoming heavier 
above this energy. In figure 6 we observe a de-
crease of the fluctuations of Xmax with energy. As-
suming again that the hadronic interaction proper-
ties do not change much within the observed en-
ergy range, these decreasing fluctuations could be 
explained by an increasing average mass of the 
primary particles. The interpretation of these meas-
urements requires comparison to air shower simu-



59 

The interaction models used in the simulations do 
not cover the full range of possible extrapolations 
of low energy accelerator data. Unambiguous in-
terpretations of the measurements of Xmax and its 
fluctuations in terms of CR composition require 
additional constraints on hadronic interactions. 

 

 
Fig 6 : RMS(Xmax) compared with simulations ba-
sed on different hadronic interaction models 

 

UHECR Arrival directions 
27 cosmic rays collected by the Auger Observatory 
between January 1st 2004 and August 31st 2007 
provided evidence for anisotropy in the distribution 
of the arrival directions of CRs with energy above 
Eth = 55 EeV [8]. They were found to correlate with 
the positions of objects within 100 Mpc from the 
catalog of active galactic nuclei (AGN) by Veron-
Cetty and Veron (VCV catalog). 17 out of the 27 
CRs arrival directions have a maximum angular 
separation less than 3.1˚ from VCV objects with 
maximum redshift zmax ≤ 0.018 (≈75 Mpc). The 
average number of correlations expected by 
chance if the flux were isotropic is 5.7, since the 
exposure-weighted fraction of the sky covered by 
windows of 3.1◦ radius around these objects is 
21%. The quoted energy threshold, angular sepa-
ration and maximum redshift gave the largest de-
parture from isotropy in the earliest data. A test 
with independent data and these three parameters 
fixed established a 99% confidence level on the 
measurement of anisotropy. There were 9 correla-
tions among 13 events. 31 additional CRs with en-
ergy above the same energy threshold were meas-
ured until March 31st 2009, of which 8 correlate. 
The updated estimate of the departure from the 
isotropic expectation as measured with independ-
ent data is given by 17 correlations among 44 
events. The cumulative binomial probability to 
have an equal or larger number of correlations by 
chance if the arrival directions were isotropically 
distributed is P=0.006.    

The correlation with nearby AGN provides clues to 
the extragalactic origin of the CRs with the highest 
energies and suggests that the suppression of 
their flux is due to interaction with the cosmic back-
ground radiation. It is insufficient to identify individ-
ual sources or a specific class of astrophysical 
sites of origin. The VCV catalog is a thorough com-
pilation of known AGN but is neither homogeneous 
nor statistically complete. Active galaxies in this 
catalog could be acting as tracers of the nearby 
large scale structure which hosts several possible 
acceleration sites, be them subclasses of AGN or 
a different kind of astronomical objects.  
 
We thus compared the pattern of the arrival direc-
tions with that of the overall matter distribution in 
the local universe as traced by the galaxies in the 
2MASS Redshift Survey (which is the densest 
sampled all-sky redshift survey to date), and with 
two other relatively smaller sets of nearby extraga-
lactic objects (radio-galaxies in the HI All-Sky 
Parkes Survey (HIPASS) and AGN detected in X-
rays with the Swift Burst Alert Telescope (BAT). 
We find that the arrival directions correlate with the 
overall local matter distribution in the Universe. 
More data is needed to discriminate among differ-
ent models for CR origin. 
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THEORETICAL PHYSICS 

Research in theoretical physics at IPN has existed since the foundation of the laboratory. The group 
now counts approximately 25 members, of which 15 are permanent.  

A major research topic is nuclear structure, with a strong overlap with the experimental activity of 
IPN, in particular, concerning neutron-rich exotic nuclei. Mean field methods (on which pioneering work 
was done at IPN) continue to be improved and they are tested against experimental results on new 
exotic nuclei. New effective forces with extended applicability are designed. Improvements of the RPA 
method are developped. Pairing, di-neutron correlations and their effects are studied. Alpha-particle 
condensation in infinite matter and alpha clustering infinite nuclei are also studied. 

A second research topic is nuclear astrophysics. Knowledge from neutron-rich nuclei is applied to 
modelling of the crust of neutron stars. The thermodynamic properties are investigated. 

A third topic is trapped, ultracold gases of bosonic or fermionic  atoms (or mixtures) which can now 
be realized experimentally. Many-body and nuclear physics methods are applied to these systems. 

A fourth topic is neutrinos. The influence of the new found properties of neutrinos on their 
propagation and interactions in heavy stellar media is studied. In particular, the influence of the different 
possible patterns of  masses and  the mixing matrix, including possible effects of CP violation, are 
considered. Computational programs for simulating neutrino dynamics in the course of exploding 
supernovas are developped. 

In hadronic and particle physics, the effective low-energy  theory of QCD is investigated Its 
convergence is  studied, applications to quark mass extrapolation in lattice QCD simulations are carried 
out. In  combination with analyticity methods, they are applied to particule physics and  the search for 
deviations from the standard  model (for instance right-handed currents) in low-energy physics. 
Approaches to confinement in QCD in the large number of colors are developped which lead to integral 
equations for the Wilson loop. 

Lastly, studies on exactly solvable systems are performed.  
 

PHYSIQUE THEORIQUE 
La recherche en physique théorique existe à l'IPN depuis sa fondation. Le groupe compte 

maintenant  25 personnes environ dont 15 sont permanents. 
Le thème d'activité principal est la structure nucléaire, qui a un recouvrement fort avec l'activité 

expérimentale de l'IPN concernant, en particulier, les noyaux exotiques riches en neutrons. Les 
méthodes de champ moyen (sur lesquels des travaux pionniers ont été effectués à l'IPN) continuent 
d'être  améliorées et testées sur les nouveaux noyaux exotiques. De nouvelles forces effectives, au 
domaine  d'application étendu, sont conçues. Des améliorations de la méthode RPA sont développées. 
Le pairing, les corrélations di-neutron et leurs effets sont étudiés. La condensation de particules alpha 
dans la matière  infinie et le clustering dans les noyaux finis sont également étudiés.  

Un second sujet de recherches est l'astrophysique nucléaire. Les connaissances autour des noyaux 
riches en neutron est appliquée à la modélisation de la croûte des étoiles à neutrons. Les propriétés 
thermodynamiques sont étudiées. 

Un troisième sujet concerne les gaz ultra-froids d'atomes bosoniques ou fermioniques (ainsi que les  
mélanges des deux) qui peuvent maintenant être réalisés expérimentalement. Les  méthodes N-corps 
et  de physique nucléaire leurs sont appliquées.  

Les neutrinos sont un quatrième sujet de recherche. L'influence de leurs propriétés récemment 
découvertes sur leurs interactions et leur propagation dans les milieux stellaires denses est étudiée. En 
particulier, l'influence des divers scénarios d'ordre des masses et de la matrice de mélange, y compris 
les effets de violation de CP est considérée. Des programmes de calcul simulant la dynamique des 
neutrinos  au cours du processus d'explosion des supernovas sont développés.  

En physique hadronique et des particules, la théorie effective de la QCD à basse énergie est 
considérée. La convergence est étudiée et des applications sont faites aux extrapolations en masse 
des simulations de  QCD sur réseau. Combinée aux propriétés d'analyticité, elle est appliquée à la 
recherche de physique au delà du modèle standard à basse énergie comme les courants droits. Des 
approches aux confinements en QCD dans la limite du grand nombre de couleurs sont développées qui 
conduisent à des équations intégrales pour la boucle de Wilson. 

Finalement des études de modèles solubles exactement sont effectuées. 
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Nuclar ‘’BUBBLE’’ structure in Nuclar ‘’BUBBLE’’ structure in Nuclar ‘’BUBBLE’’ structure in 343434SiSiSi   

As an illustration, the HF proton density profiles, 
obtained with the Skyrme parametrization SLy4 
and calculated in 

34
Si and 

36
S (where the s state is 

occupied), are shown in Fig. 1. 

The depletion fraction F of the density  is  ~ 38\%, 

where:  

 
 
Similar results have been found with all the other 
models.  
 
These results indicate that 

34
Si is a good candidate 

for a bubble density profile.  
The measurement of the charge density in this nu-
cleus should be undertaken, for instance by elec-
tron scattering in a exotic beam collider such as 
EXL in FAIR and RIBF in Riken. The study of 

34
Si, 

either by high energy proton scattering to study the 
matter density profile, or by direct reactions to yield 
the spectroscopic factors and the low-energy exci-
tation spectrum is presently possible. For the 

The bubble structure characterizes atomic nuclei 
having a central density deplet ion..  
This phenomenon has been discussed for many 
decades, starting from the work of Wilson in the 
40s [1] for the study of low-energy excitations as 
oscillations of bubbles up to the first microscopic 
calculations of Campi and Sprung in the 70s [2]. 
More recently, bubbles have been discussed in 
superheavy and hyperheavy nuclei [3].  
The perspective of producing more exotic nuclei 
with the new generation of RIB facilities has led to 
a revived interest in the subject. 
The s orbits have the only radial distributions 
peaked in the interior of the nucleus, their wave 
function extending further to the surface according 
to their number of nodes. Orbits with increasing 
angular momenta are more localized at the nuclear 
surface. Therefore, the non filling of s orbits is ex-
pected to provoke a central depletion of the nu-
cleon density. 
 
A suitable region of the chart of nuclides to search 
for a proton bubble is found for the N=20 isotones. 
Between Z=20 and Z=16 the s1/2 orbit is sepa-
rated by about 6.5 MeV from the lower d5/2 orbit 
and 2.5 MeV from the upper d3/2 orbit, forming two 
subshell closures at Z=14 and Z=16, respectively 
[4]. In addition, the N=20 shell closure is rigid 
enough for these nuclei to hamper significant cou-
pling to collective states. Following the sequential 
filling of the proton orbits, 

34
Si should not contain 

any proton in the 2s1/2 orbit, whereas 
36

S should 
contain 2 protons there. This would lead to an im-
portant change in the proton density distribution 
between the nuclei 

36
S and 

34
Si and make the 

34
Si 

a bubble nucleus. 
 
The work in Ref. [5] aimed at determining, using 
various theoretical approaches (shell model, rela-
tivistic and non relativistic mean field), whether the 
34

Si could actually be considered as good proton 
bubble nucleus.  

max

centralmaxF

Fig 1. Proton densities of  
34

Si and 
36

S 

IPNO Participation: M. Grasso, E. Khan, N. Van Giai 
 
Collaboration : CEA DAM DIF F-91297 Arpajon, France, GANIL, France, Florida State University, 
USA, Zagreb University, Croatia  

Les noyaux avec des structures à bulles sont caractérises par des densités très creusées au centre. 
Des prédictions sur leur existence sont effectuées avec trois modèles théoriques : le modèle en couches et 
les champs moyens relativiste et non relativiste. Un accord de tous les modèles  indique le noyau 

34
Si com-

me possible candidat pour une structure à bulle, avec une déplétion de la densité centrale protonique de 
40%.  
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transfer reaction, the 
34

Si(d, 
3
He)

33
Al reaction 

channel should be used to determine if the oc-
cupancy of the s proton orbit has dropped to 
zero in 

34
Si. This would confirm the shell model 

predictions of Ref. [5] and provide a strong signal 
for a central density depletion of ~ 40%.  
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LowLowLow---energy excitations in nuclear systems: from exotic nuclei to energy excitations in nuclear systems: from exotic nuclei to energy excitations in nuclear systems: from exotic nuclei to 
the crust of neutron starsthe crust of neutron starsthe crust of neutron stars   

Nous étudions l’évolution des modes quadrupolaires de basse énergie en fonction de l’excès de neutrons, 
en allant des noyaux riches en neutrons jusqu’aux systèmes nucléaires très exotiques situés dans l’écorce 
d’une étoile à neutrons. L’analyse microscopique est effectuée avec l’approche Hartree-Fock-Bogoliubov + 
quasiparticle random-phase approximation. 
L’approximation de Wigner-Seitz est adoptée pour décrire le réseau coulombien d’agrégats nucléaires dans 
l’écorce des étoiles à neutrons. L’analyse systématique des systèmes nucléaires Z = 50, réalisée en aug-
mentant l’asymétrie d’isospin, montre qu’un mode de basse énergie 2+ est prédit dans tous les systèmes. 
Cependant, la nature des configurations qui composent ce mode change drastiquement quand la drip line 
est traversée. Ce résultat est confirmé par l’étude de la densité de transition associée à ce mode dans  le 
système Z = 40 situé dans l’écorce interne d’une étoile. 

 
However, the nature of the relevant configurations 
that construct this mode drastically changes when 
the drip line is crossed. This result is confirmed by 
the study of the transition density associated to the 
mode in the inner crust system with Z = 40 
and N = 1460. In Fig. 2 it is shown that the transi-
tion density profile is different with respect to typi-
cal profiles 
found for 2+ low-lying modes in nuclei: the excita-
tion is mostly constructed with neutrons belonging 
to the cluster surface and the external free gas. 
 
 

References:  
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We study [1] the evolution of low-lying quadrupole 
modes as a function of the neutron excess, from 
neutron-rich nuclei to the nuclear systems located 
in the crust of a neutron star.  
The microscopic analysis is performed within the 
Hartree-Fock-Bogoliubov + quasiparticle random-
phase approximation framework. 
The Wigner-Seitz approximation is adopted to des-
cribe the lattice of nuclear clusters embedded in 
neutron star crusts.  
A systematic analysis of Z = 50 nuclear systems, 
performed by increasing the isospin asymmetry, 
reveals that a low-energy 2

+ 
mode is  found in all 

the systems (Fig. 1).  
 

 
 
 
 
 
 
 

Fig 2. Transition density (see text) 

IPNO Participation: M. Grasso, E. Khan, J. Margueron, N. Van Giai,  
 

Fig 1. Analysis of the 2
+
 response 
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Collective excitations with SKYRME second RPA Collective excitations with SKYRME second RPA Collective excitations with SKYRME second RPA    

Des applications de la Seconde RPA avec l’interaction de Skyrme sont effectuées pour décrire les modes 
d’excitations du noyau 

16
O. Le couplage entre les configurations 1 particule-1 trou et 2 particule-2 trou et 

celui entre les configurations 2 particule-2 trou sont pris en compte de manière complète.  
Une caractéristique des résultats de la Seconde RPA est que le spectre est déplacé de plusieurs MeV vers 
des énergies plus basse par rapport au spectre correspondant obtenu avec la RPA ordinaire.  
Une fragmentation plus importante de la réponse est aussi obtenue avec la Seconde RPA grâce au nom-
bre très élevé de configurations 2 particule– 2 trou. Une meilleure description des états de basse énergie 0

+
 

et 2
+
 est réalisée avec la Seconde RPA.  

 
 

A much more important fragmentation of the  
strength is also naturally provided by second RPA 
due to the huge number of 2 particle-2 hole confi-
gurations. 
 
A better description of the excitation energies of 
the low-lying 0

+
 and 2

+
 states is obtained with se-

cond RPA  with respect to RPA because 2 particle-
2 hole configurations are also included (see Ref. 
[1]).  
 

References: 
[1] D. Gambacurta, M. Grasso, and F. Catara,  
[nucl-th] arXiv1002.3563 
 
 
 
 

In Ref. [1] Second RPA calculations with a Skyrme 
force are performed to describe nuclear collective 
and low-lying excited states in 

16
O.  

The coupling between 1 particle-1 hole and 2 parti-
cle-2 hole as well as that between 2 particle-2 hole 
configurations among themselves are fully taken 
into account and the residual interaction is never 
neglected,not resorting therefore to a generally 
used approximate scheme where only the first kind 
of coupling is considered.  
 
The issue of the rearrangement terms inthe matrix 
elements beyond standard RPA is  addressed and 
discussed. 
 
As a general feature of second RPA results, a se-
veral-MeV shift of the strength distribution to lower 
energies is systematically found with respect to 

RPA distributions (see for instance Fig. 1 for the 
quadrupole strength distributions). 
 
 
 
 
 
 
 

b

a

xA

Fig 1. Quadrupole response 
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Constraining pairing interactions with pairing vibrationsConstraining pairing interactions with pairing vibrationsConstraining pairing interactions with pairing vibrations   

Des interactions d’appariement avec différentes dépendances en densité (surface, melange surface-
volume) sont contraintes avec les energies de séparations à deux neutrons dans la chaine isotopique des 
étains. La réponse associée aux vibrations de paires dans les noyaux très riches en neutrons est sensible 
à la dépendence en densité de l’interaction d’appariement. En utilisant la meme interaction d’appariement 
dans la matière nucléaire que dans les isotopes d’étains, la région optimale en densité pertinente pour le 
canal de d’appariement est étudiee. 

pairing interactions than with 
124

Sn. This may be 
due to the larger neutron skin in 

136
Sn, consisting 

of low density neutron-rich matter. 
 
It has been shown in a previous work how the pair-
ing transition densities allow to calculate the two 
neutron form factor in order to predict angular 
distributions for pairing vibrations. Work along 
these lines should be undertaken in order to bring 
additional constrains on the pairing interaction.  
 

References: 
E. Khan, M. Grasso, J. Margueron, Phys. Rev. 
C80, 044328 (2009) 

The impact of various pairing interactions on pair-
ing vibrations predictions has been analysed for 
the first time using a HFB+QRPA approach. They 
should provide a good sensitivity from a pure sur-
face interaction compared to mixed interactions, 
especially in the case of very neutron-rich nuclei 
such as 

136
Sn. Moreover nuclear matter gap calcu-

lations show that the low density range is sensitive 
to the surface/volume character of the pairing inter-
action. In the case of exotic nuclei, pairing vibra-
tions are also found more sensitive to the surface/
volume type of the pairing interaction  than in the 
case of stable nuclei. This may be due to the larger 
extension of the neutron density in very neutron-
rich nuclei .  
 
The same study using an isospin dependent pair-
ing interaction will be undertaken. The hope is to 
come one step closer to a more global pairing 
interaction, using odd even mass staggering, pair-
ing vibrations, and nuclear matter as constraints. 
Experimentally, the pairing transition densities can 
be tested through the form factor used to calculate 
the two neutrons transfer cross section. This im-
plies to use a adequate reaction model. Work 
along these lines will be undertaken in an near fu-
ture. 
 

The figure show the transition densities of a pairing 
vibration in 

136
Sn They exhibit very different 

shapes, comparing results with the pure surface 
pairing interaction and the mixed pairing interac-
tion. Hence 

136
Sn is a good test case to probe the 

pairing interaction through pairing vibrations. For 
instance in the case of the most intense peak, the 
central part is dominant in the transition density for 
the mixed case, whereas the surface part of the 
transition density dominates in the pure surface 
interaction. Hence a measurement of the angular 
distributions associated with the pairing vibration 
strength in very neutron rich-nuclei such as 

136
Sn 

seems more decisive to disentangle between the 

IPNO Participation: M. Grasso, E. Khan, J. Margueron 
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Pairing and nuclear incompressibilityPairing and nuclear incompressibilityPairing and nuclear incompressibility   

Les noyaux sont des sondes adaptées pour étudier le rôle de la superfluidité dans la compressibilité des 
systèmes fermioniques. Le centroide de la résonance géante monopolaire (GMR) dans les isotopes d’étain 
est prédite en utilisant une approche contrainte Hartree-Fock Bogoliubov (CHFB), ce qui assure une auto-
consistance exacte. La superfluidité favorise la compressibilité des noyaux. Les correlations d’appariement 
expliquent pourquoi les noyaux doublement magiques comme le 

208
Pb sont plus durs à comprimer que des 

noyaux à couches ouvertes. La dépendance de l’incompressibilite de la matiere nucléaire, en fonction de 
l’appariement devrait être étudiée. 

 

References: 
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E. Khan Phys. Rev. C80, 011307R (2009) 

 
 
Superfluidity favours the compressibility of nuclei, 
using a fully microscopic CHFB approach on the 
Tin isotopic chain. This may be the first evidence 
of a sizable effect of superfludity on the compressi-
bility of a Fermionic system. Pairing effects should 
be described using a full microscopic HFB treat-
ment. Doubly magic nuclei exhibit a specific in-
crease of the GMR energy, due to the collapse of 
pairing. 

208
Pb is therefore the "anomalous" data 

compared to the others. It is not possible to disen-
tangle pairing interaction from the equation of state 
when providing the nuclear matter value of incom-
pressibility. Indeed the pairing gap dependence on 
the nuclear matter incompressibility should be in-
vestigated, since it is shown that incompressibility 
decreases with increasing pairing gap in nuclei. 
Additional theoretical investigations are called for 
in order to predict the GMR including the mutually 
enhancement magicity effect. The macroscopic 
extraction of KSym may be ill-defined and should be 
extended to include pairing effects. Experimentally, 
measurements of the GMR in unstable nuclei 
should be performed in doubly magic 

132
Sn, as well 

as extending the measurement on the Sn and Pb 
isotopic chains. 
 
To further investigate the role of pairing on nuclear 
incompressibility, the figure displays the incompre-
siibility in Tin isotopes with respect to the average 
pairing gap calculated using the HFB approach, 
from 

112
Sn to 

132
Sn. A clear correlation is observed: 

the more superfluid the nuclei, the lower the in-
compressibility. Hence it may be easier to com-
press superfluid nuclei. This may be the first evi-
dence of the role of superfluidity on the compressi-
bility of a Fermionic system. A possible interpreta-
tion is that Cooper pairs can modify bulk proper-
ties, as known from nuclear physics phenomenol-
ogy  
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Extended Skyrme interaction in the spin channelExtended Skyrme interaction in the spin channelExtended Skyrme interaction in the spin channel   

Les interactions de type Skyrme prédisent une phase ferromagnétique au-delà de la densité de saturation 
de la matière nucléaire (Fig. 1), ce qui est contraire aux prédictions de modèles ab-initio. Ce désaccord 
limite l’utilisation des forces de Skyrme pour prédire les propriétés des étoiles à neutrons. Nous proposons 
donc une correction des interactions de type Skyrme pour reproduire les résultats ab-initio (1). En outre, 
l’analyse des propriétés de la matière permet de définir des restrictions sur les paramètres du nouveau ter-
me. Dans les noyaux impairs, nous proposons une approximation pour extraire la densité de spin (OSPA) 
qui fourni une estimation maximale de l’effet de ce nouveau terme (2). Nous montrons que ce nouveau ter-
me a un effet très modéré. En conclusion, la correction que nous proposons modifie très peu les états fon-
damentaux des noyaux impairs, mais a un impact beaucoup plus important sur l’interaction résiduelle parti-
cule-trou. Cette dernière peut donc être ajustée sur les modes collectifs de spin. 

original Skyrme force for nuclear matter and the 
ground states of even-even nuclei. From the analy-
sis of the properties of nuclear matter, restrictions 
on the parameters governing the new term could 
be obtained (2).  
We have also studied the effects of the new term 
on the ground state properties of odd nuclei, in 
particular the total binding energy and the density 
distribution (2). To provide an approximate maxi-
mal estimate of the effects while keeping our mo-
del simple, we have performed HF calculations 
and we introduced the one-spin polarized approxi-
mation (OSPA): we use the equal filling approxi-
mation, so that the time-reversal symmetry is not 
broken, but to get the spin density we assumed for 
the last occupied state that the spin-up state is 
completely filled while the spin-down state is empty 
between the two possible spin orientations  (or, 
equivalently, the opposite). The OSPA is therefore 
an approximation which overestimate the spin den-
sity, and therefore the effect of the new term. Ho-
wever, from the OSPA we have shown that the 
new term has only a negligible contribution to the 
ground-state of odd nuclei (few tens of KeV). 
We conclude that with an extended Skyrme inte-
raction including the new term that we propose (1), 
the binding energies and the mean field of odd nu-
clei remains nearly unchanged but the residual 
particle-hole interaction could be tuned with a large 
flexibility (2).  
 

References:  
(1) J. Margueron and H. Sagawa, J. Phys. G: Nucl. 
Part. Phys. 36, 125102 (2009). 
(2) J. Margueron J., S. Goriely, M. Grasso, G. Co-
lo, H. Sagawa, J. Phys. G: Nucl. Part. Phys. 36, 
125103 (2009). 

Despite many theoretical and experimental investi-
gations, the spin and the spin-isospin channels in 
either the ground and the excited states of nuclei 
are  still widely open for future study. Since the 
ground states of nuclei are non spin-polarized in 
the case of even-even nuclei and weakly spin-
polarized in odd nuclei, it is indeed difficult to probe 
the spin and the spin-isospin channels of the nu-
clear interaction. Dense matter in neutron stars 
could however give some global constraints. For 
instance the ferromagnetic phase predicted by all 
the Skyrme interactions beyond the saturation den-

sity 0 (see Fig.1) might not be realistic.  

A modification of the standard Skyrme interaction 
has therefore been proposed such that the ferro-
magnetic instability is removed (1). Being added in 
perturbation on top of existing forces, the new term 
retains the simplicity and the good properties of 

IPNO Participation: J. Margueron, M. Grasso 
Collaboration : Institut d'Astronomie et d'Astrophysique de Bruxelles, Dipartimento di Fisica Uni-
versità di Milano, University of Aizu-Wakamatsu. 
 

Fig.1: Ferromagnetic phase diagram for various Skyrme 
forces (BSk16: diamond, RATP: down-triangle, SkMS: left-
triangle, SLy5: circle, SGII: up-triangle, LNS: square)  The 
horizontal axis shows the critical density at which the asym-
metric matter becomes unstable while the vertical axis 
shows the proton fraction. On the l.h.s., matter is not polari-
zed while on the r.h.s., matter is made of domains where 
spin are aligned. 

0 
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Pairing properties in nuclei and in neutron starsPairing properties in nuclei and in neutron starsPairing properties in nuclei and in neutron stars   

Les propriétés d’appariement des noyaux ainsi que des étoiles à neutrons sont étudiés dans des modèles 
de champ moyen Hartree-Fock-Bogoliubov. Pour cela, nous proposons une interaction d’appariement de 
portée nulle et dépendante de la densité, non-empirique (non-ajusté sur des noyaux), qui reproduit la lon-
gueur de diffusion dans le canal 

1
S0 ainsi que les calculs ab-initio de gap dans la matière uniforme. Pour 

reproduire à la fois la matière symétrique et la matière de neutrons, nous avons du introduire une dépen-
dance en isospin dans la force d’appariement. Nous discutons aussi les effets de polarisation du milieu au-
delà du premier ordre BCS. D’une étude systématique sur des noyaux semi-magiques (chaines isotopiques 
et isotoniques) nous avons montré que l’interaction d’appariement au premier ordre BCS reproduit très bien 
les données expérimentales. Nous avons montré l’impact des différent modèles d’appariement sur le refroi-
dissement des étoiles à neutrons. 

matter, fails to correctly reproduce isotopic and 
isotonic systematic, and the IS+IV induced pairing 
force, which includes medium polarization, under 
estimate the OESM. 
In Ref.(4) it has also been shown, with the local 
density approximation (LDA), that the pairing field 
deduced from the pairing gaps in infinite matter 
reproduces qualitatively well the pairing field for 
finite nuclei obtained with the HFB method. 
Despite the differences between finite nuclei and 
neutron stars matter, self-consistent mean field 
models could be extrapolated to infinite matter un-
der the extreme conditions realized in stars (1,5). 
The crust of neutron stars is made of nuclear clus-
ters where the HFB model is applicable within the 
Wigner-Seitz approximation. In Ref.(5), a compari-
son between band theory and mean field approxi-
mation has sheld light on the domain of application 
of mean field models. A systematic calculation of 
the neutron specific heat in the crust of neutron 
stars has therefore been performed and has been 
used in a model for the cooling of neutron stars (1). 
The effects of the clusters are moderated, but non-
negligeable. Larger effects induced by the pairing 
force have been observed. These results motivate 
the comparison of the different pairing interactions 
in finite nuclei, such as in Ref.(4), with an improved 
description of medium polarization. 
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Phys. Rev. C 77, 054309 (2008). 
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The pairing gap is an important quantity to under-
stand the cooling of neutron stars, as it modifies 
the specific heat as well as neutrino emission proc-
esses (1). It is also important to understand the 
Glitches of neutron stars. A precise and well con-
strained theory for pairing in neutron stars is thus 
necessary.  
Among these constrains are those given by nuclei. 
In a marked contrast with electronic systems, the 
nuclear interaction is already attractive in the first 
order approximation (BCS). Nevertheless, it has 
been shown that higher order contributions, such 
that medium polarization, may lead to important 
corrections to the nuclear interaction in the particle
-particle channel and therefore to the pairing gap in 
uniform matter as well as in finite nuclei.  
We have proposed an effective density-dependent 
pairing interaction that reproduces both the neu-
tron-neutron scattering length in the 

1
S0 channel 

and the neutron pairing gap in uniform matter (2). 
In order to simultaneously describe the density 
dependence of the neutron pairing gap for both 
symmetric and neutron matter, it was necessary to 
include an isospin dependence in the effective 
pairing interaction. Depending on whether the me-
dium polarization effects on the pairing gap calcu-
lated in Ref.(3) are taken into account or not, we 
have proposed two different density dependences 
in the pairing interaction (hereafter named Bare 
and Induced). The comparison of the predictions of 
these interactions with the odd-even mass stagger-
ing (OEMS) in semi-magic nuclei is shown in Fig.1 
(for isotopic chain) and Fig.2 (for isotonic chain). 
The HFB calculations based on the IS+IV Bare 
pairing force well account for the experimental 
OEMS (similar comparison for the binding energy 
and the two neutrons separation energy are shown 
in Ref.(4)). This result suggests that a global non-
empirical pairing interaction depending on both the 
IS and IV densities can be adjusted to be used for 
a wide range of the nuclear chart. In contrast, the 
IS Bare force, which is adjusted only in symmetric 
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Fig.2: Comparison for the isotonic chains (N=20, 28, 50, and 82) of the HFB pairing gaps p with 

the odd-even mass staggering deduced from experimental masses (diamond).  

Fig.1: Comparison for the isotopic chains (Ca, Ni, Sn, and Pb) of the HFB pairing gaps n with the 

odd-even mass staggering deduced from experimental masses (diamond).  
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EvaporationEvaporationEvaporation---residue cross sections: role of the entrance channelresidue cross sections: role of the entrance channelresidue cross sections: role of the entrance channel   

Sections efficaces de résidus d’évaporation : rôle de la voie d’entrée    
 
Pour une réaction entre deux ions lourds, la création des résidus d’évaporation est un processus très 
complexe, surtout pour les systèmes symétriques où la quasi-fission peut intervenir très fortement. L’étude 
d’une gamme de réactions menant au même noyau composé, permet une séparation approximative des 
effets de la voie d’entrée (choix du projectile et de la cible) et les effets parvenant des propriétés du noyau 
composé lui-même. Nous définissons deux distributions de barrière ; une pour la capture (étape initial da la 
réaction) et, en exploitant la section efficace des résidus d’évaporation, une deuxième pour la création du 
noyau composé. Une comparaison des deux permet de voir l’importance de la quasi-fission dans les 
différents systèmes. 

regime. They essentially come from:  
1) the compound nucleus excitation energy at the 
corresponding barrier, 
2) the “inertial parameter” 2MR

2
  which determines 

the energy range over which the evaporation-
residue cross section saturates, and 
3) the entrance-channel barrier distribution due to 
the intrinsic structures of the reactants.  
A good understanding of these effects will facilitate 
the study of the role of quasi-fission which is also 
system dependent, being significantly more impor-
tant for mass-symmetric systems. It may also pos-
sess a deformation dependence (the survival prob-
ability being greatest for the most “compact” con-

figurations at contact), and may be further influ-
enced by closed shells in the target and/or projec-
tile (with the fragment-mass drift favouring the 
closed-shell structures).  
 
We derive the correct structural form of the evapo-
ration-residue cross section and demonstrate our 

For heavy systems, the formation of high-Z evapo-
ration residues via heavy-ion capture is a very 
complex process. In the early stages of the reac-
tion, the colliding partners encounter an external 
Coulomb barrier which they must surmount or pe-
netrate for the reaction to proceed. Once the bar-
rier has been crossed, the composite system must 
evolve to form an equilibrated compound nucleus, 
though of course there may be pre-equilibrium fis-
sion before this state is reached; a system-
dependent process referred to as quasifission. Fur-
thermore, if and when a compound nucleus is for-
med, it may decay by true fission, as well as beco-
ming a longer-lived evaporation residue through 
the emission of low-mass particles (neutrons, pro-
tons, alpha-particles...). At sufficiently high angular 
momentum all of the compound nuclei will fission 
and their contribution to the evaporation residue 
cross section will fall to zero. 
 
Even in its first stage, the reaction may be further 
complicated by the presence of a “distribution of 
Coulomb barriers” arising from the internal structu-
res of the reaction partners (principally their highly 
collective states). This phenomenon will modify the 
coefficents for crossing the external barriers and 
entering into the composite system.  
 
Well above the highest barrier, all of the low partial 
waves that are capable of surviving fission will be 
fully transmitted, and, in the absence of quasi-
fission, the reduced cross section for evaporation-
residue formation at a given compound-nucleus 
excitation energy, becomes independent of the 
reaction partners [1]. This significantly simplifies 
the reaction dynamics. However, when  attempting  
to optimize compound-nucleus formation (for ex-
ample in superheavy-element creation) one might 
choose a lower energy, where transmission is not 
complete but survival is much greater. We investi-
gate the differences that arise from different 
choices of target and projectile in this lower-energy 

IPNO Participation: N. Rowley 
Collaboration: Nabila Saffi dine-Grar (Department of Physics, University Ferhat Abbas of Sétif, 
19000 Algérie) 
 

Fig. 1.   A comparison of the experimental barrier 
distribution ( 96Zr + 124Sn reaction) for fusion 
(compound nucleus creation) with the theoretical 
capture distribution shows the dominant role of 
quasi-fission for all but the highest barriers. Both 
curves are normalized to 1 for comparison, but the 
true fusion probability is around 8%. 
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results by reference to various experimental stud-
ies, all leading to the same compound nucleus 
220

Th, but covering a large spread of mass asym-
metries (ranging from 

16
O + 

204
Pb to 

96
Zr + 

124
Sn). 

The entrance-channel effects are best expressed 
in terms of the s-wave transmission coefficient 
rather than through the total capture cross section 
(though this does not imply that higher partial 
waves do not play a role). We show that the data 
on the above systems require a distribution of en-
trance-channel Coulomb barriers [2,3], and are all 
consistent with a quasi-fission probability which 
depends only on the barrier in question; a result 
consistent with the philosophy of the di-nuclear-
system (DNS) model [4]. 
 
For the compound nucleus under consideration, 
the maximum theoretical reduced cross section 
(that is, with all relevant partial waves saturated 
and with no quasi-fission) is a relatively smooth 
function of the excitation energy. It may be ex-
tracted directly from the set of experiments under 
consideration and allows a direct inference of the 
role of quasi-fission. This can be seen in Fig. 1 
where we compare the experimental barrier distri-
bution for fusion (compound-nucleus creation) in 
the 

96
Zr + 

124
Sn reaction [5] with the theoretical 

capture distribution calculated with the coupled-
channels program CCFULL [6]. This calculation 
includes multi-phonon excitations in both the target 
and the projectile, and gives a good agreement 
with the capture data of Ref. [7] (the data them-
selves are not sufficiently complete to derive an           
experimental capture barrier distribution directly). 
For this reaction, the results show clearly the domi-
nant role of quasi-fission which completely sup-
presses the contribution to compound nucleus for-
mation from all but the very highest entrance-
channel barriers. 
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Extending the VMI model: normal and superdeformed nucleiExtending the VMI model: normal and superdeformed nucleiExtending the VMI model: normal and superdeformed nuclei   

Le modèle VMI : noyaux déformés et superdéformés 
 
Le modèle du “Variable Moment of Inertia” a été exploité afin de définir une nouvelle “référence naturelle” 
pour la bande yrast dans les noyaux normalement déformés (ND). Cela permet d’obtenir de façon simple 
les propriétés intrinsèques du noyau (cœur et quasiparticules) le long d’une chaine isotopique. L’analyse de 
ces propriétés suggère l’existence d’une région où le noyau se comporte presque comme un “rotor” parfait, 
et une expérience est planifiée pour étudier le 

180
Yb qui en est vraisemblablement le meilleur exemple. Des 

analyes similaires pour les noyaux superdéformés (SD) sont en cours, et portent des informations sur les 
interactions entre les états ND et SD (reponsables de la décroissance de ces derniers vers les premiers ; 
“decay-out”), et sur le phénomène de bandes identiques.  

former parameter is related to the nuclear defor-
mation and the latter to its « stiffness ». Fig. 1 
shows the behaviour of J0  along various isotopic 
chains lying between the N=82-126 closed shells.  

 
We have re-investigated the properties of the so-
called variable-moment of inertia (VMI) model [3,4]
and shown that it can be used to define a « natural 

Defining a natural reference 
The Harris formula [1] (derived from the cranking 
model [2]) is frequently used to parametrise the 
spins and energies of the first few levels of defor-
med rotational nuclei as a function of their rotatio-
nal frequencies ω (related to the gamma-ray ener-
gies by ω=Eγ/2). For the spin we may write 

and for the energy 

The two inertial parameters [J0,J1] possess an inte-
resting, dramatic behaviour as functions of the 
neutron number N and and proton number Z. The 
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Fig 1. Dependence of J0 on the neutron number for  
various isotopic chains (Z is indicated in the legend)
running through the N=82-126 major shell. This quan-
tity reflects rather well the nuclear deformation which 
switches on rapidly around N=90. 
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Fig 2. Various properties of the rotational Os isotopes: 
(a) the energy change at the first band crossing (that 
is, the 2-quasineutron alignment), (b) the distance 
from the Fermi energy λ of the aligning levels, (c) the 
moment of inertia of the ground-state band, and (d) 
the spin change at the first crossing. The natural ref-
erence allows a simple and reliable extraction of (a) 
and (d) for comparison with theoretical calculations. 
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(crossing)  with higher bands, and the VMI model 
is capable of fitting the experimental spectra up to 
very high  spin with a quite remarkable precision.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

So much so, that the deviations observed for cer-
tain, particular spin values may be related to the 
very weak interactions with normal-deformed 
states, that may be responsible for the “decay-out” 
phenomena observed in these systems (see for 
example, Ref. [7]). Information on band crossings 
and on the “identicality” [8] of various bands may 
also be obtained from these analyses. 
 

References: 
[1] S.M. Harris, Phys. Rev. B 138, 509 (1964); Phys. 

Rev. Lett 13, 663 (1964) 
[2] D.R. Inglis, Phys. Rev. 96, 1059 (1954); 103, 

1786 (1956) 
[3] M.A.J. Mariscotti, G. Scharff-Goldharber and B. 

Buck, Phys. Rev. 178, 1864 (1969);  
[4] G. Scharff-Goldharber, C.B. Dover and A.L. 

Goodman, Ann. Rev. Nucl. Sci. 26, 239 (1976) 
[5] N. Rowley, J. Ollier and J. Simpson, Phys. Rev. 

C 80, 024323 (2009) 
[6] J. Ollier et al., in progress 
[7] A. Lopez-Martens, Eur. Phys. J. A 20, 49 (2004) 
[8] C. Baktash, B. Haas and W. Nazarewicz, Annu. 

Rev. Nucl. Part. Sci. 45, 485 (1995) 

reference » [5] for the yrast band in rotational nu-
clei.  By distinguishing the angular momentum and 
energy changes due to an increase in the rotatio-
nal frequency, and due to changes in the intrinsic  
structure of the deformed core, it is found that the 
best reference is given by the above formulae but 
with the value of J1 that is obtained from simply 
fitting the spin being replaced by J1/3.  
 
The idea of introducing a reference in the first 
place is to subtract from the total spin and energy 
changes, the contributions from the core, and the 
J1/3 term in the above expressions reflects ex-
tremely well the smoothly changing core structure. 
The remainder can be directly related to the more 
rapid changes in the single-(quasi)particle struc-
ture due to band crossings. In particular, the spin 
and energy changes associated with the 2-
quasineutron crossing can be very reliably ex-
tracted. These are shown in Fig. 2 as functions of 
mass number for the even-even osmium isotopes. 
Also shown are J0 and the inferred position of the 
aligning i13/2 levels with respect to the Fermi energy 
λ. This direct extraction of λ allows a simple inter-
pretation of the evolution of the nuclear structure 
along the isotopic chain, without recourse to de-
tailed theoretical calculations. The techniques de-
veloped in Ref. [5] also give an excellent means of 
extracting the properties of higher bands, espe-
cially through band-mixing calculations. 

Towards the perfect rotor 
An important quantity in the VMI model is found to 
be 2G=2E-Iω, which is a measure of the non-
rotational energy of the core. It is independent of J0 
and is directly related to J1 through 2G≈J1 ω

4
/2. For 

certain systems, this can be very small compared 
with the core rotational energy, and such nuclei 
behave as almost perfect rotors. This is demon-
strated in Fig. 3 for the nuclide 

178
Yb. Its even-even 

neighbour 
180

Yb has no known excited state but is 
thought to be the best nuclear rotor that exists. An 
experimental proposal has been accepted at 
iThemba LABS in South Africa [6] to study this sys-
tem via an incomplete fusion reaction. 
 
Superdeformed nuclei 
The appearance of this extraordinary “perfect ro-
tor” behaviour seems to depend on the position of 
the Fermi level which determines several proper-
ties of the system. It should lie far enough above 
the aligning levels in order to give a high 2-
quasineutron energy, thereby delaying the corre-
sponding crossing until much higher frequencies, 
but at the same time close enough for them to still 
give a significant contribution to J0.  
In this respect, the superdeformed bands in even-
even nuclides in the mass-190 region are quite 
exceptional. Their larger deformations and larger 
single-particle angular momenta j lead to moments 
of inertia which are around a factor of 2 larger than 
the largest seen in the above mass≈150 region. 
Like the case shown in Fig. 3, very few of these 
nuclides show any sign of a specific interaction 

Fig. 3. For a pure VMI band, the quantity 2G=2E-Iω is 
the non-rotational energy of the core. In the 178Yb 
nuclide, this represents only 7% of the total energy, 
even at the highest spins. Thus the system behaves 
almost like a perfect rotor. 
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Nous avons maintenant bien établi que le deuxième état 0+ dans le 
12

C à  7.65 MeV est un état à  trois par-
ticules alpha qui sont en interaction faible. C'est donc un gaz  à  trois alpha ou en d'autres termes un 
condensat de particules alpha. L'occupation de l'onde S est de 70% ce qui justifie bien le terme 
'condensat'. Nous reproduisons le facteur de forme inélastique expérimental avec une très bonne précision 
sans paramètre ajustable ce qui nous fait penser que notre description est bonne. Une fois accepté qu'un 
tel état existe dans le 

12
C il n'y a qu'un pas à supposer que de tels états existent aussi dans d'autres 

noyaux n alpha plus lourds, comme 
16

O, 
20

Ne, etc. Dans 
16

O, un calcul récent indique que l’état 0+ à 15.1 
MeV est un condensat à quatre particules α. 

three alpha particles. Our calculation shows that 
analogous states should exist also in heavier N 
alpha nuclei like 

16
O, 

20
Ne, 

24
Mg, etc with 4, 5, 6,... 

condensed alphas. Recent extensive so-called 
OCM-type calculation for the 0+ spectrum of 

16
O 

explains the whole spectrum of the 6 lowest states. 
The 6-th state at 15.1 MeV is predicted to be of 4 α 
condensate structure [1].  
A dedicated experiment to detect α-particle 
condensed states with Chimeria Catania by B. Bor-
derie and M.F. Rivet et al. is in final stage of analy-
sis with exciting results. Experiments have been 
started to look for the 4 alpha condensate in 

16
O. 

We also have made calculations in infinite nuclear 
matter which show that at low densities where the 
alpha particles do not yet overlap, alpha particle 
condensation is favored and that the critical tempe-
rature is as high as 6 MeV [2]. During the collapse 
of massive stars nuclear matter may go through 
stages where it contains a lot of alpha particles. 
Their possible condensation may influence pressu-
re and equation of state of the matter and thus the 
collapse scenario. It is believed that the outer tail 
of a neutron star contains a lot of alpha particles. 
Also there the condensation phenomenon can oc-
cur. 
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It is well known that at least lighter nuclei show 
under certain circumstances a pronounced cluster 
structure. One of the most prominent clusters is 
the alpha particle with its unusual high binding 
energy per particle for such a light element. That 
nuclei have such a rich cluster structures has to do 
with the fact that there are four different fermions 
with almost equal mutual attraction. In a mean field 
picture two protons and two neutrons can be put 
into the lowest S-state whereas in a hypothetical 
tetra-neutron two out of the four neutrons have to 
be put into the energetically very costly P-state. 
Unfortunately most of other fermionic systems çha-
ve only at most two different species. It is evident 
that clusters of more than two constituents are 
theoretically very difficult to be described microsco-
pically. For example the second 0+ state in 

12
C, the 

famous 'Hoyle' state of astrophysics at 7.65 MeV, 
is completely absent in a large scale shell model 
calculation of the modern kind (it comes somewhe-
re around 21 MeV!!). On the other hand we descri-
be this state with a microscopic 12 nucleon wave-
function of the alpha condensate type without ad-
justable parameter with very good precision. This 
wavefunction consists out of three center of mass 
Gaussians with width parameter B and three intrin-
sic alpha particle wavefunctions, also Gaussians 
but with width parameter b. The whole wave func-
tion is explicitly antisymmetrised among the pro-
tons and neutrons. The two parameters B and b 
are used as Generator Coordinates and with a sui-
table Hamiltonian the corresponding Schroedinger 
equation is solved.  
Energy of the Hoyle state as well as transition pro-
babilities and form factors are in very good 
agreement with the experimental data. We obtain a 
volume of this state which is 3 or 4 times as large 
as the corresponding ground state. The effective 
bosonic occupation of the lowest S-state of the 
alpha particles is obtained as 70% which indicates 
that this state can be considered to very good ap-
proximation as a weakly interacting condensate of 
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Dans des noyaux riches en neutrons, des modes collectifs qui n’ont pas d’équivalent dans des noyaux N=Z 
apparaissent. Un exemple en est la resonance pygmée dans la réponse dipolaire électrique. Nous étudions 
cette resonance dans le cadre de l’équation de Vlasov que nous résolvons par la méthode des pseudopar-
ticules, avec la fonctionelle d’énergie BCP (qui décrit les masses des noyaux stables et l’équation d’état de 
la matière asymétrique) comme interaction. Nous obtenons des résultats très raisonnables pour la réponse 
dipolaire. L’existance de la resonance  pygmée est donc un phénomène générique qui ne depend pas de la 
structure en couches des noyaux. En analysant le champ de vitesse correspondant, il semble que la reso-
nance pygmée n’est pas seulement une oscillation de la peau à neutrons contre le cœur N=Z, mais elle 
ressemble beaucoup au mode toroïdal qui a été prédit comme mode isoscalaire aussi dans les noyaux 
N=Z. 

is moving against the core, but the motion resem-
bles that of the isoscalar torus mode which was 
predicted to exist even in N=Z nuclei.This confirms 
a result obtained earlier for 

208
Pb within a comple-

tely different approach [Ryezayeva et al., Phys. 
Rev. Lett. 89, 272502 (2002)]. 

In neutron-rich nuclei, the rms radius of the neu-
trons is larger than that of the protons. Hence, the 
surface region of these nuclei consists mainly of 
neutrons. The existence of this ‘’neutron skin’’ 
leads to the existence of new excitation modes. A 
famous example for such a mode is the ’’pygmy 
resonance’’. 
In order to learn more about the character of this 
mode, we study it in the framework of the semi-
classical Vlasov equation, which we solve numeri-
cally employing the pseudo-particle method (as in 
the simulation of heavy-ion collisions). The parti-
cles propagate in a mean field which is calculated 
from a slightly modified version of the so-called 
BCP energy-density functional, which was fitted to 
the masses of some finite nuclei and to Brückner 
calculations for symmetric and asymmetric nuclear 
matter. The ground state is computed within the 
Thomas-Fermi approximation in order to be 
consistent with the Vlasov dynamics. We excite the 
nucleus at t=0 and then let it evolve until the oscil-
lation is sufficiently damped. The response func-
tion is obtained by calculating the Fourier trans-
form of the resulting time-dependent electric dipole 
moment. 
Results for the electric dipole response of different 
tin isotopes are shown in Fig. 1. The response is 
dominated by the giant dipole resonance, but with 
increasing neutron excess some strength at lower 
energies builds up, which in the case of 

132
Sn is 

concentrated in a well localised  peak at 8.6 MeV, 
corresponding to the pygmy resonance. Although 
our semiclassical theory does not take into account 
any shell effects, the results for the electric dipole 
response are in reasonable agreement with fully 
quantum mechanical RPA calculations. We thus 
conclude that the main features of the pygmy reso-
nance are independent of the shell structure of the 
nucleus. 
We also calculate the velocity fields of protons and 
neutrons corresponding to the pygmy resonance 
(see Fig. 2). We see that not only the neutron skin 

IPNO Participation:  M. Urban, P. Schuck 
 

Figure 2: proton and neutron velocity 
fields of the pygmy resonance in 

132
Sn. 

Figure 1: electric dipole response of 
different tin isotopes. 



76 

Collective Modes in Ultracold Trapped Fermi Gases:Collective Modes in Ultracold Trapped Fermi Gases:Collective Modes in Ultracold Trapped Fermi Gases:   
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L’équation de Boltzmann est un outil important pour la modélisation de nombreux processus dependant du 
temps dans des gaz de fermions ultra-froids, puisqu’elle est valable du régime hydrodynamique jusqu’au 
régime sans collisions. Nous l’avons appliquée au calcul des fréquences et des taux d’amortissement des 
oscillations collectives (mode quadrupolaire, mode de ciseaux, modes de respiration). Dans le régime 
d’interaction forte, nous avons calculé le champ moyen et la section efficace dans le milieu, qui rentrent 
dans l’équation de Boltzmann, en utilisant la matrice T dans l’approximation d’échelle. Les propriétés des 
modes ont ensuite été obtenus par la méthode des moments. La comparaison avec l’expérience montre 
que l’effet des collisions est surestimé dans la théorie avec la section efficace dans la milieu.  Pour re-
soudre ce problème, nous avons développé un code qui résout l’équation de Boltzmann numériquement en 
utilisant la méthode des pseudoparticules.  

Using this mean field in local-density approxima-
tion, we obtain very reasonable density profiles of 
the trapped gas. As an example, we show in fig. 2 
the density profiles of a gas of 400000 atoms for 
two different temperatures. 
The second point where the in-medium T matrix 
enters the Boltzmann equation is the collision term, 
which depends on the cross section σ. The cross 
section obtained from the in-medium T matrix is 
strongly enhanced compared to the free one,  σ0, if 
the temperature is close to TC, the critical tem-
perature for the normal-superfluid transition. This 
can be seen in fig. 3, where the ratio σ/σ0 is shown 
for three different temperatures. 

Collective modes with the method of moments 
The numerical solution of the Boltzmann equation 
is very difficult. A commonly used approximation 
consists in making an ansatz for the distribution 
function f(r,p,t) with just a couple of coefficients, 
and then taking moments of the Boltzmann 
equation in phase space. In this way, the effect of 
the collisions on the frequencies ω and damping 
rates Γ of the scissors, quadrupole, and breathing 
modes can by expressed in terms of a single 
parameter, the relaxation time τ, which can be 
calculated from the cross section and the 

For the description of time-dependent processes in 
trapped Fermi gases, different regimes can be dis-
tinguished. Let us concentrate on the normal-fluid 
phase. Then there are two limiting cases: If the 
process is much slower than the mean time bet-
ween collisions of the atoms, the system is locally 
in equilibrium and it can be described hydrodyna-
mically. If the process is much faster than the colli-
sions, the system is in the collisionless limit and 
can be described by the Vlasov equation. In order 
to interpolate between these limits, we use the 
Boltzmann equation, which is a Vlasov equation 
with collision term. In order to account for the Fer-
mi statistics of the atoms, the collision term 
contains the usual Pauli-blocking factors, which 
strongly suppress collisions at low temperature. 

In-medium T matrix 
The Boltzmann equation needs some input from 
the underlying microscopic theory. First of all, the 
propagation of the particles depends on the poten-
tial, which in the case of trapped atoms can be 
written as V=Vtrap+U, where Vtrap denotes the trap 
potential and U is the mean field. In the weak-
coupling limit, the latter can be obtained within the 
Hartree approximation U=gρ, where g<0 is the 
coupling constant proportional to the scattering 
length a, and ρ is the density. In the strongly inter-
acting BCS-BEC crossover regime, however, this 
approximation fails. Instead, we calculate the 
single-particle self-energy Σ(ω,k) in ladder approxi-
mation (see fig. 1) and identify its on-shell value at 
the Fermi surface with the mean field: U=Σ(εF,kF). 
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Figure 1: self-energy (top) and T matrix (bottom) 
in ladder approximation. 

Figure 2: Density profiles with and without mean 
field at two different temperatures. 
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section (red lines), especially the damping rates Γ, 
go too fast to the hydrodynamic limit at lower 
temperatures, i.e., the relaxation time is too small. 

Numerical solution of the Boltzmann equation 
The approximations which are implicitly made in 
the method of moments could be a possible 
reason for the disagreement between theory and 
experiment. This is why we developed a code for 
the numerical solution of the Boltzmann equation 
based on the pseudoparticle method. The principle 
is the same as in the usual codes for the simula-
tion of heavy-ion collisions, but the practical pro-
blems are different because of the much larger 
number of particles in the trapped gas. 
As a first application of this code, we studied the 
collective quadrupole oscillation of the cloud in a 
spherical harmonic trap, without mean field and 
with the free cross section. In the hydrodynamic 
limit (τ→0), the quadrupole mode becomes 
undamped and approaches the frequency √2ω0, 
where ω0 denotes the trap frequency. In the 
collisionless limit (τ→∞), the mode is undamped, 
too, but its frequency is higher and approaches 
2ω0. In fig. 5 we show the response obtained from 
the  pseudoparticle simulation (red), compared 
with the method of moments (blue). While the 
general behaviour is similar, the simulation gives a 
higher frequency than the method of moments. If 
we use the form of the response function from the 
method of moments, but consider τ as a fitting 
parameter, we can very well reproduce the result 
of the simulation (purple). The fitted relaxation time 
τ obtained in this way is significantly higher (by 
~50%) than that obtained from the method of 
moments, and a similar increase of τ is found in 
the whole range of interaction strengths and 
temperatures. It seems that the method of 
moments systematically overestimates the effect of 
collisions. This is a very encouraging result, since, 
as mentioned above, the relaxation time obtained 
by the method of moments for realistic parameters 
and with the in-medium cross section was too 
short in comparison with experimental data. 
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equilibrium distribution function. We compare our 
frequencies and damping rates with the results of  
three recent experiments [Altmeyer et al., Phys. 
Rev. A 76, 033610 (2007); Wright et al., Phys. 
Rev. Lett. 99, 150403 (2007); Riedl et al., Phys. 
Rev. A 78, 053609 (2008)]. The main success of 
our model is that with the help of the mean field U 
we can reproduce the observed upwards shift of 
the quadrupole mode in the collisionless regime 
compared to the ideal gas result. However, in the 
cases where the frequencies and damping rates 
are dominated by collisions, the description of the 
data becomes worse if one uses the in-medium 
cross section instead of the free one: Because of 
the enhanced cross section, the relaxation time τ 
gets too short. As an example we show the results 
for the scissors mode in fig. 4. The data are from 
the experiment by Wright et al. [loc. cit.],  where 
the trap frequencies in the x and y directions were 
ωx=2π·830Hz and ωy=2π·415Hz. In the hydrody-
namic (τ→0) and collisionless (τ→∞) limits, the 
scissors mode gets undamped and approaches 
the limiting frequencies √(ωx

2
+ωy

2
)=2π·944Hz  and 

ωx+ωy=2π·1245Hz, respectively. As can be seen 
from fig. 4, the results with the in-medium cross 

Figure 5: Quadrupole response of a gas of 
10000 atoms with interaction strength kFa = -2 
and temperature T = 0.4 εF. 

Figure 3: Ratio of in-medium to free cross sec-
tion as function of the relative momentum q for 

Figure 4: Frequency (top) and damping (bottom) 
of the scissors mode as a function of temperature. 
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La physique des neutrinos est un domaine en plein développement depuis la découverte du phénomène 
d’oscillation  il y a dix ans. Des progrès considérables ont été obtenus sur notre connaissance des proprié-
tés des neutrinos. Toutefois des questions essentielles restent ouvertes telles que la connaissance de la 
valeur absolue et de la hiérarchie de masse, la valeur du troisième angle de mélange, la nature des neutri-
nos de Majorana ou Dirac et l’existence possible de la violation de CP leptonique. Nous utilisons les neutri-
nos provenant de sources astrophysiques et de l’Univers primordiale pour explorer ces questions et appor-
ter des stratégies complémentaires dans ces recherches. En particulier, nous venons d’établir dans quelles 
conditions ils peuvent y avoir des effets de violation de CP sur les flux des neutrinos dans les milieux et 
étudié l’impact. Une signature pour le troisième angle de mélange a aussi été proposée qui peut être utili-
sée dans les observatoires des supernovae actuels, comme Super-Kamiokande, ou en phase d’étude. 

Introduction 
A major progress in our knowledge of neutrino 
properties has been made in the last decade after 
the discovery of the neutrino oscillation phenome-
non - neutrinos can change their flavour while trav-
elling - in 1998 by the Super-Kamiokande collabo-
ration, with an impact in various fields of physics 
from particle physics to astrophysics and cosmol-
ogy. Neutrinos are so elusive that they can pass 
through extensive layers of matter to tell us what 
happens in the inner core of stars, such as our 
Sun. A huge amount of neutrinos is emitted during 
the gravitational collapse of massive stars called 
core-collapse supernovae. R. Davis, for the pio-
neering solar neutrino experiment, and M. Koshiba 
for the observation of neutrinos from the super-
nova 1987A have been awarded the Physics No-
bel Prize in 2002, with R. Giacconi.  Neutrino oscil-
lations turn out to be essential when neutrinos 
propagate in these and other astrophysical envi-
ronments, including accretion-disks around black-
holes, as well as in the early Universe, at the ep-
och of the synthesis of light elements.  
Neutrino physics is entering a crucial phase. In the 
coming years several experiments will address 
crucial open issues, among which the third neu-
trino mixing angle value, the neutrino (Majorana 
versus Dirac) nature, the neutrino mass scale and 
hierarchy, and the possible existence of CP viola-
tion in the lepton sector.  Neutrinos from massive 
stars or the Early Universe can bring essential in-
formation on these open questions, either from 
searching their effects in these environments (on 
the r-process or Big-Bang Nucleosythesis for ex-
ample) or in observations in detectors on Earth. 
This is one of the strategies followed by the theo-
retical group working on neutrinos at IPN Important 
results have been obtained in the last two years 
concerning both the value of the third neutrino mix-
ing angle and CP violation.  
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Searching for indirect effects of leptonic CP 
violation in core-collapse supernovae and the 
Early Universe (BBN epoch) 
 

We have investigated neutrino propation including 
the coupling with matter at tree level (MSW effect) 
and a non-zero CP violating Dirac phase [1]. We 
have identified, for the first time, the conditions 
under which there can be CP violating effects in 
supernovae. Any physics that breaks the equality 
among the muon and tau neutrino fluxes at the 
neutrinosphere, such as loop corrections or phys-
ics beyond the standard model (ex. flavour-
changing-neutral-currents), engenders CP effects 
on the neutrino fluxes and on observables.  One of 
our main goals has also been to determine 
whether CP violation can have an impact on the r-
process. Unraveling the site and the conditions for 
the r-process is one of the most important open 
questions in nuclear astrophysics,  core-collapse 
supernovae being one of the possible sites. How-
ever present simulations are unable to reproduce 
the observed abundances because (anti)neutrino 
interactions with neutrons and protons reduce the 
available neutrons. In such a context effects of 
several percent, such as those that might arise 
from CP violation, can be important. Our results 
show that the CP effects on the neutron/proton 
ratio -- a key parameter for the r-process -- are 
less than 1% within the MSW framework [1,3].  
In [2] we have generalized these results to the 
case where the neutrino-neutrino interaction is also 
included. Following the neutrino evolution in matter 
in this case becomes much more demanding be-
cause a large number of stiff non-linear differential 
equations are involved. We have shown that our 
demonstration holds also in the case where neu-
trino-neutrino interaction is included; and we have 
quantified the CP effects on the neutrino fluxes in 
the star. These turn out again to be of the order of 
several percent [2,3].  
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  At IPN, we are at present among the leading 
groups  able to follow (in the single angle approxi-
mation) the 3 flavour neutrino evolution including 
the coupling to matter and to the neutrinos, keep-
ing all phases during the evolution.  
[1] J. Gava, J. Kneller, C. Volpe, G.C. McLaughlin, 
Phys. Rev. Lett. 103, 071101 (2009), e-print:arXiv: 
0902.0317. 

 

Untangling core-collapse supernova signals 
with beta-beam data 
Low energy beta-beams is a new facility for the 
production of neutrinos in the 100 MeV energy ran-
ge [1], based on the novel concept of beta-beams 
proposed by Zucchelli [2]. This exploits the beta-
decay of boosted radioactive ions. While the origi-
nal baseline scenarios aims at the search for lepto-
nic CP violation, low energy beta-beam physics 
program covers timely open issues in the study of 
nuclear structure, of fundamental interactions and 
of core-collapse supernova physics. For a review 
of beta-beams and their physics potential see [3].     
   The feasibility of beta-beams and the physics 
potential of low energy beta-beams have been in-
vestigated within the EURISOL Design Study in 
FP6 (2005-2009). The neutrino group at IPN has 
contributed significantly to the study of the physics 
potential of low energy beta-beams [4].  
   In [5] we have been showing that, by performing 
systematic measurements of neutrino-nucleus inte-
ractions with different gammas of the ions, one can 
fit future supernova neutrino signals and extract 
information from  neutrino oscillation parameters. 
The established procedure is not affected by the 
uncertainties inherent to the neutrino-nucleus 
cross sections.    
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   In [4] we have extended our results obtained in 
the context of core-collapse supernova and applied 
them in the cosmological context. We have explo-
red for the first time possible CP violation effects 
on the neutrino degeneracy parameter at the 
epoch of Big-Bang nucleosynthsis (BBN). First we 
have demonstrated that there can be effects co-
ming from the Dirac phase of the MNSP matrix on 
the neutrino degeneracy parameter (related to the 
neutrino-antineutrino asymmetry) if the muon and 
tau neutrino degeneracy parameter are  not equal 
just before the BBN epoch. We have then perfor-
med numerical calculations of their evolution inclu-
ding vacuum mixing, coupling to the relativistic 
plasma and collisions (in the damping approxima-
tion). Our results show that effects coming from the 
Dirac phase on the neutrino degeneracy parame-
ter—and the helium 4 fraction - are at the level of 
10

-4 
and 10

-3 
respectively. Note that the He-4 abun-

dance is currently known with a precision at the 
level of 10% . 

 
[4] J. Gava, C. Volpe, to appear in Nucl. Phys. B, 
arXiv: 1002. 0981 . 

 

Searching for the third unknown mixing angle 
The study of neutrino propagation in dense media 
is currently a fast developing field where major pro-
gress is ongoing. This is due to the realization of 
calculations that include the neutrino coupling to 
neutrinos on one hand and the use of temporally 
evolving density profiles on the other. New pheno-
mena have shown to emerge, namely collective 
flavour conversion effects and multiple resonances 
and phase effects. The picture is very different 
from the case of our Sun. These two lines of re-
search have been parallel so far. We have perfor-
med the very first calculations including both the 
neutrino-neutrino and shock wave effects, follo-
wing the neutrino amplitudes through the star. We 
have indentified an interesting signature of the 
third neutrino mixing angle in the time signal asso-
ciated to electron anti-neutrino scattering on pro-
tons  which is the dominant detection channel for 
water Cherenkov and scintillator detectors. Dip 
(bumps)  appear when the shock wave passes 
through the MSW resonance region for positron 
having energies lower (larger) than 20 MeV.  Such 
a signature can be identified in a running detector 
such as Super-Kamiokande if the third neutrino 
mixing angle is smaller than 10

-5 
and the hierarchy 

is inverted. This work is an example of the com-
plpementarity between terrestrial and astrophysical 
searches. 
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Relic astrophysical and cosmological neutrinos Relic astrophysical and cosmological neutrinos Relic astrophysical and cosmological neutrinos    
and their discoveryand their discoveryand their discovery   

Deux fonds de neutrinos n’ont jamais été observé: les neutrinos reliques de supernovae (à effondrement 
gravitationnel) et les neutrino cosmologiques, provenant de l’Univers primordiale. Les premiers pourront 
etre observés dans les prochains détécteurs de grande taille, selon les calculs actuels. Une étude de faisa-
bilité (LAGUNA, FP7, 2008-10) se déroule à l’heure actuelle. Nous réalisons des calculs très poussés de 
propagation des neutrinos dans les étoiles massives et nous faisons des prédictions pour ces observatoires 
de prochaine génération. Nous explorons aussi des voies alternatives. Par exemple nous avons étudié la 
possibilité d’observer les neutrinos reliques provenant des explosions galactiques par la mesure du Tech-
netium-97 dans la roche. En ce qui concerne les neutrinos cosmologiques, nous n’avons à présent que des 
effets indirects, dans BBN et sur les grandes structures. Une stratégie interessante a été proposée récem-
ment: la capture sur noyaux radioactifs. 

Two diffuse neutrino backgrounds have never 
been observed : the one formed by past core-
collapse supernova explosions and the cosmologi-
cal background produced by the Early Universe. 
The energy range of these two backgrounds are 
very different, the first being in the several tens of 
MeV energy range while the second has typical 
energies of meV.  
 
The diffuse supernova neutrino background 
 
The observation of the relic supernova neutrino 
background would bring key information on the 
star formation rate, on the supernova dynamics 
and on unknown neutrino properties. The current 
best limits come from the Super-Kamiokande and 
SNO observations. Present predictions show that 
the use of large scale observatories, such as 
MEMPHYS, GLACIER or LENA (LAGUNA DS, 
FP7, 2008-2010), or of advanced technologies 
(like adding Gadolinium to water) should bring to 
the diffuse supernova neutrino background discov-
ery.  
   We have performed the very first calculations 
including the neutrino-neutrino interaction and 
shock waves and shown the latter  impact the pre-
dictions at the level of 10-20%. Such variations are 
important since they are of the same order as the 
variations induced by the still unknown neutrino 
parameters (third neutrino mixing angle and hierar-
chy). Our calculations show that shock wave ef-
fects should be included in future predictions. With 
this aim we have proposed a schematic model. 
Besides we have shown that the shock wave sup-
presses the sensitivity on the neutrino-neutrino 
interaction [1].  
 
  In [2] we have investigated the possibility to ob-
serve relic galactic supernova neutrinos by the 
measurement of Technetium-97 abundance in Mo-
lybdenum-98 ore, following a previous idea of Hax 

IPNO Participation: C. Volpe, J. Kneller, S. Galais 
 
Collaboration : R. Lazauskas (IPHC Strasbourg), C. Lunardini (University of Arizona), P. Vogel 
(CALTECH) 

ton and Jonhson [3]. Indeed electron neutrinos in-
teract with Mo-98 and depending on their energy 
can eject one neutron leaving Tc-97. This specific 
process is particularly interesting since the thresh-
old suppresses the huge solar neutrino back-
ground. 
   We have perfomed the most updated calculations 
including the progress in neutrino physics and in-
cluding our understanding of neutrino propagation 
in dense media. Our results show that the contribu-
tion coming from relic supernova is at the level of 
10% of the total contribution (solar plus superno-
vae). We conclude that to make this strategy 
clearly attractive one needs very precise solar neu-
trino measurements and systematic measurements 
of neutrino-nucleus cross sections. Note that the 
experimental sensitivity reaches the level required 
for this measurement. 
 
[1] S. Galais, J. Kneller, C. Volpe, J. Gava, Phys. 
Rev. D 81, 053002 (2010, arXiv: 0906.5294 .  
[2] R. Lazauskas, C. Lunardini, C. Volpe, JCAP 
0904, 029 (2009), arXiv: 0901.0581 . 
[3] Haxton and Johson, Nature 333, 325 (1988). 
 
The cosmological neutrino background 
The interest the capture on radioactive nuclei for 
cosmological neutrios was first pointed out by 
Weinberg. In a recent paper Cocco, Mangano and 
Messina have used it to show the interest for the 
cosmological neutrino backgroiund observation [4].  
In [5] we have analyzed the possibility and calcu-
lated the number of events associated to the cap-
ture on tritium. Since this process does not have 
any threshold, the associated cross sections are 
very large.  
 
[4] Cocco, Mangano and Messina JCAP 0706, 015 
(2007), arXiv: 0703075. 
[5] R. Lazauskas, P. Vogel, C. Volpe, Jour. Phys. G 
35, 025001 (2008), arXiv: 0710.5312. 
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NonNonNon---perturbative asymptotic improvement of perturbation theory perturbative asymptotic improvement of perturbation theory perturbative asymptotic improvement of perturbation theory 
and Mellinand Mellinand Mellin---Barnes representationBarnes representationBarnes representation   

Dans ce travail on s’intéresse à un procédé formel permettant l’obtention d’information non-perturbative à 
partir de séries perturbatives divergentes. On considère le cas simple de la théorie scalaire Φ^4 en 
dimension zéro qui permet un contrôle totalement rigoureux des résultats. Le procédé formel utilisé, qui 
repose sur des développements factoriels inverses et sur la représentation de Mellin-Barnes, mène à une 
amélioration non-perturbative des séries perturbatives des fonctions à N points de la théorie sous forme de 
séries hyperasymptotiques présentant un phénomène de résurgence. Dans ce cas simple on montre que 
ces résultats formels peuvent en fait être obtenus rigoureusement à l’aide de la théorie hyperasymptotique 
de Mellin-Barnes, ce qui prouve la validité du procédé formel. Ce cadre permet en outre de démontrer le 
caractère non-perturbatif de nos résultats. Une étude numérique montre les gains de précision des séries 
hyperasymptotiques par rapport aux séries perturbatives. 

sults of our paper [1], focusing only on the case of the 0-
dimensional version of the generating functional of va-
cuum to vacuum transitions 

 
although in the original paper the general N-point func-
tion case has also been considered. 

Leading non-perturbative asymptotic improvement 
of perturbative results 
The perturbative expansion of Z_0 is given by 

This is a divergent series for any value of λ. 
For a given choice of λ the first few partial sums begin to 
converge to the exact value, but after a certain rank, the 
divergence of the perturbative series is of course unavoi-
dable.  This is the usual behaviour of an asymptotic ex-
pansion.  
Dividing the series into 2 parts, one keeps explicitly n 
perturbative terms and the aim now is to give a meaning 
to the infinite remaining divergent tail.  
This is done formally by applying the following inverse 
factorial expansion [2], to (a slightly modified expression 
of) the perturbative tail: 

where c belongs to ]0,1[ and c+m<k.  

Introduction 
The divergent behavior of a (divergent) asymptotic ex-
pansion does not at all detract from its computational 
utility. This statement is corroborated by the fact that, in 
what concerns its first few partial sums, a divergent 
asymptotic expansion of a given quantity ''converges'' in 
general much faster to the exact result than what a 
convergent series representation of the same quantity 
does. In the case of the Standard Model quantum field 
theories, we may therefore say that, regarding the extre-
me difficulty to go beyond the first few perturbative or-
ders when computing observables in QCD or in the elec-
troweak theory, it is an advantage, for phenomenology, 
to deal with a formalism that leads to presumably 
asymptotic power series, diverging for all values of the 
coupling constants, rather than convergent ones. 
However, one has of course to keep in mind that when 
dealing with divergent asymptotic perturbative power 
expansions, there always remains a finite limit of preci-
sion beyond which the usual asymptotic theory cannot 
go, even when the objects that one wants to compute 
are well-defined (in the case of the 4D Standard Model 
of particle physics, due to the absence of a clear defini-
tion of the theory, already the correct evaluation of the 
size of this precision limit is lacking, i.e. theoretical errors 
implied by truncations of perturbative expansions, OPE, 
etc. are not under control, although it is in principle of 
crucial importance in precision test of the Standard Mo-
del if one aims to find new physics effects). All ways to 
break open this precision limit are welcome. In the be-
ginning of the 1990's, new asymptotic objects, which 
have in general a larger region of validity (a larger do-
main of definition in the complex expansion parameter) 
and a greater accuracy than conventional asymptotic 
expansions, appeared in the mathematical litterature. 
With them, a new asymptotic theory emerged: exponen-
tial asymptotics (or hyperasymptotics). These asymptotic 
objects (hyperasymptotic expansions) are very interes-
ting since they correspond to what we could call in phy-
sics a non-perturbative asymptotic improvement of a 
perturbative (asymptotic) power series. Our aim in this 
work is to show how hyperasymptotic expansions ap-
pear naturally in the simplest example one may have in 
mind, namely zero-dimensional Φ^4 field theory. 
 
In this short note we briefly summarize some of the re-
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optimal truncation schemes of these partial sums which 

have not been developed in this short note. A numerical 

analysis has been performed, showing the much more 

accurate results that one may obtain with the non-

perturbative hyperasymptotic expansions, compared to 

the traditional perturbative approach. Our results are 

valid for a wide range of the phase of the complex per-

turbative parameter λ, in particular on Stokes lines defi-

ned by arg(λ)=±π, where one may find, from hypera-

symptotic expansions, imaginary contributions that are 

of course not obtainable from the truncated perturbative 

expansions.  

One of the important conclusions concerns the two dif-

ferent optimal truncation schemes that were studied in 

this work but not reported here. Indeed, the best one (i.e. 

the one that leads to the best analytical expressions) 

implies a truncation of the perturbative series that de-

pends on the hyperasymptotic level at which the impro-

vement is performed. This leads to the striking result 

that the higher the hyperasymptotic level is reached in 

the analysis, the more one has to take into account terms 

in the perturbative series. In other words, the more one 

wants to increase the exponential improvement, the mo-

re one also has to include perturbative contributions far 

in the divergent tail of the perturbative series. This then 

implies that the corresponding numerical predictions are 

of an amazing accuracy although they involve perturba-

tive contributions that, taken independently of the non-

perturbative corrections, would lead to desastrous re-

sults. Care should however be taken concerning numeri-

cal instability issues at high hyperasymptotic level. 

These results clearly show that hyperasymptotic expan-

sions are tools that could have a lot of relevance in high 

energy physics if, for instance, they may be used in the 

theoretical context of precision test of the Standard Mo-

del of particle physics. 

References 
[1] S. Friot and D. Greynat, ``Non-perturbative asymp-

totic improvement of perturbation theory and Mellin-

Barnes representation'', arXiv:0907.5593[hep-th] 

 

[2]R. B. Paris and D. Kaminski, ``Asymptotics and Mel-

lin-Barnes integrals'', Encyclopedia of Mathematics and 

its applications (2001), Cambridge University Press. 

 

  After a term by term Borel resummation, one finds (for 

the special case n=5) 

The tail of the divergent perturbative series has been 

rewritten as a partial sum multiplied by an exponential, 

supplemented by a remainder integral written as a Mel-

lin-Barnes representation. We therefore converted an 

infinite sum into a finite sum plus a convergent integral.  

We see that the coefficients of this finite sum are the 

same as the perturbative ones (up to Euler gamma func-

tions that we wrote explicitly to emphasize the symme-

try of the formula).  This is a resurgence phenomenon. 

In our paper, we proved from a hyperasymptotic analy-

sis of the integral defining Z_0 that the above formal 

expression (written here for n=5) is exact for any n and 

m as long as n ≥ m, and constitutes what is called the 

first level of the hyperasymptotic expansion of Z_0. 

Better than that, we also proved that the reinterpreted 

tail is, at an optimal value of n, exponentially suppres-

sed with respect to λ, so that it gives in fact, for this 

optimal value of n, the expression of a purely non-

perturbative quantity. 

Higher order hyperasymptotic improvement  
Now that we gave a meaning to the tail of the divergent 

perturbative series, we may recursively use the resur-

gent inverse factorial expansion to perform more refined 

non-perturbative improvement. This iterative procedure 

leads to hyperasymptotic expansions of higher order [2]. 

To have an idea of the numerical improvement that a 

hyperasymptotic expression of Z_0 allows to reach, we 

choose λ=1/3.In this case, one finds, from a numerical 

integration of the first equation of this note 

whereas the purely perturbative series leads to 

In comparison, the hyperasymptotic expansion at third 

level gives 

Conclusion 
We obtained hyperasymptotic expansions directly from 

the divergent perturbative expansions of Φ^4 theory. 

They are composed of interwoven partial sums whose 

coefficients, in our cases of study, are linked together by 

a simple resurgence phenomenon. The non-perturbative 

interpretation of our results relies crucially on so-called 
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Disentangling the finalDisentangling the finalDisentangling the final–––state interaction in the decay state interaction in the decay state interaction in the decay    
of a tau lepton into a pion and a kaonof a tau lepton into a pion and a kaonof a tau lepton into a pion and a kaon   

Les  désintégrations semi hadroniques du lepton tau font intervenir à la fois les intéraction faibles et fortes. 
Les états finaux d’étrangeté S=-1 permettent de mesurer l’élément de matrice CKM Vus et d’accéder à la 
masse du quark étrange. Nous considérons  ici le mode de désintégration en un kaon et un pion et mon-
trons comment déconvoluer l’effet de l’intéraction  forte dans l’état final. Nous utilisons pour cela des pro-
priétés rigoureuses: analyticité des facteurs de forme, analyticité des amplitudes de diffusion et unitarité 
ainsi que la symétrie de saveur et un traitement perturbatif de sa brisure. Nous montrons comment le 
problème d’intéraction dans l’état final peut être résolu ici grâce aux proriétés “simples” de la diffusion pion-
kaon dans les ondes S et P. Finalement, nous construisons une amplitude de désintégration  ne contenant 
qu’un seul parameter libre (lié à la brisure de symétrie de saveur) et comparons le résultat pour le spectre 
en énergie de la paire pion-kaon à la mesure récente de haute statistique de la collaboration Belle. 

raction is that inelasticity remains « simple »  up to 
sufficiently large values of t, namelu it involves only 
(to a good approximation) two-body channels. In 
the S-wave the main inelastic channel is K-eta’ 
while in the P-wave the two main inelastic chan-
nels are K*-eta’ and K-rho. Using this property the 
dispersion relations are transformed into coupled-
channel integral equations of Muskhelishvili type. 
Based on the LASS experimental results[1] we 
have constructed a 2x2 T-matrix in the S-wave and 
a 3x3 T-matrix in the P-wave. In order to solve the 
equations there finally remain to specify the values 
at t=0 of six form-factors ( in volving the elastic and 
the inelastic channels). We determine these using 
flavour symmetry and its breaking at first order in 
terms of a single indetermined parameter. The re-
sult of this construction is illustrated in the figure 
below which shows the data measured by the Bel-
le collaboration. 

References: 
[1]Aston et al., Nucl. Phys. B296 (1988) 493  
[2]Epifanov et al.,Phys. Lett. B654 (2007) 65 
 

Introduction 
Decays of the tau lepton into hadrons probe the 
weak as well as the strong interactions in the final 
state. Cabbibo suppressed decays, in which the 
final hadronic state has strangeness S=-1 are of 
particular interest for the precision determination of 
the CKM matrix element Vus (probing the unitarity 
of the CKM matrix) and the determination of the 
strange quark mass via sum rules. New data provi-
ded by the Babar and Belle B factories have statis-
tics a thousand times larger than earlier generation 
experiments and forthcoming tau/charm factories 
will improve this further. In this work we focus on 
the simple S=-1 decay mode involving one pion 
and one kaon. We discuss how to disentangle the 
effect of the strong final state interaction using mo-
del independent rigorous methods.   

Properties of the scalar and vector pion-kaon 
form-factors 
The tau decay amplitude can be expressed in 
terms of two functions of t, the energy squared of 
the pion-kaon system: f+ (t) and f0(t) called the vec-
tor and scalar form factor. The basic property of 
these functions which we use is that they are ana-
lytic in the complex plane of the variable t with a 
right hand cut on the real axis. Furthermore, their 
behaviour when t goes to infinity is known from 
QCD  to be of the form αs(t)/t, implying that they 
can be written as unsubtracted dispersion relations 
in terms of their imaginary parts on the cut.   

Properties of pion-kaon scattering in the S and 
the P wave 
The final-state interaction appears upon expres-
sing these imaginary parts from unitarity: the scalar 
and vector form-factors involve pion-kaon T-matrix 
elements in the S-wave and inthe P-wave respecti-
vely. Experimentally, pion-kaon scattering has 
been studied in some detail in particular by the 
LASS experiment [1].  The key feature which al-
lows to disentangle the effect of the final-state inte-
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Chiral expansions of the Chiral expansions of the Chiral expansions of the πππ0 0 0 lifetimelifetimelifetime   

L’amplitude de désintégration du pion neutre en deux photons est une observable clé pour la brisure spon-
tannée de la symétrie chirale en QCD , la nature de quasi boson de Nambu-Goldstone du pion et l’anoma-
lie. L’amplitude est connue exactement dans la limite chirale et l’amplitude physique s’exprime comme un 
développement en fonction des masses des quarks dans le cadre d’une théorie effective: ChPT. Dans ce 
travail nous avons a) calculé pour la première fois la correction à deux boucles en ChPT montrant, en parti-
culier que des termes logarithmiques apparaissent à cet ordre et b) nous avons étudié le matching, à l’or-
dre d’une boucle entre les développements à deux et trois saveurs ce qui permet d’estimer les constantes 
de couplage chirales et le role des mélanges π-η  et π-η’ . Ce travail est motivé par l’expérience PRIMEX 
qui cherche à mesurer la durée de vie avec une précision de 1% (contre 10% actuellement) et par les 
simulations numériques de QCD sur réseau qui permettent de faire varier les masses des quarks. 

It indeed contains two kinds of chiral logarithms, 
with the coefficient of the quadratic logarithm de-
pending only on F as expected from Weinberg’s 
arguments. 

Matching two and three-flavour expansions 
For physical quark masses we find that the NNLO 
chiral logarithms are numerically small and it is 
necessary to estimate the coupling constants invol-
ved in the NLO contribution. We reconsider this 
issue by matching the two-flavour and the three-
flavour expansions. A new method to perform this 
directly at the level of the generating functionals 
was recently proposed[2] . It amounts to express 
the two-flavour coupling constants in terms of the 
three-flavour ones as an expansion in inverse po-
wers of the strange quark mass. It turns out that 
only two of these constants are involved. Using 
experimental inputs from η decay, from η’ decay as 
well as from π(1300) decay it is possible to deter-
mine all the chiral couplings at NLO. We make the 
following prediction for the width 
           Γ = (8.09 ± 0.08 ± 0.10) eV 
Where the first uncertainty comes from md-mu and 
the second from contributions quadratic in ms. 

 

References 
[1]J. Bijnens et al., Eur. Phys. J. C23 (2002) 539 
[2]J. Gasser et al., Phys. Lett. B652 (2007) 21 

Introduction 
The decay amplitude of the neutral pion into two 
photons is a key observable with respect to the 
spontaneous breaking of chiral symmetry in QCD, 
the Nambu-Goldstone nature of the neutral pion 
and the anomaly. In this work we compute, firs-
tly,the corrections of order NNLO in the quark 
mass expansion of the amplitude. This is useful in 
view of forthcoming results from lattice QCD simu-
lations in which the quark masses can be varied. 
We have furthermore displayed the presence of 
chiral logarithms in the expansion, which are ab-
sent at NLO.  Secondly, we study the matching, at 
order NLO, between the two-flavour and the three 
flavour expansions. This allows us to refine the 
phenomenological estimates of the chiral coupling 
constants at NLO and the numerical prediction of 
the decay amplitude in view of the forthcoming 
measurement, at the 1% level, of the PRIMEX col-
laboration. 

Two-flavour NNLO expansion of π
0 
amplitude 

We consider first the expansion of the decay am-
plitude as a function of the two quark masses 
mu,md which can be performed using ChPT. The 
leading order result is given exactly by the ABJ 
anomaly 
 

 
At NLO, one must compute one-loop diagrams and 
use the NLO chiral Lagrangian which was classi-
fied by Bijnens et al.[1]. When expressed in terms 
of the physical pion mass and decay constant the 
NLO contribution is a polynomial (no logarithms) 
controled by two combinations of chiral coupling 
constants. In this work, we have considered the 
NNLO contributions, which could be enhanced by 
chiral logarithms and are also necessary for mat-
ching with lattice QCD simulations. The evaluation 
involves computing a set of two-loop graphs, as 
well as a set of one-loop graphs containing one 
NLO vertex. The explicit result is the following: 
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BBB
±  ±  ±  →→→

      KKK
±±±πππ---πππ+++   and Band Band B

0  0  0  →→→
      KKK

000πππ---πππ+ + + amplitudes from factorization amplitudes from factorization amplitudes from factorization 
and analyticityand analyticityand analyticity         

L’idée de factorisation naive, suggérée depuis longtemps pour les désintégrations faibles non leptoniques 
des mésons lourds ,a été validée en QCD pour les désintégrations en deux corps comme approximation de 
premier ordre. Nous supposons ici sa validité pour les désintégrations à trois corps dans des configurations 
cinématiques spécifiques, et l’appliquons a B

±  
→

  
K

±
π

-
π

+
 and B

0  
→

  
K

0
π

-
π

+ 
. Dans ce cas , les amplitudes 

s’écrivent comme produit d’un facteur de forme Bπ et d’un facteur de forme Kπ.   Nous incluons des correc-
tions de premier ordre en αs aux coefficients mais montrons la nécessité de corrections supplémentaires 
que nous paramétrons. Nous construisons les facteurs de forme en utilisant leur propriétés d’analyticité et 
des propriétés expérimentales de diffusion. Nous faisons une comparaison détaillée avec plus de 300 
points expérimentaux de Belle et de Babar. Nous utilisons aussi l’analyticité pour donner une définition de 
la désintégration en quasi deux corps B→K^*(1430)π et déterminer le taux de branchement. 

 
The Bπ form-factor is needed near zero energy 
and this can be determined from lattice QCD using 
extrapolation based on analyticity. The energy de-
pendence in the Dalitz plot is controlled in our ap-
proach by the Kπ form-factor. In this case as well, 
analyticity is a key ingredient, which can be com-
bined with information on its asymptotic behaviour 
from QCD and with unitarity on the real cut. The 
scalar and vector form-factors can both be de-
duced from coupled-channel Muskhelishvili equa-
tions owing to known properties of Kπ scattering. 
Tests of these form-factors can also be performed 
in tau semi-hadronic decays.  

Results 
As mentioned above, additional corrections to the 
numerical coefficients of the form-factors are 
needed which introduces eight parameters into our 
amplitudes. With these we are able to describe 
approximately 300 data points: energy as well as 
angular distributions of charged and neutral B de-
cays as well as CP asymmetries.  The description 
of the data is illustrated below. 

 
 

Introduction 
The idea of naive factorization has been applied 
for a long time to weak non leptonic decays of hea-
vy mesons. In the case of two body decays it was 
shown, in particular by Beneke, to be a leading 
order approximation in an expansion in αs and in 
inverse powers of mb . We assume here its validity 
in the case of three body decays, in specific kine-
matical configurations where two mesons are 
quasi aligned (i.e. near one of the borders of the 
Dalitz plot) and perform detailed comparisons with 
experimental results from Belle and Babar invol-
ving energy distributions as well as angular distri-
butions. More specifically, we will consider the am-
plitudes B

±  
→

  
K

±
π

-
π

+
 and B

0  
→

  
K

0
π

-
π

+ 
. In this 

case, factorization predicts a particularly simple 
form involving a product of a B to π form-factor and 
a K to π form factor. We computed the coefficients 
of these products including corrections to first or-
der in αs. We show that additional contributions to 
these coefficients are  necessary, which we deter-
mine phenomenologically. The form-factors are 
determined using analyticity and scattering experi-
mental data. As an application, we provide an am-
biguity free definition (and determination) of the 
quasi two-body decay mode K^*(1430)π. 

Factorized decay amplitudes 
The hamiltonian which controls weak non-leptonic 
decays for processes involving masses much 
smaller than MW as a sum of four quark operators. 
Using naive factorization the matrix elements rele-
vant for the decays   B

±  
→

  
K

±
π

-
π

+
 and B

0  
→

  
K

0
π

-
π

+  

involve a product of B to π  vector of scalar form-
factor and the analogous K to π form factor and the 
coefficients have simple expressions in terms of 
the CKM matrix elements products VcbV*cs and 
VubV*us. These naïve coefficients, however, need 
corrections as they fail to obey the correct renor-
malization scale dependence.  

Bπ and Kπ form-factors and analyticity 
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Effective continuum threshold Effective continuum threshold Effective continuum threshold    
for vacuumfor vacuumfor vacuum---tototo---boundboundbound---state correlatorsstate correlatorsstate correlators   

 
  Nous avons montré, en utilisant un modèle soluble de mécanique quantique avec un potentiel d’oscillateur 
harmonique, que le critère d’indépendance du seuil effectif du continuum du paramètre de Borel, appliqué 
au cas des règles de somme du cône de lumière en QCD, n’était pas justifié. Le seuil effectif du continuum 
semble dépendre à la fois du type de fonction de Green considéré et du paramètre de Borel . Nous avons 
développé une méthode d’optimisation pour déterminer la dépendance du seuil effectif du continuum du 
paramètre de Borel et avons montré que le résultat produisait une amélioration de la précision obtenue et 
élargissait le domaine de validité du moment du facteur de forme calculé.   
 
 

IPNO Participation: H. Sazdjian 
 
Collaboration : W. Lucha (HEPHY, Vienna, Austria), D. Melikhov (SINP, Moscow, Russia), 
                          S. Simula (INFN, Roma, Italy) 

  

 We have formulated a new algorithm for obtaining 
the effective continuum threshold in vacuum-to-bound
-state correlators, which are the basic objects for the 
calculation of hadron form factors in the method of 
light-cone sum rules in QCD. The effective continuum 
threshold is one of the key ingredients of the method, 
which, to a large extent, determines the value of the 
form factor extracted from the relevant correlator. We 
have shown, in a quantum mechanical potential mo-
del, where the exact form factor is known, that the 
effective continuum threshold parameter depends at 
the same time upon the type of correlator that is 
considered and upon the Borel parameter. The appli-
cation of our algorithm was shown  to lead to a signifi-
cant increase of  the accuracy  of the extracted form 
factor compared to the standard procedures adopted 
in the method of sum rules in QCD. Moreover, the 
application of our algorithm considerably enlarges the 
range of the momentum transfer where the form fac-
tor may be extracted from the correlator.         
 

 

 

Reference: W. Lucha, D. Melikhov, H. Sazdjian and 
S. Simula, Phys. Rev. D 80 (2009) 114028.                                              
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Analysis of the KAnalysis of the KAnalysis of the Kl3l3l3   form factorsform factorsform factors   

Une paramétrisation dispersive du facteur de forme scalaire changeant l’étrangeté a été introduite, guidée 
par le théorème de Callan-Treiman, permettant de tester le Modèle Standard (MS). Elle a été étendue au 
facteur de forme vecteur. Sa robustesse a été étudiée en détail. En particulier, la dépendance en cut-off, 
les effets de brisure d’isospin et la présence possible de zéro ont été discutés. Les résultats publiés de 
KTeV ont été réanalysés à l’aide de cette paramétrisation  et un bon accord avec le MS a été obtenu. La  
connaissance  de la valeur du facteur de forme vecteur à zéro moment transféré permet de déterminer l’é-
lément de matrice CKM, Vus et conduit donc à un  test supplémentaire du MS. Cette valeur a été obtenue 
en QCD sur réseau. Toutefois une extrapolation chirale  est nécessaire pour passer des valeurs des 
masses de quarks atteintes aujourd’hui sur réseau aux valeurs physiques. Une première étude exploratoire 
a été faite dans le cadre de la théorie chirale des perturbations (théorie effective du MS)  à deux boucles.  

the two collaborations of  2.1σ. We have, in col-
laboration with KTeV [3], reanalyzed their data 
confirming the KLOE result with a value of lnC= 
0.195 ± 0.0122 in good agreement with the SM. 
  
At the same time that these efforts are put in test-
ing the SM, lots of progress has been made in 
QCD lattice calculations. One important progress 
in the light quark sector concerns the values of the 
quark masses that can now be reached. These are 
very close to the physical ones making a con-
trolled, i.e. trustable, chiral extrapolation of the lat-
tice results to the physical points possible. A very 
powerful model-independent framework to perform 
this extrapolation is Chiral Perturbation Theory 
(ChPT), the Effective Field Theory of QCD at low 
energies. Indeed it allows to calculate low-energy 
QCD processes in terms of the light pseudoscalar 
meson masses. The scalar form factor has been 
studied on the lattice [4]. Some parameterization of 
its momentum-dependence plus the knowledge of   
the one-loop ChPT result at zero momentum trans-

 Experimental information on the shape of the 
strangeness changing vector and scalar form fac-
tors f0 and f+ can be obtained from the study of  Kl3 
decays. These quantities indeed enter the differen-
tial decay rates of these semi-leptonic processes. 
One of the main aim of these experiments is the 
extraction of the CKM matrix element Vus  provid-
ing a test of the Standard Model (SM).  A disper-
sive parameterization of f0 [1] allows for another 
test by the measurement of its only parameter, the  

 
 
 
 
 
 
 
 
 
 
 
 
 

value of the form factor at the so-called Callan-
Treiman point, f0(ΔKπ)≡C where ΔKπ≡ mK

2
-mπ

2
 with 

mπ and mK    the pion and kaon mass respectively. 
This value is indeed known from a soft pion theo-
rem derived in the sixtees by Callan and Treiman. 
Due to the importance of such a measurement it is 
mandatory to make a detailed study of the robust-
ness of the dispersive parameterization [2]. Fig.1 
shows the result of such an analysis. Experimen-
tally a reanalysis of the data by the NA48 and 
KLOE collaboration with the dispersive parameteri-
zation was done with a  difference in the result of 

IPNO Participation: Véronique Bernard, Jan Stern (malheureusement décédé au cours du travail) 
 
Collaboration :  Bern (Suisse), LUTH, Valence (Espagne) 
 

Fig.1:  Dispersive representation of the  scalar  

form factor. The blue lines delimits  the physical 

region  of Kl3 decays. For comparison two differ-

ent values of lnC have been used. The  black/red 

band take care of all the uncertainties discussed.               

Fig.2  Momentum dependence of the scalar 
form factor. The result of the fit is shown 
(solid line) as well as the convergence of the 
chiral expansion. The dash dotted line is the 
result at leading order, the dashed line dis-
plays the one up to next to  leading order. 
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fer is used to extract f+(0). We have done a first 
exploratory study [5] using a two-loop ChPT calcu-
lation [6] to fit the lattice data. We have not only 
considered the scalar form factor but at the same 
time we have fitted the ratio of the kaon to the pion 
decay constants  FK/Fπ since similar low energy 
constants (LECs) enter the two quantities. This 
allowed us to determine some LECs at two loop 
order and thus not only obtain f+(0) and determine 
Vus but also the value of the scalar form factor at 
the Callan-Treiman point and at its soft-kaon ana-
log. Results are in good agreement with the deter-
mination from experiment using the standard cou-
plings of quarks to the W boson. The slope of the 
form factors is however rather large. A study of the 
convergence of the chiral expansion is also per-
formed and the result is shown on  Fig.2. Also dis-
played on the figure is  the result of the fit (solid 
line) and the lattice data. 
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Resonnance properties from theResonnance properties from theResonnance properties from the   
finite volume spectrumfinite volume spectrumfinite volume spectrum   

Nous avons déterminé la self-énergie de la résonance Δ dans un volume fini en utilisant une théorie effec-
tive chirale  incluant des champs de spin 3/2 de façon explicite. Les calculs ont été faits jusqu'a l'ordre 
quatre inclus dans le développement à petite échelle. Nous avons ainsi obtenu une paramétrisation du 
spectre en énergie de la paire pion-nucléon interagissant dans une boîte en terme de la masse des quarks 
et de la taille de la boîte. On a pu montrer que les corrections de volume fini peuvent  être non négligeables 
pour des petites masses de quarks.  Nous avons de plus proposé une méthode basée sur le concept de 
distribution de probabilité pour analyser le spectre en énergie dans un volume fini en QCD sur réseau. 
Nous avons montré que, dans le canal avec les nombres quantiques du Δ, une structure en résonance ap-
paraissait clairement dans une telle analyse, permettant de déterminer la masse et la largeur de la réso-
nance avec une précision raisonnable.  

of extracting the phase shift from the lattice data 
that also determines the position and the width of 
the resonance. 
 
The Δ resonance is the most important baryon  
resonance. Its mass is close to the nucleon one 
and it couples strongly to nucleons, pions and pho-
tons. It is clear that a systematic study  of the prop-
erties of the Δ resonance  in lattice QCD could lay 
a solid theoretical basis for understanding the low 
energy QCD dynamics in the one nucleon sector  
in lattice QCD.  
 
In actual calculation on the lattice the quark 
masses do not usually coincide  with physical 
quark masses. This qualitatively changes the pic-
ture since, if the quark mass is large enough, the Δ 
does not decay and can be extracted by the meth-
ods applicable in case of the stable particles. Re-
ducing the quark mass, a value is reached such 
that the Δ starts to decay into a pion and a nu-

Recent surge of interest in lattice calculations of  
the excited baryon spectrum has been mainly moti-
vated by the experimental resonance physics pro-
gram at Jefferson. Also, the hadron spectrum is 
arguably the least understood feature of Quantum 
Chromodynamics. In general, the extraction of the 
properties of the excited states from the lattice 
data is a more delicate enterprise as compared to 
the ground-state hadrons. The reason is that the 
excited states are unstable and, strictly speaking, 
can not be put in correspondence to a single iso-
lated level in the discrete spectrum measured in 
lattice simulations. A standard procedure proposed 
by Lüscher [1] consists in placing the system into a 
finite cubic box of a size L and studying the re-
sponse of the spectrum on the change of  L. It can 

be shown that the dependence of the energy levels 
on L exhibits a very peculiar behavior near the 
resonance, where the so-called avoided level 
crossing takes place, see Fig.1  and that it is dic-
tated solely by the scattering phase shift in the infi-
nite volume. Consequently, the method is capable 
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Fig.1 A schematic  representation of  the avoided 

level crossing in the presence of a resonance. The 

center of mass momentum of a two particle pair is 

plotted against the size of a box L (arbitrary units).   

Fig.2  Fit to the nucleon  and Δ
++ 

 spectrum. 
The lowest data point has been purified with 
respect to the finite volume corrections. For 
comparison the uncorrected lowest data points 
(triangles) are shown. 
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cleon. The spectrum becomes strongly volume 
dependent and Lüscher’s method has to be ap-
plied. Thus in order to be able to include all avail-
able lattice data for large as well as small quark 
masses in the analysis, one needs to provide a 
simultaneous explicit parameterization of the lattice 
QCD  spectrum in terms of both the quark mass 
and the box size L. This goal can be achieved by 
invoking the chiral effective field theory with explicit 
spin-3/2 degrees of  freedom [2] in a finite volume. 
The first attempt in this direction was made in [3], 
where the calculation of the finite-volume energy 
spectrum has been performed at third order in the 
so-called small scale expansion (SSE). These cal-
culations have been extended to  fourth order [4] . 
In addition, an explicit  formula for the finite-volume 
corrections for the unstable Δ  which can be used 
in the analysis of the lattice data, has been pro-
vided. It turns out that the finite volume corrections 
are sizeable using the central value for the data 
point with the smallest quark mass from the most 
recent available data [5], see Fig. 2. A fit of the 
obtained expressions to these data has been per-
formed at different quark masses, taking into ac-
count finite-volume corrections. The fit which is 
shown on Fig.2  allows one to determine some of 
the low-energy constants (LECs) in the chiral La-
grangian. In doing so, one does not need to resort 
to any input phenomenological parameterization of 
the resonant amplitude, because SSE provides 
such a parameterization automatically, order by 
order in the ε expansion (here, ε denotes the  for-
mal small expansion parameter in the SSE). We 
analyze the quark mass dependence of the spec-
trum  by using the method of probability distribu-
tion, introduced  in [6].  
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A study of new solvable few body problems.A study of new solvable few body problems.A study of new solvable few body problems.   

Nous avons étudié des modèles solubles à petit nombre de nucléons. Nous avons généralisé les problè-
mes à 3 corps de Calogero et Calogero-Marchiero-Wolfes en introduisant des potentiels à trois corps non 
invariants par translation. Après avoir séparé les variables radiales et angulaires par des transformations 
de coordonnées nous avons fourni les solutions propres de l'équation de Schrödinger avec le spectre en 
énergie correspondant. Nous avons mis en évidence un domaine de la constante de couplage pour lequel 
les solutions irrégulières sont de carré intégrables. 
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The study of exactly solvable non trivial quantum 
systems of few interacting particles still retains at-
tention. The early works of Calogero [1], Sutherland 
[2] and Wolfes [3] have been followed by the sys-
tematic classification of Olshanetsky and Perelomov 
[4]. Generalizations and new cases have been in-
vestigated in the recent years. In a non exhaustive 
way, we quote, for instance, the three-body version 
of Sutherland problem, with only a three-body po-
tential, solved by Quesne [5]. By using supersym-
metric quantum mechanics, Khare and co-workers 
gave examples of algebraically solvable three-body 
problems of Calogero type in D=1 dimensional 
space, with additional translationally invariant two- 
and/or three-body potentials[6]. A new integrable 
model of the Calogero type, with a non translation-
ally invariant two-body potential, was worked out in 
D=1 by Diaf, Kerris, Lassaut et Lombard [7], and 
extended to D-dimensional space by Bachkhazndji, 
Lassaut and Lombard [8]. A generalization of the 
latter model in D=1 was solved by Meljanac and co-
workers [9], by emphasizing the underlying confor-
mal SU(1,1) symmetry. However, for the three-body 
case and D=1, these authors give only the energy 
spectrum and the form of the radial wave function. 
 

The present work investigates again the problem of  
Meljanac and co-workers for three particles in the 
D=1 dimensional space. The model may be viewed 
as a generalization of the three-body Calogero prob-
lem with an additional non-translationally invariant 
three-body  
potential. We recall here that this model belongs to 
the class possessing the underlying conformal SU
(1,1) symmetry. It may also be understood as de-
scribing a system of three light interacting particles 
of the same mass m in the harmonic field generated 
by a fourth infinitely heavy particle.  

We provide the full wavefunction in terms of the ra-
dial and two angular variables, together with the 
corresponding eigenvalues. An emphasis is put on 
the irregular solutions stressing the domain of the 
coupling constants for which the irregular solutions 
are physically acceptable. Finally, we also give the 
exact results of two other generalizations of the Ca-
logero-Marchioro-Wolfes three-body problem. 
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A pseudo Coulombian potential in D=1 dimensional space.A pseudo Coulombian potential in D=1 dimensional space.A pseudo Coulombian potential in D=1 dimensional space.   

Dans l’espace à 1 dimension, nous avons étudié les états liés du potentiel V(x) =-e/x + b/x
2
 où e et b sont 

des constantes positives. Ces états apparaissent sur le demi-plan droit. Dans la limite b tendant vers 0, 
nous retrouvons le spectre du potentiel Coulombien. Les propriétés de supersymétrie sont discutées. Le 
modèle est étendu en considérant des constantes de couplage complexes. Nous étudions également des 
effets non-linéaires introduits par une dépendance en énergie de la constante e. 
  

rather trivial. This simplicity is preserved for certain 
extensions of the model. This is  the case if the 
constants e and b are made complex. Similarly, 
analytic solutions occur if nonlinear effects are in-
troduced by making  the potential depending on 
energy.  
 
It is interesting to note that for both extensions of 
the model, the solutions of the wave equation have 
the same formal expression as in the original case. 
Whereas this is rather natural for complex coupling 
constants, it is somewhat surprising for the energy 
dependence. Actually, the nonlinearity is ex-
pressed, in this case, by a nonlinear relationship 
between the eigenvalue and the quantization 
condition.  
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The study of Coulomb-like potentials in the D=1 
dimensional space goes back to the early works of 
Flügge and Marshall, Loudon and Haines and 
Roberts. A short historical background have been 
given by Reyes and del Castillo-Mussot. These 
authors remarked that the  -1/|x| and -1/(|x| + a) 
potentials have been widely considered. On the 
contrary, the  -1/x has not been much investigated, 
although it is of interest to describe asymmetric 
wells in connection with semiconductors and insu-
lators. Reyes and del Castillo-Mussot used 
Laplace and Fourier transforms to obtain the solu-
tions corresponding to the -1/x and -1/|x| poten-
tials. The -1/x potential case was recently reexam-
ined by Yangqiang Ran et al, who gave the correct 
answer for the spectrum. Let us quote also that the 
regularization of the one-dimensional Coulomb 
potential has been made by Nouicer by using the 
principle of minimal lengths. 
 
In a different context, Calogero and Marchioro  
found that a potential of the form 
 

Σi<j<N [ g(xi – xj)
2 + (fiii – fj)/(xi – xj) 

 
is leading to an exactly solvable many-body model 
for the ground state of a system of N (non-
identical) particles under certain conditions for the 
coupling constants. It seems that such a potential 
has not yet been fully investigated in the one- or 
two-body cases. Consequently, the purpose of the 
present work is to give the bound state solutions of 
the Schrödinger equation for the potential 
 

V(x) = - e/x + b/x2
 ,  

 
where e and b > 0 . It completes the study of 
Reyes and del Castillo-Mussot. We shall show that 
taking the limit b approaching 0 leads to the results 
of Yangqiang  et  for the spectrum. The solution of 
the Schrödinger equation with this potential is 
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The inverse problem in the case of bound states.The inverse problem in the case of bound states.The inverse problem in the case of bound states.   

Nous étudions le problème inverse dans le cas des états liés dans l’espace à 3 dimensions. Le potentiel est 
supposé local et à symétrie sphérique. Notre méthode est basée sur des relations reliant les moments de la 

densité de l’état fondamental à l’énergie la plus basse de chaque excitation de moment angulaire L. La 

reconstruction de la densité à partir de ses moments est effectuée par l’intermédiaire de sa transformée de 
Fourier. La partie à grand transfert est obtenue par des approximants de Padé. Le potentiel est déterminé 
avec une précision qui dépend du nombre de moments connus. La solution est unique dans la mesure où 
une infinité de moments sont connus. En pratique la connaissance des 15-20 premiers moments est suffi-
sante pour une précision de l’ordre de 1 %. La méthode est appliquée dans trois cas de spectres. 
Lz 

tematic way for solving the inverse problem in the 
case of bound states. In particular it specifies the 
conditions for the uniqueness of the solution. 
 
The method is applied to three spectra : 
E(L) = - 1/( L + 1) 
E(L) = (L + 1)

1/2
 

E(L) = L(L + 1). 
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Studying the inverse problem in quantum mechan-
ics goes back to the forties. Closely related to the 
description of spectra and scattering in terms of 
the Schrödinger equation, it addresses the ques-
tion of how and to what extend the data determine 
the potential. The literature on this subject is nu-
merous. Among the pioneering works, the most 
frequently quoted are those of Bargmann, 
Marchenko, Jost and Kohn, Gel'fand and Levitan. 
For a more detailed review, we refer the reader to 
the textbooks of Newton, Chadan and Sabatier 
and Grosse and Martin. 
 
Most of the works were dedicated to scattering 
data, with or without accounting for bound states. 
As far as spectra are considered, the usual proce-
dure was to postulate a parametrized expression 
to the potential, and find the best parameters by a 
fit to the energies. The question of a more system-
atic approach was raised with the adventure of 
heavy quark systems. Thacker, Quigg and Rosner 
developed a method based on solitons together 
with the Korteweg-de Vries equation. Application of 
their method to few simple examples gives an idea 
of the accuracy which can be reached as function 
of the soliton number.  
 
An iterative method has been proposed by Sacks. 
Also based on the Gel'fand-Levitan solution, it 
uses spectral data to generate the impulse re-
sponse function for given boundary conditions.  
 
Our approach is different. It is based on the gener-
alization of an inequality derived by Bertlmann and 
Martin long ago. The latter connects the mean 
square radius of the ground state density to the 
lowest dipole excitation energy. The generalization 
has been derived and tested in previous articles. It 
gives access to the moments of the ground state 
density in terms of the excitation energy of the low-
est state of each angular momentum. In the pre-
sent work, we show that it provides us with a sys-
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The manyThe manyThe many---body problem with an energybody problem with an energybody problem with an energy---dependent dependent dependent    
confining potential.confining potential.confining potential.   

Nous considérons un système de N bosons liés par des forces harmoniques à deux corps, dont la fréquen-
ce dépend de l’énergie totale du système. Cette dépendance en énergie produit des propriétés remarqua-
bles, en particulier sur le spectre en énergie. Lorsque les nombres quantiques augmentent, l’énergie totale 
du système ne peut dépasser une limite supérieure, qui est indépendantes du nombre de bosons. Par ail-
leurs, l’énergie de l’état fondamental augmente avec N. Il en résulte une densité de niveau qui tend rapide-
ment vers l’infini lorsque N et/ou les nombres quantiques croissent. 

sider N bosons of equal mass interacting by a two-
body harmonic potential. The oscillator frequency 
is chosen to be linearly dependent on the total en-
ergy of the system. Actually, the energy depend-
ence is not dictated by general principles. It should 
be derived from the considered underlying theory. 
Our choice is merely motivated by simplicity. It is 
sufficient to underline the main features and draw 
attention to new aspects of the many-body prob-
lem brought by the energy dependence of the two-
body force.   
 
The general formula for the spectrum is derived. It 
is characterized by a saturation energy :  as the 
quantum numbers increase, the spectrum cannot 
exceed a finite upper bound. This saturation en-
ergy is independent of N, while the ground state 
energy is increasing with N. Consequently, as N 
increases, the density of states tends to infinity, 
and the concept of discrete state become dubious. 
In this limit, the transition between states cost 
practically no energy. Thus, as N increases, the 
system is expected to become highly unstable. 
 
 

References: 
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We have studied wave equations with potentials 
depending on the eigenvalues. Solutions of such 
equations exhibit properties quite unusual with re-
spect to the known solutions of the ordinary 
Schrödinger equation for the same potential 
shape. This is particularly spectacular in the case 
of the harmonic oscillator with a linear energy de-
pendence. The shape of the spectrum reminds the 
Coulomb spectrum, with the ground state signifi-
cantly lowered with respect to the other states. The 
excitation energy cannot exceed a saturation en-
ergy and the density of states thus becomes very 
large for high quantum numbers. This upper bound 
to the spectrum is a characteristic of confining po-
tentials. It depends on the chosen energy depend-
ence. 
 
The energy dependence of the potential arises first 
in relativistic quantum mechanics. The Pauli-
Schrödinger equation is a good example. It occurs 
also in the relativistic many-body problem treated 
through the manifestly covariant formalism.  
 
Energy dependent potentials were successfully 
used in the calculation of spectra of the heavy 
quark systems : charmonia and bottomia. The pre-
sent work is a first step towards the application of 
these potentials to 3,4 and 5 quark systems. 
Clearly, it is tempting to extend the study of energy 
dependent interactions to a many-body system of 
N- particles. We will consider two-body harmonic 
oscillator interactions which lead to analytically 
solvable models. 
 
This aspect of the harmonic forces has been used 
since a long time in the many-body problem. It has 
been applied widely in connection with the 
nuclear shell model. It has allowed us to test the 
validity of the mean field approximation.  More re-
cently, it has been used to describe the  
Bose-Einstein condensate or the relativistic mass-
less bosons system ; In the present work, we con-
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Spectral analysis in the case of a complex potential.Spectral analysis in the case of a complex potential.Spectral analysis in the case of a complex potential.   

Nous avons étendu au cas des potentiels complexes, une méthode développée pour résoudre le problème 
inverse pour des potentiels locaux à partir des états liés. Nous présentons un premier exemple entièrement 
soluble basé sur le potentiel de Kratzer complexe. Ce modèle permet de tester la méthode et de mettre en 
évidence ses limitations. La méthode est appliquée ensuite à deux atomes hadroniques présentant des 
caractéristiques très différentes : Π

-
 – 

28
Si and K

- 
- 

208
Pb. 

tions of Baca et al have been taken as pseudo 
data. Although the conditions are quite different, 
the two examples yield similar answers. The 
ground state density is well determined outside the 
nuclear volume. At short distances, roughly speak-
ing from the origin to the nuclear surface, the pre-
sent method lacks of sensitivity. This is due to the 
strong repulsion, which reflects a repulsive nuclear 
interaction in the case of pionic atoms, and a 
strong state dependence in the kaonic case. Con-
sequently, the real part of the nuclear potential can 
only be reached at a qualitative level. For the 
kaonic case, the surface shape is obtained, while 
the inside part get the wrong sign. Note that only a 
tiny fraction of the density is responsible for this 
shortcoming.  
 
The fact that with approximative nuclear potentials 
the spectra are reproduced to better than 1 \%, 
clearly indicates that the eigenvalues are not sen-
sitive to details of the potential over the nuclear 
volume. It means that a model independent deter-
mination of the real part of the nuclear potential is 
barely possible.  
 
However, the good determination of the ground 
state density, except at short distances, suggests 
that the approach could be improved, in order to 
get a better description inside the nuclear volume. 
This is possible, though not obvious. It would re-
quire to reproduce the eigenvalues of the yrast 
levels to better than 0.1 \%. While a great accuracy 
is possible with pseudo data resulting from calcula-
tions, such a situation is difficult to reach experi-
mentally. 
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The present work is dealing with the inverse prob-
lem from bound states in the case of a complex 
potential. At first glance, this domain is thought as 
the natural extension of techniques developed for 
real potentials. The method relies on a connection 
between the moments of the ground state density 
and the energies of the yrast levels. It is well suited 
for systems with a large (infinite) number of bound 
states. Hadronic atoms, for instance, could be a 
good field of application. 
 
As the question was studied thoroughly, limitations 
appeared. First, the method does not determine 
the shape of the imaginary part of the potential, 
though it has an influence on the real part of the 
eigenvalues and on the width. Assuming the imagi-
nary component to be known, either from scatter-
ing experiment or from a sound model, the present 
method could determine the real part of the poten-
tial. It turns out, however, that the effective poten-
tial governing the radial wave function is depend-
ent on the state through the repulsive contribution 
generated by the imaginary part. This could be 
redhibitory, since the method developed for the 
real case implies local (state independent) poten-
tials. 
 
Taken as an illustrative example, the case of the 
complex Kratzer potential shows, however, that 
this difficulty can be overcome, taking into account 
the shift in energy produced by the state depend-
ence. This open an opportunity, and, in the special 
case of the Kratzer potential, it leads to the exact 
solution. In other words, in this case the method 
we have developed is able to recover the real part 
of the potential.  
 
 
The present work has been completed by the 
study of two hadronic atoms : Π

-
 – 

28
Si and  

K
- 
- 

208
Pb. In the first case use is made of the ex-

perimental data, in the second one, the calcula-
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The rotational spectrum and the attractive deltaThe rotational spectrum and the attractive deltaThe rotational spectrum and the attractive delta---shell potential.shell potential.shell potential.   

Le spectre d’un potentiel « delta-shell » attractif est calculé dans l’espace à D dimensions, D ≥ 2. Une 
formule compacte est dérivée dans la limite d’une forte constante d’interaction pour un numbre impair de 
dimensions. Par rapport à l’état fondamental, le spectre a une allure rotationnelle ; il est proportionnel à 

L(L +  D — 2) , où L est le grand moment orbital. L’extension aux valeurs paires de D s’obtient par 

application du théorème de Hellmann-Feynman. En simulant le potentiel delta-shell par une gaussienne, 
nous discutons les effets de portée finie. 

 
The eigenvalues are obtained by matching the free 
particle solutions at the shell radius. For D odd, 
the matching conditions yields equations, which 
can be written explicitly for each L. In the asymp-

totic domain, namely for large potential strength, 
these equations take a compact form The results 
are extended to even D on the ground of the Hell-
mann-Feynman theorem. 
 
In the limit of large potential strength, the spectra 
with respect to the ground state follow the rota-
tional formula in L( L  + D – 2 ). 

  
Finally, finite range effects are studied by simulat-
ing the delta-shell potential by a normalized Gaus-
sian.  
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In the D=3 dimensional space, it is well known that 
the L(L + 1)  spectrum is generated by the L2 opera-

tor acting on the spherical harmonics. When use is 
made of the Schrödinger equation, the mark of this 
L  dependence in the eigenvalues depends very 

much on the radial shape of the potential (here 
assumed local and spherically symmetric). For in-
stance, this mark is absent in the Coulomb  
and harmonic oscillator cases, whereas a L  (L + 1)  

component appears explicitly in the eigenvalues 
with the Kratzer and Morse potentials.  
 
On the other hand, it has recently been found  that 
a L(L + 1) spectrum arises also from a finite range 

attractive potential having a two parameter Fermi 
function shape with a deep well at the surface. 
A similar conclusion was reached by applying the 
techniques of the inverse problem, in the case of 
discrete states to this spectrum. In this work, it was 
conjectured in that indeed the L(L + 1) spectrum is 

characteristic of an attractive delta-shell potential 
with a large coupling constant.Our purpose is to 
provide a proof of this conjecture by solving di-
rectly the Schrödinger equation for the delta-shell 
potential. We started by studying the D=3 dimen-
sional space. We found afterwards that the results 
can be easily extended to any dimension D ≥ 2. 
 
The solutions of the Schrödinger equation for the 
delta-shell potential are known since a long time. A 
comprehensive treatment is given, for instance, in 
the textbook by Gottfried. 
 
However, to our knowledge the relationship with 
the L(L + 1) spectrum has never been studied.  

Actually, in his textbook, Gottfried underlines the 
fact that as L is increasing, the solution of the 

Schrödinger equation becomes rapidly messy. We 
show that in the case of a large coupling constant, 
the eigenvalue are given by a compact expression, 
which is solved easily.  
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PARTICLES-MATTER INTERACTION 

A shape analysis signal of specifically developed n-TD silicon detectors allowed to identify the 
atomic number Z of ions as heavy as barium (Z=56) with a single detector. Furthermore, by using the Δ
E-E technique with two of these detectors, the mass of ions of Z=1 up to Z=24 (chromium) could be 
determined within one mass unit. 

Besides, the development of the L.M.I.S. ion sources carried out in Orsay makes it possible to have 
projectiles containing from 100 to 2000 gold atoms. The first results obtained at low and high energy 
demonstrate that the projectile atoms penetrate the solid in a cohesive motion which involves an 
extreme temperature and pressure transient at the solid surface. The influence of the projectile mass 
and energy is being studied in order to investigate this new hydrodynamic regime of the solid-particle 
interaction. The systematic study of the ionic emission intensities as a function of  the mass and energy 
of the projectiles showed that 100-200 qkeV is a sufficient energy for a new very efficient probe of the 
solid surface. In collaboration with the TAMU laboratory we develop a new instrument PEGASE for  the 
secondary ion mass spectrometry (SIMS) associated to a new probe of the solid: massive clusters 
constituted of 100 to 1000 bismuth or gold atoms. In this project we associate time of flight mass 
spectrometry with the detection of electron emission in order to locate the impact on the surface with  
an accuracy of 100 nm. The analysis will be carried out impact by impact to give information on the 
chemical composition of a localized nano-region of a few hundred nm3. We open a new domain of 
research concerning the analysis of nano-domains on the solid surface, nano structured surfaces by the 
impact of high energy nano-particles. 

 
 

INTERACTION PARTICULES-MATIERE 
Une analyse en forme de signaux crées dans des détecteurs silicium de type n-TD spécifiquement 

développés, a permis d’identifier en Z des ions aussi lourds que le baryum (Z=56) avec un seul 
détecteur. De plus, en utilisant la technique ΔE-E avec deux de ces détecteurs, la masse des ions de 
Z=1 à Z=24 (chrome) a pu être déterminée avec une résolution inférieure à 0,5 unité. 

Par ailleurs, le développement de la source d’ions L.M.I.S. à Orsay offre la possibilité d’avoir des 
projectiles contenant de 100 à 2000 atomes d’or. Les premiers résultats obtenus à basse et haute 
énergie montrent que les atomes projectiles pénètrent collectivement le solide ce qui entraine des 
conditions transitoires de température et de pression extrêmes à la surface du solide. L’influence de la 
masse et de l’énergie du projectile a été étudiée afin de comprendre ce nouveau régime 
hydrodynamique de l’interaction solide-particule. L’étude systématique des intensités de l’émission 
ionique en fonction de la masse et de l’énergie du projectile a montré que 100-200 qkeV suffisent pour 
sonder de manière efficace la surface solide. En collaboration avec le laboratoire TAMU, nous 
développons un nouvel instrument PEGASE destiné à la spectrométrie de masse par ions secondaire 
(SIMS) associée à une nouvelle sonde du solide : des clusters massifs de 100 à 1000 atomes de 
bismuth ou d’or. Dans ce projet, nous associons la spectrométrie de masse par temps de vol avec une 
détection des électrons émis, afin  de localiser l’impact sur la surface avec une précision de 100 nm. 
L’analyse sera effectuée impact par impact pour donner des informations sur la composition chimique 
d’une nano-région de quelques centaines de nm3. Un nouveau domaine de recherche est ainsi ouvert, 
concernant l’analyse des nano-domaines sur une surface solide, et des surfaces nano-structurées par 
l’impact de nano-particules de haute énergie.  
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ZZZ---identification of very heavy nuclei with a single silicon detectoridentification of very heavy nuclei with a single silicon detectoridentification of very heavy nuclei with a single silicon detector   

La forme des signaux créés dans des détecteurs silicium par des ions de charge 1 à 56 a été utilisée pour 
les identifier. Les détecteurs  sont de type n-TD avec une basse et hautement homogène (<1%) résistivité. 
Ils sont taillés à 8° hors-axe pour éviter les effets de canalisation. Les détecteurs sont couplés à un préam-
plificateur charge-courant (PACI) puis à une électronique numérique. Des expériences menées au LNL 
(Legnaro, Italie) puis au LNS (Catania, Italie) ont montré qu’en couplant l’énergie d’un ion arrêté dans un 
détecteur silicium et le temps de montée du signal de charge, on identifiait le Z d’ions aussi lourds que le  
baryum (Z=56) en utilisant un seul détecteur. Un montage en télescope de deux de tels détecteurs sili-
cium a permis, par la technique ΔE-E, d’identifier la charge et la masse des ions de l’hydrogène au chrome 
(Z=24). Ces performances sont à l’heure actuelle inégalées pour la détection en physique nucléaire. 

known ions, two experiments were performed at 
the LNS in Catania, with a Kr and a Xe beam, both 
accelerated at 35 AMeV, in order to obtain a large 
range in Z and energy of the reaction products. 
Among the 8 mounted telescopes, two were in the 
final FAZIA configuration (Si 300μm-Si 500μm-CsI) 
and located at 2.5 m from the target. They were 
coupled to PACI preamplifiers [7] followed by the 
numerical Front End Electronics (FEE) developed 
in the laboratory (see technical report). 

Pulse shape properties of the output of silicon de-
tectors turned out to be an excellent tool  in order 
to identify the atomic number of atomic nuclei pro-
duced in nuclear collisions [1,2]. One expects by 
this technique to decrease the identification thresh-
olds, as the identification becomes possible in a 
single detector, instead of requiring the passing 
through the first member of a telescope assembly. 
Studies  undertaken a few years ago within the 
FAZIA collaboration [3] are now about to end-up in 
the construction of a demonstrator constituted of 
about two hundreds modules.  

Experiment 
The detailed studies on pulse-shape analysis in 
silicon detectors performed by the FAZIA collabo-
ration have revealed that in order to obtain good 
performances two characteristics are mandatory 
for the silicon: (i) a very homogeneous and low 
(~2000 Ω.cm) resistivity [4]. This is obtained by 
using silicon wafers doped by  neutron transmuta-
tion (n-TD). (ii) detectors must be cut about 8° off-
axis <100>, in order to avoid channeling effects, 
which were shown to induce large fluctuations in 
the shape of the signals [5,6]. It was also demon-
strated that particle should enter the low field side 
of the detector to get best identification, and that 
the electric field must be kept highly stable, mean-
ing that a control of the real detector bias is man-
datory. 
After several experiments with light beams (Z<16) 
and low energies, dealing with elastically scattered 
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Figure 1: Bidimensional map of the energy (in 
channel, y-axis) vs the rise time of the charge 
output of the PACI (x-axis) of the detected 
charged products stopped in the second 
member of a FAZIA telescope. The elastic Xe 
peak is visible at high energy. On-line data. 
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Mass identification in a single silicon 
The mass identification shown in figure 2 suffers 
the drawback of the ΔE-E technique, namely the 
threshold introduced by the necessity for the parti-
cles to punch through the first silicon detector, 
equal to 25 AMev for heavy ions.  The particles 
identified by this technique provide however a lar-
ge and continuous range (in Z, A, E) of nuclei 
which will be used to test algorithms of mass iden-
tification through pulse shape in the second silicon.   
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Charge identification  
 Most of the heavy fragments produced in nuclear 
reactions at 35 AMeV, were stopped in the second 
silicon.   
For this detector, we show in figure 1 a bidimen-
sional-map representing the energy of the particle, 
calculated through digital filtering, versus the rise-
time of the signal at the charge output of the PACI 
preamplifier (taken at 10-90% of the maximum am-
plitude). The full range of the PACI for these detec-
tors corresponds to 2 GeV. The signal is digitized 
with a 14-bit, 100MS ADC. A very clear Z-
identification is visible in the figure, up to the xenon 
projectile charge, Z=54. It is also obvious that this 
value is not an upper limit and that heavier nuclei 
can be identified. Conversely there is an energy 
threshold for this identification, estimated at 30 μm 
of silicon. Such a highly efficient identification, ob-
tained for the first time in the world, comes from 
the excellent resolution due to the FEE, and to the 
characteristics of the silicon mentioned above. 

Mass identification with the ΔE-E technique 
We have also examined how the high qualities of 
the detectors and of the electronics influence a 
standard  ΔE-ER map constructed with the energy 
lost in the first silicon, ΔE, and the residual energy 
deposited in the second one, ER.  The PACI  con- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
nected to the first silicon detector has a full 
range of 3.5 GeV, and the same sampling con-
ditions as the second member. Again extremely 
good performances have been observed. Besides 
the  trivial (but very clean) Z-identification (figure 2, 
right part),  mass identification is visible up to iso-
topes of chromium or manganese (Z=24, 25), see 
left panel of figure 2. 
 

Figure 2: Energy lost in the first silicon 
detector vs the residual energy deposi-
ted in the second one. Both are in 
channel. Right part: full spectrum; left 
part: zoom on the region of Z=20.  
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The Pegase project, a new solid surface probe : The Pegase project, a new solid surface probe : The Pegase project, a new solid surface probe :    
focused massive cluster ion beams.focused massive cluster ion beams.focused massive cluster ion beams.   

Les résultats obtenus au Tandem d’Orsay ont montré que le rendement d’émission ionique secondaire d’u-
ne surface, bombardée par un faisceau d’agrégats, augmente de façon importante avec le nombre de 
constituants de l’agrégat et aussi avec son énergie. D’où l’intérêt d’utiliser des agrégats massifs d’or 
(plusieurs centaines à plus d’un millier d’atomes)  ou de bismuth, à une énergie bien choisie, pour une ana-
lyse fine de surfaces métalliques et organiques, en particulier biologiques. Un autre paramètre décisif est la 
dimension du faisceau d’ions poly-atomiques, le but étant d’obtenir une mesure localisée d’un diamètre de 
1 à 10 μm. Pour remplir ces conditions, la collaboration entre l’IPN et Texas A&M University a mis sur pied 
un projet comportant une plate-forme isolée à 130 kV qui supporte la colonne ionique et une chambre de 
diagnostic, suivie par un gap accélérateur, un spectromètre de masse par temps de vol de haute résolution 
et un microscope à émission électronique.  
Ce projet Pégase, accepté par la National Science Foundation (USA) en février 2008  a été réalisé et testé 
à l’IPN et expédié fin novembre 2009 au Texas où les expériences de physique ont pu commencer en fé-
vrier 2010. 

An advantage of these beams was proved, as 
soon as they were available, with ionic emission 
rates 1000 times those of atomic ions. In collabora-
tion with the Centre of Chemical Characterization 
& Analysis of Texas A&M University, directed by 
Pr. E.A. Schweikert, we explore the exceptional 
properties of these new beams for surface analy-
sis.[2-5] 
The main surface analysis object is, at present, to 
produce the most focused possible beam. The new 
projectiles are perfect candidates for this kind of 
application and a micro-beam project was pro-
posed in 2006 to obtain massive cluster beams 
with a diameter of 1-10 μm. To reach this object a 
100 kV acceleration at least is necessary. A feasi-
bility study was undertaken at the TANDEM accel-
erator in order to first confirm the possibility to ac-
celerate these particles while keeping them intact, 
and secondly to verify the energy value choice. 
This study, performed in 2007, was conclusive for 
the first point and showed that the choice of an 
energy between 100 and 200 keV was justified as 
the ionic emission rates increase strongly between 
20 keV per charge and 200 keV per charge and 
then follow a quasi linear growth with energy 
above 200 keV per charge up to 4 MeV per 
charge. The 100-200 keV per charge energy re-
gion is most interesting because the ionic emission 
rates per impact lie far beyond unity which permits 
to get a mass spectrum [6]and to analyse 10 nm 
diameter areas with a single impact. The IPN Or-
say team received for this collaboration a grant, in 
the frame of the CNRS-USA collaborations, which 
was renewed up to 2008. 
Following the preliminary encouraging results the 
collaboration built a project aiming at producing 
and using gold (or bismuth) nano-droplets for sur-
face analysis  on a nanometer scale. This project, 
called the PEGASE project, is made of an insu-
lated 130 kV platform which supports the ionic col-

Polyatomic ion beams, for an efficient surface 
analysis, were first used at the Institut de Physique 
Nucléaire in Orsay. The projectiles were then 
made of a few atoms and this type of beam is now 
commercially available for mass spectrometry. But 
fundamental studies of the ion-solid interaction 
show that increasing the particles mass leads to an 
important enhancement of the ionic emission rates 
and, consequently, to a more accurate analysis. 
This is particularly interesting for the complex and 
molecular ions, such as biological molecules or 
tissues for example. Through a continuous R&D on 
the liquid metal ion sources (LMIS), beams of mas-
sive multi-charged clusters containing hundreds to 
thousands gold atoms were obtained; the ions are 
extracted from a melted down metal and their size 
is in the nanometer scale, from which the gold  
nano-droplets name [1] (fig 1)  

IPNO Participation: Della-Negra S., Arianer J., Depauw J. ,  Blache P., Dozon F., Kaminski M., Pereira 
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Figure 1: n/q (n and q being the atom number and 
the charge of the ions) spectrum obtained with the 
Pegase Wien filter for a Gold LMISource through 
a 150 µm collimator. 
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user at the platform level. All the power supplies 
and the electronics are set on this platform, driven 
and controlled via about thirty optical fibers. The    
acceleration occurs after the diagnostic chamber 
through an accelerator gap made of 2 tubes one of 
which is a “trumpet” calculated by J. Arianer (fig 2) 
In the first experiments, we use the focusing prop-
erties of this gap.  
The future focusing beam line incorporates a 
“Russian” quadruplet with weak aberrations [7] 
which permits to obtain one µm beam spot (fig 3). 
This PEGASE project submitted in July 2007 by 
E.A. Schweikert to the NSF was accepted in Feb-
ruary 2008. The realization started at the end of 
June 2008 and was finished  at the end of Novem-
ber 2009 when the platform was transferred to the 
Texas A&M University, after it  was delivered and 
tested at the IPN in October.  
The IPN tests went up to 100 kV and gave a total 
beam intensity of 300 nA. The transmission is bet-
ter than 80 %. A selected Au400

4+
 beam was accel-

erated at 480 keV with a 1 nA intensity. The first 
gold nanodroplets beam at 35 km/s was obtained 
on October the 22

nd
. 

The first experiments started in February 2010, at 
Texas A&M University, the Pegase platform being 
connected to a Time-of-Flight mass spectrometer. 
The first secondary ions spectra have been ob-
tained from a silicon wafer and a CsI target. These 
first experiments permitted to test the transmission 
of the cluster beams and simultaneously the ToF 
mass spectrometer and the first stage of the elec-
tron emission microscope. 

After these tests the experiments in progress con-
cern the measurement of the massive cluster en-
ergy losses. At Orsay with 200 keV/atom massive 
cluster ions we showed that there was no pro-
nounced coherent effect after the passage through 
25 nm of matter, the zone close to the surface 
where the coherent effect is strongest is thus negli-
gible with respect to the total range [8]. 

umn including the ion source, the lens, the Wien 
filter, and which  duplicates the Orion facility work-
ing at the Tandem terminal since 1993 at around 
10 MeV. The focusing of the new equipment will 
be, however, much improved in order to reach the 
micron objective. This set up  is then connected to 
a diagnostic chamber containing deflection plates, 
a collimator holder with different size collimators 
and a Faraday cup. The collimator position is pre-

cisely adjustable and the Faraday cup measures 
the intensity of the beam selected by the Wien filter 
and passing through the collimator chosen by the  
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Figure 2 : Vertical section of the 130 kV Pegase 
platform with the main elements 

Figure 3: An example of simulation of the Pegase 
Beam line from the LMISource to the 
Russian quadrupoles with the full cluster 
beam. There are clearly two focussing 
points one behind the 130 kV acceleration 
lens (Pegase first step) and the other be-
hind the Russian quadrupoles  
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The targets are carbon foils of  5, 10, 15 nm. The 
reference of these measurements are the 20-100 
keV beams of Au 1-5 [10]. The secondary ion and 
electron emission are measured  from the back-
side of the target and simultaneously we measure 
the velocity of the projectiles or fragments by time 
of flight. The first results show that the massive 
cluster passes through 15 nm of carbon at 80 keV 
per charge and produces an ion emission of car-
bon clusters; It is important to notice that an atomic 
ion with the same velocity is stopped by 3 nm of 
carbon and that 15 nm is the range of atomic gold 
at 27 keV or Au3 at 80 keV; this has been con-
trolled experimentally. These measurements will 
allow to establish the transition between coherent 
effect and independent atomic interaction and also 
to know the energy deposited in the first 10 nm of 
matter which contributes to the secondary emis-
sion from the solid. 
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But at 80 keV total energy ( 200 eV/atom)  we ob-
served a full coherent effect [9] with a projected 
range increased by a factor of almost 6 to 8 be-
cause of the clearing the way effect (the first clus-
ter atoms entering in the solids push away the tar-
get atoms  and so open an easy path for their fol-
lowers). It is thus important to control in the range 
from 40 keV to 400 keV of total energy what is the 
contribution of the coherent motion on the energy 
loss,  the part of the clearing the way effect versus 
the friction processes (effect of the charge at the 
surface Coulomb explosion etc) observed between 
200 keV per charge and 4 MeV per charge [2].  
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NUCLEAR DYNAMICS AND THERMODYNAMICS 

Detailed studies of the partitions formed through the multifragmentation of hot nuclei showed that 
they depend on the radial expansion collective energy, and on the N/Z ratio of the system. In central 
collisions the compression-expansion cycle leads to fragment (Z>4) multiplicities larger than those 
observed for quasi-projectiles, where a smaller radial energy, due to thermal pressure, comes into play.  
A larger fragment multiplicity is also measured in central collisions when the system is neutron-rich. 
Conversely, for a given system N/Z, the entrance channel mass asymmetry has no influence. These 
results provide a benchmark for constraining the density dependence of the nuclear symmetry energy. 
Bimodal distributions of order parameters (excitation energy and charge of the largest fragment) 
allowed to estimate the latent heat of the liquid-gas type  phase transition which manifests itself through 
multifragmenattion. 

Among fragments formed in the 40Ca+12C reaction,  12C nuclei excited at 7.65 MeV (Hoyle state) 
have been evidenced. This state, highly important for stellar nucleosynthesis, can theoretically be 
described as a condensate of α-particles. Using multiparticle correlation techniques, it was shown that 
one of the decay processes of the Hoyle state produces 3 equal-energy α’s, which signs the 
condensate nature of the Hoyle state.  

A precise knowledge of the de-excitation of fragments is mandatory to properly describe 
fragmentation phenomena. Measurements of exotic nuclei lifetimes ( and thus of their level densities) 
have been started, which make use of the Atomic Clock method. 

 
 

DYNAMIQUE ET THERMODYNAMIQUE NUCLEAIRES 
Des études fines des partitions formées lors de la multifragmentation de noyaux chauds ont montré 

qu’elles sont influencées par l’énergie collective d’expansion radiale et par le rapport N/Z du système : 
le cycle  compression-expansion en collisions centrales conduit à une multiplicité de fragments (Z>4) 
supérieure à celle observée pour des quasi-projectiles où  la pression thermique n’induit qu’une faible 
énergie radiale. La multiplicité de fragments en collisions centrales croît aussi avec le rapport N/Z du 
système total, mais est indépendante de l’asymétrie de masse en voie d’entrée (à N/Z total fixé). Ces 
résultats vont aider à contraindre la dépendance en densité du terme de symétrie de l’équation d’état 
nucléaire. 

L’observation d’une distribution bimodale de paramètres d’ordre (énergie d’excitation, Z du plus gros 
fragment) a permis de déterminer la chaleur latente de la transition de phase de type liquide-gaz qui se 
manifeste via  la multifragmentation. 

Des noyaux de 12C excités  à 7.65 MeV (état de Hoyle) ont été mis en évidence parmi les débris de 
collisions entre un projectile de 40Ca (accéléré à 25 A MeV) et une cible de 12C. Il est théoriquement 
prédit que cet état, qui joue un rôle primordial dans la nucléosynthèse stellaire,  peut être décrit comme 
un condensat de particules α. Grâce à des techniques de corrélations multiparticules on a pu montrer 
qu’une des voies de désexcitation de l’état de Hoyle conduit à trois α de même énergie, ce qui signe la 
nature de condensat d’α de cet état. 

Toutes les études de fragmentation nécessitent une connaissance détaillée de la désexcitation  des 
fragments, notamment des fragments exotiques. Un programme de mesure du temps de vie (et donc 
des densités de niveaux) de tels noyaux par la méthode de l’Horloge Atomique a été entrepris.  
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   Isospin effects on fragment and particle multiplicities   Isospin effects on fragment and particle multiplicities   Isospin effects on fragment and particle multiplicities      
in multifragmentation in multifragmentation in multifragmentation    

Les effets d’isospin sont étudiés dans les collisions  centrales conduisant à la multifragmentation de sour-
ces de quasi-fusion de projectiles de xénon (

124,136
Xe)  accélérés à 32 et 45 MeV/nucléon et de noyaux ci-

bles d’étain (
112,124

Sn).  Les mesures montrent que les multiplicités  de produits chargés dépendent du rap-
port N/Z du système total (projectile+cible), mais pas de la configuration particulière de la voie d’entrée 
(pour un même N/Z). A une énergie incidente donnée on observe que, lorsque N/Z augmente, la multiplicité 
de particules légères (H, He) décroît alors que la multiplicité de fragments croît. Cet effet peut être attribué 
à l’effet stabilisateur d’un plus grand nombre de neutrons disponibles pour former des fragments. Des simu-
lations de collisions à l’aide d’un code de transport reproduisent la tendance observée expérimentalement. 

60°, in order to eliminate   those resulting from col-
lisions keeping a strong binary character. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The evolution of different multiplicities of charged 
products is followed as a function of the incident 
energy and of the N/Z of the composite system. 
Figure 1 and 2 show the results for the total multi-
plicity, Mtot, and the light charged particle multiplic-
ity, Mlcp. Both increase with the incident energy, 
they are in all cases about 30% higher at 45 MeV/
nucleon. Conversely, Mtot and Mlcp decrease when 
the composite system gets more neutron-rich. Mlcp  

is 15% smaller  for the neutron-richer system than 
for the poorer while Mtot is only smaller by 9%. This  

With the advent of rare ions accelerators expected 
in a near future,  nuclear physicists hope to get 
information on the symmetry energy term of the 
Equation of State of nuclei, particularly on its den-
sity dependence. In the mean time stable isotopes 
which cover a large enough domain in isospin (N/
Z) can provide precious information. In this aim the 
INDRA collaboration studied collisions between  
124,136

Xe projectiles, accelerated to 32 and 45 MeV/
nucleon by the GANIL facility, and 

112,124
Sn targets. 

The effects of a variation of the N/Z of the compo-
site system, N/Zsys, and those of different entrance 
channels leading to the same composite system 
were explored. Previous results were added to en-

rich this study. 

Experimental data 
  The charged reaction products were collected 
with the INDRA array. Quasi-fusion reactions were 
selected by requiring a high quality of detection in 
charge and linear momentum: the sum of the 
charges of the detected products should be at 
least equal to 80 (the total system charge is 104), 
and that of their pseudo-impulsion (ZxV) should be 
greater than 75% of the projectile one. Moreover 
we selected events with a flow angle larger than 
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System N/Zsys 

124Xe+112Sn 1.269 

124Xe+124Sn 1.385 

129Xe+natSn 1.385 

136Xe+112Sn 1.385 

136Xe+124Sn 1.5 

 

Figure 1: Total charged product multiplicities 
(triangles and full lines) for the different Xe+Sn 
systems at 32 (open symbols) and 45 (close 
symbols) MeV/nucleon vs the system N/Z. 
Each color characterizes a given projectile.  
See table for the systems. All statistical errors 
amount to 0.04. 
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fragments.  
As already noted for total and lcp multiplicities, the 
fragment multiplicity is independent of the entrance 
channel mass asymmetry for a given composite 
system. 
Some indications of the evolution of the multiplic-
ities with the neutron-richness of the system were 
already noted in [3,4] . The independence of the 
entrance channel for a given N/Z is however an 
original new result. 

Dynamical simulations 
The reaction dynamics can be followed by solving 
the BNV transport equation that describes the evo-
lution of the one-body distribution function accord-
ing to the nuclear mean-field and two-body colli-
sions . The compressibility modulus is K=200 MeV, 
And the free nucleon-nucleon cross-section with its 
energy, angular and isospin dependence is used. 
Two different prescriptions for the symmetry en-
ergy term [5] are chosen: an asy-stiff one (linear 
increase of the potential symmetry term with den-
sity) or an asy-soft term roughly varying as the 
square root of the density.   
The first results, obtained for 

124
Xe+

112
Sn and 

136
Xe+

124
Sn at 45 MeV/nucleon,  show the same 

relative increase of the fragment number at the 
end of the BNV calculation (i.e. before de-
excitation and filter by the experimental apparatus)  
as observed experimentally. The asy-stiffness of 
the EOS does not influence the fragment multiplic-
ity for the neutron poor system, while slightly more 
fragments are produced in the asy-stiff case for the 
neutron-rich one. 
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difference comes from the opposite evolution of 
the fragment multiplicity—see below.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
As appears in the table, the composite system with 
N/Z=1.385 has been formed by three different en-
trance channels. It is interesting to note that, within 
the error bars, the measured multiplicities are the 
same. This confirms that the selected quasi-fusion 
sources have lost the entrance channel memory 
and reached a high degree of equilibration [1].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

The multiplicities for fragments (Z≥5) are displayed 
in figure 3.  Conversely to lcp multiplicities, they 
only slightly increase (by about 5%) with the inci-
dent energy. Indeed the systems become more 
fragmented at higher energies, and the charge of 
the products becomes smaller [2]. Thus a larger 
number of them have a charge smaller than 5, 
which is the lower limit for our  “fragment” defini-
tion. The interesting point is the increase of the 
fragment multiplicity for neutron-rich systems. Mfrag 
increases by about 8% when N/Zsys increases from 
1.27 to 1.5. This larger fragment number can be 
attributed to the larger quantity of available neu-
trons, which helps the formation of more stable 

 

Figure 2: Same as  figure 1, for the light char-
ged particle  (Z≤2) multiplicities. All statistical 
errors amount to 0.04. 

Figure 3: Same as figure 1, for the fragment 
(Z≥5) multiplicities. Statistical errors  are 
0.02. 
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   Radial collective energy and fragment partitions inRadial collective energy and fragment partitions inRadial collective energy and fragment partitions in   
   multifragmentation of hot heavy nucleimultifragmentation of hot heavy nucleimultifragmentation of hot heavy nuclei   

Les partitions de fragments issus de la désexcitation par multifragmentation de noyaux chauds produits 
dans des collisions centrales et semi-périphériques ont été comparées dans le domaine en énergie d’exci-
tation ou l’on observe la présence d’énergie collective radiale. Il est montré qu’à énergie d’excitation par 
nucléon fixée (thermique + collective) pour les noyaux chauds, l’énergie collective radiale  moyenne fixe la 
multiplicité moyenne de fragments. De plus, les partitions de fragments sont complètement déterminées à 
multiplicité réduite de fragments donnée. Le volume de freeze-out est vraisemblablement responsable de la 
loi d’échelle observée.  

are observed above 5 AMeV excitation energy. QF 
sources have larger mean fragment multiplicities, 
<Mfrag>, even normalized to the sizes of the sour-
ces (which differ by about 20% for QF and QP 
sources), and lower values for generalized asym-
metry: AZ = σZ / (<Z> √Mfrag-1). 
A possible explanation of those different fragment 
partitions is related to the different dynamical 
contraints applied to the hot nuclei produced: 
a compression-expansion cycle for central colli-
sions and a more gentle friction-abrasion process 

  

Introduction 
Nucleus-nucleus collisions at intermediate ener-
gies offer various possibilities to produce hot nuclei 
which undergo a break-up into smaller pieces,  
which is called multifragmentation. The measured 
fragment properties are expected to reveal the 
existence of a phase transition for hot nuclei which 
was earlier theoretically predicted for nuclear mat-
ter [1]. By comparing in detail the properties of 
fragments (Z ≥ 5) emitted by hot nuclei formed in 
central (quasi-fused systems, QF, from 
129

Xe+
nat

Sn, 25-50 AMeV) and semi-peripheral col-
lisions (quasi-projectiles, QP, from 

197
Au+

197
Au, 80 

and 100 AMeV), i.e. with different dynamical condi-
tions for their formation, the role of radial collective 
energy on partitions is emphasized [2] and general 
properties of partitions are deduced. 
 

Radial collective energy and fragment parti-
tions 
To make a meaningful comparison of fragment 
properties which can be related to the nuclear pha-
se diagram, hot nuclei showing, to a certain extent, 
statistical emission features must be selected. For 
central collisions (QF events) one selects complete 
and compact events in velocity space (constraint of 
flow angle ≥ 60°). For peripheral collisions (QP 
subevents) the selection method applied to quasi-
projectiles minimizes the contribution of dynamical 
emissions by imposing a compacity of fragments in 
velocity space.The excitation energies of the diffe-
rent hot nuclei produced are calculated using the 
calorimetry procedure (see [2] for details); they 
include thermal and radial energies. By comparing 
the properties of selected sources on the same 
excitation energy domain, significant differences 
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Figure 1: Evolution of the radial collective 
energy with the excitation energy per nucleon 
for different sources. Full squares stand for 
QF sources. Open (full) circles correspond to 
QP sources produced in 80 (100) AMeV colli-
sions. Full triangles correspond to π

- 
+ Au 

reactions and the open square to an estimate 
of the thermal part of the radial collective 
energy for Xe + Sn sources produced at 50 
AMeV incident energy. 
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peripheral heavy-ion collisions as it is in hadron-
induced reactions. For QF sources produced in 
central heavy-ion collisions the contribution  
from the compression-expansion cycle becomes 
more and more important as the incident energy 
increases. Those observations show that the radial 
collective energy does influence the fragment parti-
tions. Moreover it is observed that, at fixed total 
excitation energy per nucleon, the evolution of the 
average fragment multiplicity normalized to the 
source charge/size <M

N
frag> = <Mfrag/Zs> is fixed by 

the value of the radial collective energy: when ER 
increases more fragments are produced.  
 

Scalings of partitions 
Does the intensity of the radial collective energy 
also govern the details of fragment partitions, na-
mely the relative charge/size of fragments in parti-
tions. One can first consider the evolution of the 
size of the heaviest fragment, for given total excita-
tion energies, with the reduced fragment multiplici-
ties  Mfrag/<Zs>. On the left panel of figure 2 avera-
ge values of the heaviest fragment charge for QP 
and QF sources are reported: they  follow exactly 
the same evolution. Finally the division of 
the charge among other fragments is investigated 
using the generalized asymmetry in charge 
of the fragment partitions. One can re-calculate the 
generalized asymmetry by removing Z1 from parti-
tions, noted AZ \{Z1}. The results, displayed in figu-
re 2 (right panel) do not depend on the source type 
at a given total excitation energy and a given redu-
ced fragment multiplicity. Note that the general 
asymmetry follows a linear trend except for the 
lower reduced fragment mutiplicity which corres-
ponds to Mfrag=2; indeed in that case, after remo-
ving Z1, only one fragment is available for the 
asymmetry calculation and in each event the hea-
vier Z of the partition below Z equal 5 was taken. 
Such a result shows the subtle role played by the 
radial collective energy. It influences the overall 
degree of fragmentation but it does not affect the 
relative size of fragments in partitions for fixed re-
duced fragment multiplicities. Those scalings re-
present a benchmark against which models descri-
bing fragmentation of finite systems should be tes-
ted. In particular the peculiar role of the freeze-out 
volume in reproducing or not those scalings must 
be investigated.  
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for peripheral ones. In experiments radial collective 
energy was recognized, in most of the cases, from 
comparisons of kinetic properties of fragments with 
models/ simulations.The mean relative velocity 
between fragments, βrel, independent of the refe-
rence frame, allows to compare radial collective 
energy for both types of sources (QF or QP). The 
effect of the source size (Coulomb contribution on 
fragment velocities) can be removed  by using a 
simple normalization which takes into account, 
event by event, the Coulomb influence, in velocity 
space, of the mean fragment charge.  
All the quantitative information concerning the evo-
lution of radial energy, ER, with excitation energy 
for both types of sources is presented in figure 1. 
At an excitation energy of about 5 AMeV, the βrel 

values corrected from Coulomb effects and corres-
ponding to QF and QP sources are similar. We 
have also added the ER values published by the 
ISIS collaboration [3] corresponding to the π

-
+Au 

reactions which provide sources equivalent to the 
QP ones in terms of excitation energy range and 
size. The observed evolution of ER for such sour-
ces is almost the same as for QP sources. For ha-
dron-induced reactions the thermal pressure is the 
only origin of radial expansion, which indicates that 
it is the same for QP sources. To be fully convin-
cing, an estimate of the part of the radial collective 
energy due to thermal pressure calculated with the 
EES model [4] for an excited nucleus  identical to 
QF sources produced at 50 AMeV incident energy 
is also reported (open square) in figure 1. 
We have shown that radial collective energy is es-
sentially produced by thermal pressure in semi-

Figure 2: Left and right sides refer respectively to the 

mean charge of the heaviest fragment of partitions 

<Z1>, and to the generalized asymmetry in charge of 

the fragment partitions without the heaviest one,  

Az\{Z1}, (see text) as a function of the reduced frag-

ment multiplicity, Mfrag/<Zs>, for different total exci-

tation per nucleon of the sources. Full squares, open and 

full circles stand respectively for QF sources and QP 

sources produced at 80 and 100 AMeV incident ener-

gies. 
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   Latent heat of the phase transition for hot heavy nucleiLatent heat of the phase transition for hot heavy nucleiLatent heat of the phase transition for hot heavy nuclei   

La distribution en charge du plus gros fragment détecté lors de la désexcitation de noyaux chauds par mul-
tifragmentation est bimodale. Les noyaux chauds étudiés sont  des quasi-projectiles produits dans des ré-
actions semi-périphériques entre noyaux d’or  aux énergies incidentes de 60-100 MeV par nucléon. Ce si-
gnal de bimodalité est générique d’une transition de phases du premier ordre dans un système fini. En utili-
sant deux méthodes de sélection des noyaux quasi-projectiles chauds et les différentes énergies incidentes 
la chaleur latente de la transition a pu, pour la première fois, être estimée.   

from the dynamics of the entrance channel and to 
compare data with canonical expectations for 
quasi-projectile sources produced in Au + Au colli-
sions at incident energies from 60 to 100 AMeV. 
Then, a double saddle-point approximation is ap-
plied to extract from the measured data equivalent-
canonical distributions [4]. 
 

Estimation of the latent heat 
In this incident energy regime, a part of the cross 
section corresponds to collisions with dynamical 
neck formation [5]. We thus need to make sure 
that the observed change in the fragmentation 

  

Bimodality and first order phase transition for 
finite systems 
At a first-order phase transition, the distribution of 
the order parameter in a finite system presents a 
characteristic bimodal behavior in the canonical or 
grandcanonical ensemble [1,2]. The bimodality 
comes from an anomalous convexity of the under-
lying  microcanonical entropy [2,3]. It physically 
corresponds to the simultaneous presence of two 
different classes of physical states for the same 
value of the control parameter, and can survive at 
the thermodynamic limit in a large class of physical 
systems subject to long-range interactions. 
Indeed if one considers a finite system  in contact 
with a reservoir (canonical sampling), the value of 
the extensive variable (order parameter) X may 
fluctuate as the system explores the phase space. 
The entropy function F(X) is no more addititive due 
to the fact that surfaces are not negligible for finite 
systems and the resulting equilibrium entropy func-
tion has a local convexity. The Maxwell construc-
tion is no longer valid. The associated distribution 
at equilibrium, P(X)~exp(S(X)-λX) where λ is the 
corresponding Lagrange multiplier, acquires a bi-
modal character (see figure 1). 
 In the case of nuclear multifragmentation, we have 
shown that the size of the heaviest cluster produ-
ced in each collision event is an order parameter. 
A difficulty comes however from the absence of a 
true canonical sorting in the data. The statistical 
ensembles produced by selecting hot nuclei are 
neither canonical nor microcanonical. Recently a 
simple weighting of the probabilities associated to 
each excitation energy bin for quasi-projectile 
events was proposed to allow the comparison with 
the canonical ensemble [4].That weighting proce-
dure is used to test the independence of the decay 
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Figure 1: Canonical ensemble for finite sys-
tems; the bimodal equilibrium distribution is 
given by P(X)~exp(S(X)-λX). The figure shows 
the case when the Lagrange multiplier λ is 
equal to the slope of the common tangent. 
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projectile selections. The results (for one quasi-
projectile selection) are illustrated in figure 3.  
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pattern is not trivially due to a change in the size of 
the quasi-projectile. After a shape analysis in the 
center of mass frame, only events with a  
total forward detected charge larger than 80% of 
the Au charge were considered.Two different pro-
cedures aiming at selecting events with negligible 
neck contribution were adopted. In the first one [6] 
(I) by eliminating  events where the entrance chan-
nel dynamics induces a forward emission,in the 

quasi-projectile frame, of the heaviest fragment 
Z1.For isotropically decaying quasi-projectiles, this  

procedure does not bias the event sample but only 
reduces the statistics. In a second strategy (II)  the 
reduction of the neck contribution is obtained by  
keeping only ``compact''  events by imposing (i) an 
upper limit on the relative  velocity among frag-
ments, and (ii) a constant quasi-projectile size wi-
thin 10% (see [7] for details). In both cases fission 
events were removed. The results obtained with 
the two different selection methods are shown in 
figure 2.To take into account the small variations of 
the source size, the charge of the heaviest frag-
ment Z1 has been normalized to the source size.  
After the weighting procedure (lower part of  
figure 2), a bimodal behavior of the largest frag-
ment charge clearly emerges for both selection 
methods [8]. 
Those weighted experimental distributions can be 
fitted with an analytic function (see [8] for more 
details). From the obtained parameter values one 
can estimate the latent heat of the transition of 
the hot heavy nuclei studied (Z~70) as  
ΔE=8.1 ± 0.4 (stat) +1.2 -0.9 (syst) MeV per nu-
cleon. Statistical error was derived from experi-
mental statistics and systematic errors from the 
comparison between the two different quasi-

Figure 2: Upper part, measured distribution of the 
charge of the largest fragment normalized to the 
charge of the quasi-projectile detected in Au+Au 
collisions at three different bombarding energies. 
Lower part, weighted distributions obtained consi-
dering the same statistics for each excitation ener-
gy bin. 

Figure 3: Size of the heaviest fragment Z1 versus 
total excitation energy. That picture is constructed 
using the fit parameters extracted from the equiva-
lent-canonical distribution. The distance between 
the two maxima, liquid and gas peaks, projected 
on the excitation energy axis corresponds to the 
latent heat of the transition. 
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AlphaAlphaAlpha---particle condensation in nuclear systemsparticle condensation in nuclear systemsparticle condensation in nuclear systems   

La fragmentation de quasi-projectiles dans la réaction 
40

Ca+
12

C à 25 MeV par nucléon a été utilisée pour 
produire un état excité du 

12
C (état de Hoyle) prédit théoriquement comme étant un état de condensation 

alpha. L’utilisation du multidétecteur CHIMERA à grande granularité couplé aux techniques de corrélation 
multi-particules a permis pour la première fois de mettre en évidence la condensation alpha en physique 
nucléaire. 

neded in multifragmentation reactions [4]. 

The reaction 
40

Ca+
12

C studied with CHIMERA  
The nuclear reaction 

40
Ca+

12
C at 25 MeV per nu-

cleon incident energy performed at LNS in Catania 
was studied. The beam impinging on a thin carbon 
target (320 μg/cm

2
) was delivered by the Super-

conducting Cyclotron and the charged reaction 
products were detected by the CHIMERA 4π multi-
detector [5]. The beam intensity was kept constant 
at 10

7 
ions/s to avoid pile-up events. CHIMERA 

consists of 1192 silicon-CsI(Tl) telescopes moun-
ted on 35 rings covering 94% of the solid angle, 
with polar angle ranging from 1°to 176°. Among its 
most valuable characteristics, we mention the low 
detection and identification thresholds for light 
charged particles (LCP)  and the very high granu-

  

Introduction 
Bose-Einstein condensation (BEC) is known to 
occur in weakly and strongly interacting systems  
such as dilute gases [1] and 

4
He liquid. For several 

years it has been considered that BEC may be 
formed in nuclear matter, as well. This hypothesis 
of a new phase of nuclear matter relies on the 
already known molecular-like structure of some 
light nuclei in both ground and excited states. Ta-
king into account that the α-particle is characteri-
zed by the highest value of the binding energy per 
nucleon, it is straightforward to anticipate that the 
pre-formed nucleonic structure inside 
nuclei should be of α-type. This means that under 
some circumstances, the α-cluster Bose properties 
might dominate over the Fermi properties of 
the nucleus. Thus, by showing that the Hoyle state 
(i.e. the first excited state 0

+
 at 7.654 MeV of 

12
C) 

and the sixth  0
+
 state at 15.097 MeV of 

16
O are 

described by α-particle condensate type functions,  
reference [2]  advances the idea that these states 
are candidates to observe α-condensation. A com-
mon feature of these states is their diluteness. 
Moreover, it is believed that these states are not 
unique and may occur in dilute Nα nuclei (up to 
N=10) whose excitation energies are close to the 
Nα-decay threshold [3]. 
In what regards the experimental results, the situa-
tion is much less advanced. The main explanation 
relies on the hardness to attain performances of 
the necessary apparatus. Taking into account that 
according to the present understanding, the com-
patibility of a nuclear state with α-particle conden-
sation may be judged upon its excitation energy 
close to the Nα threshold, the emission simultanei-
ty and both the low kinetic energy and kinetic ener-
gy dispersion, it becomes clear that probably the 
most appropriate methodology should involve high 
granularity-high solid angle particle detection, as 
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Figure 1:  α-α correlation function; the variable is 
the total kinetic of the two particles in their center-
of-mass frame. 
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(Eex=7.654 MeV) and to the complex excited re-
gion of 

12
C around Eex 9.64-10.3 MeV. To have a 

first indication on the extent to which these states 
may be considered candidates for α-particle 
condensation, it is mandatory to see whether the 
decay is simultaneous or if it proceeds partially via 
8
Be. To do this, we plot with blue points the corre-

lation function obtained with partial event mixing 
(i.e. the uncorrelated yield spectrum is built by se-
lecting two alpha-particles from the same event 
and the third one from a different event). As one 
may see, the two peaks survive, but while the se-
cond peak is almost unchanged, the magnitude of 
the first one is diminished, which signs the presen-
ce of 

8
Be for a part of those events. 

For sure this part of information is not sufficient to 
conclude that those states represent α-particle 

condensation. A major step forward is to show that 
the emitted particles have the same (low) kinetic 
energy. To do that a higher-order intra-event corre-
lation method is used [6]:  
1+R(σEα,<Eα>)=Ycorr(σEα,<Eα>)/Yuncorr(σEα,<Eα>). 
Here, for a given α multiplicity, the numerator is the 
yield of events with given average kinetic energy of 
α particles, <Eα>, and given root mean square 
σ(Eα). Figure 3 shows the intra-event correlation 
function corresponding to 3-α decays. It is remar-
kable to notice the peak localized around 
<Eα>=110 keV and σ(Eα) ≤ 25 keV. Those values 
correspond, within our energy calibration uncer-
tainties, to an equal sharing of the available energy 
of the Hoyle state among the three αs. So we 
consider that the α-particle condensate nature of 
the Hoyle state is demonstrated. The peak locali-
zed around <Eα>=110-130 keV and σ(Eα)  around 
90 keV corresponds to the sharing of the available 
energy between the 

8
Be (two αs of 94 keV) and the 

remaining α of 191 keV. 
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larity at forward angles.   
Invariant vpar-vper plots clearly show the binary cha-
racter of collisions with the formation of two emit-
ting sources, a quasi-target (QT) and a quasi-
projectile (QP), which may be easily separated 
according to whether the velocity of a certain reac-
tion product is smaller or larger than vproj/2.  After a 
first event filtering according to total α multiplicity 
(mα ≥ 3) and total detected charge we have focu-

sed exclusively on QP decays with mα(QP) =3. 

Correlation functions and α-particle condensa-
te nature of the Hoyle state 
Various correlation functions have been used: two 
particle correlation functions to first judge the quali-
ty of energy calibrations and multi-particle correla-
tion functions to identify possible α-particle 
condensation states and define their de-excitation 
characteristics. For example,two- or multiple-
particle correlation functions, with one variable X 
are defined as: 1+R(X) = Ycorr(X) / Yuncorr(X) where 
the role of the generic variable X may be equiva-
lently played by the total kinetic energy of the parti-
cles of interest in their center-of-mass frame Etot or 
by the excitation energy of their emitting source 
state, Eex=Etot-Q. Ycorr, the correlated yield spec-
trum, is constructed with the considered particles 
in the same event and Yuncorr  stands for the un-
correlated yield spectrum  constructed by taking 
particles in different events. Figure 1 illustrates the 
quality of the calibration despite the complexity of 
the apparatus. The α-α correlation function shows 
a narrow peak centered around 70 keV which 
corresponds to the ground state of 

8
Be. Figure 2  

shows the 3-α correlation function with standard 
event mixing for building the uncorrelated yield 
spectrum (i.e. each particle belongs to a different 
event, (red points). Two peaks are observed, 
which correspond respectively to the Hoyle state 

Figure 2: Three-α correlation functions (total kine-
tic energy). See text for the different spectra 

Figure 3: Three-α higher order correlation 
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Fluo X: Deexcitation time measurements Fluo X: Deexcitation time measurements Fluo X: Deexcitation time measurements    
using the Atomic Clock methodusing the Atomic Clock methodusing the Atomic Clock method   

Après le succès des expériences de mesure de temps de fission utilisant la méthode de blocage dans une 
cible monocristalline qui a permis de mettre en évidence la très grande stabilité des noyaux de 120 et 124 
protons, un nouveau programme expérimental a été entrepris auprès du Ganil: il s’agit d’ étudier les temps 
de vie de noyaux exotiques ( super-lourds ou de masse moyenne mais déficients en neutrons ) grâce à une 
méthode dite de l’Horloge Atomique basée sur la décroissance des lacunes crées dans les couches atomi-
ques profondes au cours des collisions entre ions lourds. Un tel programme permet naturellement d’éten-
dre les études de stabilité des super-lourds en s’affranchissant des contraintes liées à la qualité cristallo-
graphique de la cible requise par la méthode de blocage. La méthode permet également en s’intéressant 
aux temps d’émission de particules d’évaporation, de suivre l’évolution des paramètres de densité de ni-
veau  en fonction de l’asymétrie lorsqu’on s’éloigne de la vallée de stabilité. 

measurements as well as to evaporation time 

measurements of medium-mass exotic nuclei in 

order to study the evolution of decisive parameters 

controlling the decay processes. We thus pro-

posed two experiments to the Ganil PAC in 2008 

which have been accepted and scheduled during 

fall 2009. The first one is entitled "Level density 

parameter investigated through evaporation time 

measurements".  Considering the essential role of 

level densities in any statistical code, and more 

generally in the thermodynamical behavior of 

asymmetric nuclear matter, the aim is to  derive 

information on their evolution with asymmetry 

when  moving away from the stability valley to the 

neutron deficient region. Due to the  direct depend-

ence of the particle emission rate ( or emission 

time) on the level density parameters involved , 

one expects different emission time spectra for the 

successive nuclei evaporating  particles during the 

deexcitation cascade of a compound nucleus when 

assuming different level density parameters.  

These differences may end with changes by more 

than one order of magnitude for the most probable 

times, as well as for the average times. 

Fluorescence yields of element characteristic X-
rays, resulting from the filling of collision-induced 
inner shells vacancies can be used to measure 
particle emission time thanks to a simple relation-
ship linking the number of  characteristic X-ray  
NX ,   the (atomic) lifetime of the K-vacancy and the 
(nuclear) lifetime  of the emitting nucleus. This nu-
clear lifetime can be extracted provided the num-
ber of emitting nuclei  and of K-vacancies in the 
considered emitter are also measured. Because of 
the very tiny impact parameter range associated to 
nuclear processes as compared to atomic length 
scales, the latter quantity can be deduced from X-
ray production in coincidence with elastic scatter-
ing events. Regarding the atomic lifetimes, they 
are experimentally well  known from X-ray line 

The FLUO-X experiments 
To extend further the exploration of the super-

heavy element stability , probed through the meas-

urement of their fission time, that we initiated with 

the crystal blocking technique for the Z=120 and 

Z=124 nuclei [1], we started last year a new pro-

gram of decay time measurements based on the 

Atomic Clock method. The principle of this method 

relies on the  decay of the atomic inner shell va-

cancies which are created in the reaction products 

during the collision. K-shell holes are  produced in 

the reaction partners electron clouds during the 

approach phase due to time-dependent Coulomb 

field. If the projectile velocity is small compared to 

the K-shell electron velocity, the electronic levels 

adjust quasi adiabatically to reflect the increased 

binding of the combined projectile and target nu-

clear charge, ending with K-shell holes in the 

united atom (UA) whose decay might be observed. 

Such a method can be applied to probe the stabil-

ity of superheavy elements through fission time 
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Figure 1: View of the 3 Ge detectors 
surrounding the Vamos  target and 
operating under vacuum. 
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at low energy and the feasibility of the lifetime 
measurement experiments based on the Atomic 
Clock technique. 2009 has been mainly dedicated 
to the realization and tests of the different parts of 
the experimental set-up: the sectorized ionization 
chambers constituting the first stage of the 
charged fragment telescopes built in Ganil have 
been tested in June. Then we tested the sensitivity 
of diamond monocristal detectors to radiation dam-
age with 7.5 A MeV 129Xe beams, in order to 
check whether this type of detectors could be used 
to detect the elastically scattered projectiles in our 
experiments, to deduce the inner shell ionization 
probabilities. Finally it appeared that the pulse-
height delivered by these diamond detectors was 
quite rapidly affected by the radiation damage, 
which led us to use alternatively the elastically 
scattered target nuclei in standard detectors lo-
cated at large angles. 
Furthermore, all the mechanics needed to install 
the FluoX detection set up around the Vamos tar-
get have been designed and built this year: a set of 
supports for the Germanium detectors operated 
under vacuum, allowing precise displacements has 
been designed in IPNO whereas the reaction 
chamber hosting the fragment detectors was 
drawn in Ganil. A few days of beam time have 
been used in September to check the whole set-
up, including the Vamos spectrometer and finally 
the two scheduled experiments have been suc-
cessfully performed in the last months of 2009. 
The analysis of these two experiments just started 
in January 2010. 
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width measurements.  
This relationship simply illustrates the fact that an 
atomic  vacancy which has been created in the 
entrance channel phase of the collision in the reac-
tion partners — and transferred to the fused nu-
cleus after electronic orbital arrangements — dis-
appears either because it decays through X ray 
emission, characteristic of the formed element, or 
because a nuclear decay process has occurred, 
leading to a new element whose characteristic in-
ner shell X-ray is different. These competing proc-
esses between nuclear and atomic decays will 
eventually continue along the decay chain. The 
experiment performed at Ganil in November 2009 
focused on the compared decay of 

103
In and 

109
In 

formed in the reactions  
76

Kr+
27

Al and 
82

Kr+
27

Al  at 
340 MeV. 
The second experiment entitled "Super-Heavy Ele-
ment Fission Time Measurements Using Inner-
Shell Ionization” is the first step of the SHE stability 
measurement program which extends our crystal 
blocking experiments. The lifetimes of K- and L-
shell vacancies of such atoms, in the 10

-18
 s and 

10
-17

 s range, respectively, should allow to meas-
ure fission times much longer than the nuclear for-
mation time. In particular by choosing fissioning 
nuclei with atomic numbers near or at predicted 
closed shells for protons and/or neutrons, one 
should be able to probe the stability of super-heavy 
elements as the high fission barriers expected in 
the vicinity of shell closures should lead to fission 
times long enough for K and L X-ray emission from 
the compound nucleus. Moreover, X-ray observa-
tion from super-heavy compound nuclei gives ac-
cess at the same time to their charge identification 
and to a quantitative estimate of their fission time, 
bringing thus valuable and complementary pieces 
of information to the crystal-blocking experiments 
performed at GANIL. In addition, this method al-
lows the study of systems for which single crystal 
targets are not available. 
In a first step, this alternative method for fission 
time measurement, independent of any nuclear 
model has been applied in December 2009 to the 
Z=120 element formed in U induced reactions on 
Ni targets. The confirmation of the existence of 
long lifetime ( > 10

-18
s) components for such heavy 

elements by two independent experimental meth-
ods is of crucial interest as within the present theo-
retical approaches it seems quite difficult to recon-
cile the very tiny measured residue cross sections  
and the rather high cross sections associated to 
compound nuclei surviving against fission longer 
than 10

-18
 s.  In addition , by studying the 

238
U + 

58
Ni and 

238
U + 

64
Ni systems, the evolution of fis-

sion times with neutron numbers in the proximity of 
the neutron shell closure can also be studied, pro-
viding thus very sensitive tests of nuclear shell 
models. 

The experimental planning 
Successful tests have been realized in September 
2008, in order to check the background counting 
rates registered in the X-ray Germanium detectors 
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ENERGY AND ENVIRONMENT 

The increasing energy demand, combined with climate constraints led to a study of a world energy 
landscape to the horizon 2050. A detailed analysis of energy needs, available resources and 
geographical distribution of the populations led to the construction of an energy bouquet, which allows 
to answer the various societal constraints. One of the conclusions is that it will be necessary to increase 
the part of the nuclear energy in the world energy mix. In this frame, and in order to minimize the 
uranium resource, a study is in progress on sodium cooled reactors allowing the use of thorium fuels. 
Besides, the possibility of the coupling in a reactor between the neutronic and thermo-hydraulic 
phenomena has been shown. At last, experimental studies at the nTOF line of CERN on neutron 
induced fission have been done on isotopes of interest both for thorium cycle and transmutation of 
nuclear waste. 

The fields of the radiochemistry group concern essentially the physico-chemical properties of 
actinides and fission products. Five main research topics are thus developed :  

• Synthesis of solids (oxide, carbide) for new potential fuels. Dissolution mechanism studies and 
irradiation effects  

• Mechanism studies of radionuclides at the interface solid/solution (temperature effects, heat 
measurements, interactions with organic matter) 

• Thermodynamic data base of relevant actinides such as protactinium(V) at tracer scale 

• Electrochemical and spectroscopic studies of uranium in room temperature ionic liquids 

• Thorium molten salt electrochemical investigations.  

 
 

ENERGIE ET ENVIRONNEMENT 
La demande croissante en énergie, combinée aux contraintes climatiques ont conduit à mener une 

réflexion sur le paysage énergétique mondial à l’horizon 2050. Une analyse détaillée des besoins en 
énergie, des ressources disponibles et de la répartition géographique des populations a conduit à la 
construction d’un bouquet énergétique, qui permet de répondre aux différentes contraintes sociétales. 
Une des conclusions est qu’il sera nécessaire d’augmenter la part de l’énergie nucléaire dans le mix 
énergétique mondial. Dans ce cadre, et afin de réduire la consommation de minerai d’uranium, une 
étude est menée sur les réacteurs refroidis au sodium permettant l’utilisation de combustibles au 
thorium. Par ailleurs, la faisabilité du couplage entre les phénomènes neutroniques et de thermo-
hydrauliques présents dans un réacteur a été montrée. Enfin,  des études expérimentales auprès de la 
ligne nTOF du CERN de mesures de sections efficaces de fission d’intérêt pour le cycle du thorium et 
pour la transmutation complètent ces travaux.  

Les recherches, conduites par le groupe de radiochimiste du laboratoire, concernent principalement 
les propriétés physico-chimiques des actinides et des produits de fission et s’orientent selon cinq axes 
principaux:  

• L’élaboration de solides, oxyde et carbure d’uranium, en tant que futur combustible. Le 
comportement vis-à-vis de la corrosion et de l’irradiation, en vue de leur stockage ou de leur 
retraitement. 

• Les mécanismes régissant la rétention des radionucléides dans les sols (chaleurs associées, 
effets de la température et de la matière organique) 

• La thermodynamique des actinides en solution (entre autres, protactinium à l’échelle des traces) 

• Le comportement électrochimique et spectroscopique de l’uranium dans les liquides ionique 
s’étude électrochimique des sels de fluorure de thorium fondus.  
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Simplified construction of a world energy mix in 2050: Simplified construction of a world energy mix in 2050: Simplified construction of a world energy mix in 2050:    
how to make up with climate constraint and human needs? how to make up with climate constraint and human needs? how to make up with climate constraint and human needs?    

Repartition of the world energy consumption 
In order to take into account the large spread of 
per capita energy consumption, inside the poor 
and developing countries, we choose to divide 
their populations into 3 groups called P1, P2, P3, 
corresponding to 3 consumption levels C1, C2, C3 
(high, medium and low). This approach implies that 
C1, C2, C3 have the same value everywhere in the 
world. The world has been divided in 12 economic 
entities. In a first step, the present rich countries’ 
population is classified in the P1 group. For the 
other entities, the 2050 population distribution be-
tween P1, P2, P3 groups is done on the basis of 
their present state of development and their level 
of urbanisation in 2050. 
 

The second step of our analysis consists in a 
quantification of the 3 levels C1, C2, C3 of energy 
consumption per capita by defining the following 
ratios “C1/C3 ; C2/C3 ; C3/C3” in 2050. Convinced 
that a fair and more equitable access to energy for 
the entire world and that a common will to avoid a 
climate disruption, are necessary conditions to a 
more pacified world able to overcome the energy 
and climate challenges, we took the option of re-
ducing significantly the present disparities. The 
“inequality key” “C1/C3 ; C2/C3 ; C3/C3” in 2050 has 
been chosen to be 4/2/1 in 2050 instead of about 
10/2/1 today between rich, emerging and poor 
countries. This choice and the above distribution in 
P1, P2, P3 groups give immediately the following 
equation:

 and C1= 3.5 toe/cap/y, C2= 1.75toe/cap/y, C3= 
0.87 toe/cap/y. The inequality key choice (with 

1 1 2 2 3 3

World World World

P C P C P C = 20 Gtoe/y

Introduction 
At the world scale, the energy needs are presently 
fulfilled for 80% by fossil energies, but by now, it is 
well established that anthropogenic green-house 
gas emission (GHGE) and mainly CO2 emitted by 
fossil fuel use are responsible for climate warming. 
Though global warming cannot be prevented, a 
significant reduction of GHGE may limit the mean 
temperature rise to + 2°C. 
 

Energy consumption is very unequally distributed 
in the world. Although the population of rich coun-
tries represents only 20% of the world population, 
they consume more than 50% of the total energy 
produced. However, the economic development of 
some emerging countries such as China and India 
allows a part of their population to considerably 
raise their standard of living and consequently their 
energy consumption. Nevertheless, an important 
part of the world population, mainly in poor and 
emergent countries and particularly rural popula-
tions, has an extremely low energy consumption 
level. In the coming years, the population of to-
day’s rich countries will not increase while the 
population of emergent and poor countries will rise 
significantly up to 2050 at least.  
 

The goal of this study is to build a representation of 
the world energy demand in 2050 taking into ac-
count in a simple but realistic way all the relevant 
parameters on which it depends: population, total 
energy consumption, climate constraint, potential 
of available energy sources, appropriateness of 
these sources to the needs. The initial assump-
tions for 2050 are a human population of 9 billion, 
a total energy consumption limited to 20 Gtoe/y, 
and a cut by a factor 2 of the CO2 emissions which 
Repartition of the world energy consumption requires 
a fossil fuel consumption with CO2 emissions lim-
ited to 4,2 Gtoe/y. 

IPNO Participation: S. Bouneau, S. David, O. Méplan 
  
Collaboration : J.-M. Loiseaux (LPSC Grenoble)  

L’étude réalisée résulte d’une réflexion menée sur le paysage énergétique mondial de 2050. Il ne s’agit pas 
d’un travail de prospective, mais d’une construction du bouquet énergétique en 2050, basée sur des don-
nées et des hypothèses globales explicitées (consommation d’énergie, répartition mondiale, émission de 
CO2). Les résultats permettent de dégager des tendances pertinentes et d’apporter des informations quan-
titatives sur le monde énergétique de 2050, du point de vue des besoins, des sources d’énergie et des 
grandes régions mondiales. Nous montrons par exemple que doubler la consommation d’énergie au niveau 
mondial tout en réduisant les inégalités de consommation entre populations riches et pauvres demandera 
aux populations les plus favorisées de réduire leur consommation d’énergie de 30% en moyenne d’ici 
2050. Ces efforts ne permettront pas pour autant une augmentation significative de la consommation des 
plus pauvres (moins d’un facteur 2). Par ailleurs, répondre à la contrainte climatique conduit à une modifi-
cation importante du bouquet énergétique mondial en 2050 : 20% d’énergies fossiles avec émission de 
CO2  (contre 80% aujourd’hui), 25% de fossiles avec captage et séquestration de CO2, 30% d’énergies 
renouvelables et 25% de nucléaire. Enfin, nous mettons en évidence un manque de source productrice de 
chaleur, qui se traduit par un report massif sur l’électricité dans tous les secteurs de consommation : trans-
port, industrie et résidentiel/tertiaire. 
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ficient to satisfy the needs in both sectors. The heat 
produced by fossil energies without CO2 emissions 
and nuclear reactors will contribute to covering the 
heat needs. The shortages of energy for transport 
and heat production are then transferred to electric-
ity. The total electricity consumption reaches finally 
11.5 Gtoe/y and represents more than 50% of the 
total energy production. Thus, the electricity need is 
much bigger than the potential of renewable ener-
gies (4Gtoe/y). Concerning the capability of CO2 se-
questration, we have chosen an optimistic estimate 
of 16 Gt/y in 2050, which corresponds to 4.8 Gtoe/y 
of fossil energy (electricity and heat). The nuclear 
contribution (electricity and heat) to the energy mix 
represents a bit less than 5 Gtoe/y and a multiplica-
tion by 8 of the present production. It has to be no-
ticed that nuclear energy is only allocated to P1 and 
P2 populations (essentially urban).  
 

This construction leads to a use of electricity for 30% 
of the transport needs. Concerning the electricity 
generation, the ratio between intermittent electricity 
(wind, PV) and switchable electricity (hydraulics, fos-
sil fuels) reaches almost 50%, which demonstrates 
that large R&D efforts that must be made on electric-
ity storage and grid optimization. 
 

Finally, the deployment of nuclear energy by a factor 
8 by 2050 (~ 1750 nuclear reactors of EPR type with 
1.65 GWelec, i.e. a multiplication by ~5 of the number 
of reactors) will not be uniform in the world since it 
will be mainly concentrated in Asia (~2 Gtoe/y) and 
in OECD countries (~1.6 Gtoe/y). The per capita nu-
clear energy production will be the largest in devel-
oped countries with 1 toe/cap/y which has to be com-
pared to 1.45 toe/cap/y in France at present. In our 
representation, except for sub-Saharan Africa, the 
share of nuclear energy is rather homogeneous 
since it varies from 20% to 25% in the considered 
entities in the world to be compared to 35% in 
France at present. 
 

Conclusion 
The proposed method to describe the world energy 
demand in 2050 is based on simple hypotheses, 
which are detailed and argued. This method leads to 
a quantitative view on a world energy mix con-
strained by a total energy production of 20 Gtoe/y 
and the reduction by half of CO2 emissions. This 
work shows that a “20 Gtoe/y” scenario requires a 
reduction of the energy consumption of the rich 
populations, without insuring a significant increase of 
the energy consumption of the poorest. The con-
struction of the energy mix in 2050  demonstrate that 
it is necessary to deploy all new energy  sources at 
their maximum level of potential: renewable ener-
gies, CO2 mitigation and nuclear power. These re-
sults can provide an order of magnitude of the objec-
tive each technology could reach in the coming dec-
ades, in the framework of a quite sober energy de-
mand and an effective struggle against climate 
change. It can also be a basis of cross disciplinary 
work about energy prospective, where every actor 
can understand, contradict, analyze or extend the 
hypotheses and results.  
      

which energy access inequalities are strongly re-
duced) together with the limited amount of energy 
consumed per year, require that the 2050 rich popu-
lations have in average an energy consumption 27% 
lower than the present consumption of the developed 
countries. For poor populations, the mean energy 
consumption increases by 75%, but still stays under 1 
toe/cap.  
 

In a third step, we evaluate the consequences of fos-
sil energy consumption limited to 4,2 Gtoe/y in 2050 
(reduction by a factor 2 of the world CO2 emissions). 
As done previously for energy consumption, we 
choose an “inequality key”  “F1/F3 ; F2/F3 ; F3/F3” 
which allocates a fossil energy (with CO2 emission) 
per capita consumption F1, F2, F3 to population 
groups P1, P2, P3. Since we consider that rich popula-
tions have the capabilities to develop and use new 
sources of energy (more expensive and complex) the 
inequality key is more restrictive, namely 2 /1.4 / 1 
while the present values are 13/2/1 between rich, 

emerging and poor countries. This inequality key, 
together with the 4.2 Gtoe/y calculated above, gives 
F1= 0.6 toe/cap/y , F2= 0.42 toe/cap/y, F= 0.3 toe/
cap/y. These firts results are represented on Figure 1. 
Figure 1. Energy consumption in the world in 2000 (left 

bar) and 2050 (right bar) for the 12 economic entities. Con-

tribution of fossil fuels with CO2 emission and alternative 

energy sources. 

World energy mix 
The fourth step in building the 2050 energy mix will 
address the available energy sources in 2050 for the 
different sectors of consumption (transportation, in-
dustry heat, heat for domestic and services and elec-
tricity) in order to insure the appropriateness of differ-
ent kinds of energy to the specific uses. For each 
group P1, P2, P3, the sharing of consumed energy per 
sector is based on the present sharing for rich , 
emerging and poor countries respectively. Then we 
obtain for 2050, an energy demand for each kind of 
need or sector: 5 Gtoe/y for transport, 4 Gtoe/y for 
industry, 4 Gtoe/y for domestic and services uses, 
and 7 Gtep/year for electricity uses. The question we 
address now is: how to respond efficiently to this de-
mand using the potential of different energy sources?  
 

We consider first the fossil energy with CO2 emission 
mainly devoted to the transportation sector and the 
renewable energies devoted to transportation and 
heat production: bio fuels, thermal and concentrated 
solar energy, and geothermal heat (total of 3,2 Gtoe/
y) . At this stage, the renewable energies are not suf-
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MURE: MCNP Utilities for Reactor EvolutionMURE: MCNP Utilities for Reactor EvolutionMURE: MCNP Utilities for Reactor Evolution   

L’équipe MURE de l’IPN travaille sur la simulation de réacteurs nucléaires innovants et sur les scénarios 
associés. Les réacteurs rapides sont sans doute amenés à jouer un rôle dans le futur, du fait de leur capa-
cité d’une part à atteindre la régénération et réduire ainsi d’un facteur 100 la consommation de minerai d’u-
ranium, et  d’autre part à recycler les actinides mineurs et réduire ainsi  la charge thermique et radiotoxique 
des déchets produits. Dans ce cadre, nous effectuons des études sur les réacteurs rapides refroidis au so-
dium, en envisageant par exemple l’utilisation d’un combustible au thorium dans divers scénarios inno-
vants. 
 

braries (cross-sections, ...) and allow full 3D de-
scription of the exact geometry. Monte-Carlo codes 
require more CPU time for calculations (but are not 
prohibitively long)  and are the only reference for 
innovative reactors or fuel cycles. We have devel-
oped  a number of tools to couple a Monte Carlo 
transport code for neutronics, MCNP  with fuel 
burn-up, called MURE . This work has taken place 
in collaboration with LPSC Grenoble, Subatech 
Nantes and NRI Czech republic. MURE is written 
in an oriented object C++, allowing greater port-
ability and conviviality.  
  
The main part of MURE concerns the burn-up cal-
culation. It consists of a set of MCNP calculations 
to obtains reaction rates for given reactor material 
composition, followed by a numerical (Runge-
Kutta) integration of the Bateman equations gov-
erning the reactor fuel evolution (fissile burn-up, 
appearance of fission products and minor acti-
nides) using MCNP results and providing the new 
composition for the next MCNP run.  
 Special attention has been paid to the defini-
tion of evolution conditions: power profile over the 
evolution, reactivity control by either neutron poi-
sons or control rods, refueling capability, ... After 
the evolution a graphical interface based on ROOT 
allows a global view of results as well as offers the 
possibility to make post treatment (radiotoxicity, 
heat, ...).  
 
A new set of tools has been recently added in or-
der to take into account the fuel evolution during 
the cooling-down period after irradiation, reproc-
essing and re-fabrication. This allows to quantify 
more precisely the waste production and the inven-
tory of fissile materials. Moreover, the decay of 
241

Pu (period 14,4 years) outside the reactor is now 
taken into account, and the impact of the reproc-
essing on the neutronics and on the quantity of 
241

Am in waste can be precisely quantified. 
 

Waste comparison 
 
The fast reactor studied is the sodium fast reactor 

Introduction 
Currently there is a renewed interest in the expan-
sion of the role of nuclear power for energy gen-
eration due to its lack of CO2 emissions (which 
contribute to global warming), its economic viabil-
ity, and its potential for energy security and inde-
pendence.  
 
The future of nuclear energy may require breeding 
(reduction of uranium consumption) and optimized 
waste management. Innovative technologies have 
to be explored in order to reduce considerably the 
ore consumption and the associated waste produc-
tion. Sodium-cooled fast reactors seem to be the 
most achievable technology in the coming dec-
ades, and can play an important role to launch the 
generation 4 technologies. However, the standard 
sodium-cooled reactors face to the problem of the 
positive void reactivity and a major Minor Actinides 
(MA) production if transmutation is not considered. 
In this context, we perform neutronic studies on 
innovative (or evolutive) sodium-cooled reactors. 
These studies are based on MURE (MCNP Utility 
for Reactor Evolution), a C++ object-oriented evo-
lution code that couples the Monte-Carlo transport 
code MCNP with a fuel depletion code under given 
conditions. Different configurations of a fast so-
dium cooled reactor (SFR, with a total power of 
1.45 GWe) are investigated, using U/Pu or Th/U 
cycle, with or without minor actinides transmuta-
tion. A self-breeding Th/U configuration has been 
found, using thorium blankets, which allows reduc-
ing significantly sodium void reactivity.  
 

MURE 
Numerical studies of a reactor's neutronics can be 
based on deterministic codes or Monte Carlo 
codes. The advantage of the former ones is that 
they are very fast and accurate but only for well 
known systems such as conventional UOx PWR 
(Pressuriezed Water Reactor) or U/PU FNR (Fast 
Neutron Reactor). The study of innovative reactors 
required the used of accurate numerical codes, 
independent of models, using Monte Carlo tech-
niques which depend only on the nuclear data li-

IPNO Participation: J. Brizi, S. David, O. Méplan, J. N. Wilson  
 
Collaboration : LPSC Grenoble 
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nides. A global comparison can be performed, in 
the same conditions of reactor operation (power, 
oxide fuels, burn-up, breeding rate) and cycle proc-
ess (chemical losses, cooling down and refabrica-
tion times). Figure 2 summarizes the radiotoxicity 
comparison. 
 

Fig. 2. Comparison of total radiotoxicity for reference U/Pu 

SFR (pink), for Th/U SFR w/o reprocessing (green), for ho-

mogeneous MA reprocessing U/Pu SFR (red), and  for homo-

geneous MA reprocessing Th/U SFR (dark green). 

 
This shows that the transmutation of minor acti-
nides leads to a reduction by a factor 10 to 100 of 
the radiotoxicity of waste, from 300 years after dis-
charge up to 1 million of years. When minor acti-
nides are not reprocessed, the thorium cycle offers 
a reduction by a factor 10 of the waste radiotoxicity 
only during a few century. After 3000 years both U 
and Th cycles are similar. 
 
With homogeneous reprocessing, there is a clear 
advantage of Th/U over U/Pu SFR between 300 
years and 100,000 years. Then, due to the 

233
U 

contribution, the radiotoxicity of U/Pu SFR is lower. 
The thorium cycle, coupled with minor actinides 
reprocessing, leads to a reduction by factor 100 or 
1000 of the waste radiotoxicity during 10000 years, 
as compared to the reference U cycle without MA 
transmutation. 
 
It has to be noticed that the same calculations can 
be made for the residual heat, which is the key 
parameter for the dimensioning of the waste stor-
age. The difference between cycles and reproc-
essing strategies are very similar to the radiotox-
icities conclusions. 
 

Waste and inventories 
 
In order to compare very precisely the different 
reprocessing strategies, one must take into ac-
count the waste produced, but also the total mass 
of materials involved in the cycle. This inventory 
becomes a waste only when the nuclear fleet shut 
down, and this makes the global comparison quite 
difficult. Thus, we propose to study the global gain 
in terms of waste generation, as a function of  the 
time at which the nuclear fleet will shut down.  
 

SFR with a thermal 
power of 3600 MWth. 
Fissile zone is split into 
two enrichment zones. 
The evolution is per-
formed over 250 years 
with refuelling. The equi-
librium is reached after 
200 years. The core is 
divided in 5 radial zones 
and 1 axial zone. The 
reference configuration 
consists on a fuel made of depleted uranium and 
plutonium at equilibrium. In this case, minor acti-
nides are not reprocessed.  
The management of the core assemblies depends 
on 3 parameters: the “cycle length”, the “cooling 
time” of used assemblies before the reprocessing 
and the “refabrication time” to make fresh assem-
blies. At each irradiation time, the inner fuel as-
sembly zone is removed from the core. Assemblies 
are moved sequentially from the exterior to the 
interior of the core (Fig. 1). The fresh assemblies 
are put in the outer zone. The fresh assemblies are 
made using the recycled U/Pu from previous de-
pleted ones (after “the cooling time”) and a “fresh 
fuel” (which is depleted Uranium oxide since the 
reactor is breeder). This refabrication process 
takes a “refabrication time”.  In this study, the irra-
diation time is 1 year for core assemblies (thus, on 
average 1/5 of the core is changed each year), the 
cooling time is 5 years and the refabrication time is 
2 years for core assemblies.  

Fig. 1. Fuel management in the core, cooling-down, re-

processing and fabrication process. 

 
When the transmutation strategy is considered, the 
reprocessed minor actinides are Neptunium, Am-
ericium, Curium, Berkelium and Californium. When 
recycling, the efficiency of Plutonium, Uranium and 
MA separation is 99.9%, leading to 0.1% of losses 
that are sent to waste storage with all fission prod-
ucts. 
 
This methodology is used to compare the waste 
radiotoxicity induced by Uranium and Throium cy-
cle, with or without transmutation of minor acti-
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Where t is the time of the nuclear shut down [y],  R 
the radiotoxicity of a given mass of materials [Sv/
GWe], I is the total mass of fuel (core + cycle) [kg], d 
the annual production of waste [kg/y], “No Tr” for no 
transmutation and “Tr” for transmutation of minor acti-
nides, and T the geological time of waste repository 
at which the comparison is made. This ratio repre-
sents the gain in terms of radiotoxicity obtained by 
the transmutation of minor actinides, taking into ac-
count both cumulated waste produced and materials 
inventory in the cycle. 

This comparison shows that the transmutation of mi-
nor actinides must last during centuries to be effec-
tive. This is due to the large amount of plutonium pre-
sent in the core of the reactor and in the reprocessing 
plants, that becomes a waste when nuclear power 
shuts down. It should be interesting now to focus on 
the more efficient ways to transmute the final invento-
ries, essentially made of plutonium or 

233
U. 

 

Conclusion 
 
The MURE code is a complete tool dedicated to cal-
culation of reactor evolution and safety parameters, 
which is now available at the NEA-OECD data bank. 
Thermo-hydraulics and neutronics coupling has been 
implemented for dynamical studies. MURE allows to 
carry out detailed neutronic studies of standard or 
innovative reactors. Using these methods a prelimi-
nary study of a Sodium Fast Reactor using U/Pu or 
Th/U cycles has been done.  
A complete tool of reprocessing and refuelling has 
been recently implemented. It has been used to in-
vestigate the strategy of minor actinide reprocessing 
in core for both U/Pu and Th/U cycles. Moreover, we 
have proposed a way to compare the global waste 
production of a given fleet at equilibrium, which takes 
into account the cumulated waste production and the 
whole material inventory that becomes a waste at the 
end of the nuclear fleet. This comparison shows that 
the impact of minor actinides transmutation is very 
long to become efficient (several centuries). In this 
context, the advantage of the thorium cycle has been 
quantified. 

TTrTr

NoTrNoTr

t)R(d)R(I

)tR(d)R(I
G(t)
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3D coupling of Monte3D coupling of Monte3D coupling of Monte---Carlo neutronics and thermalhydraulics Carlo neutronics and thermalhydraulics Carlo neutronics and thermalhydraulics    
calculations as a simulation tool for innovative reactor conceptscalculations as a simulation tool for innovative reactor conceptscalculations as a simulation tool for innovative reactor concepts   

Les études relatives aux réacteurs nucléaires font appel à plusieurs disciplines dont les principales sont la 
neutronique et la thermo-hydraulique. Les phénomènes physiques qui se déroulent dans le cœur d’une 
centrale nucléaire comme la réaction en chaîne, le mouvement des fluides et les transferts de chaleur se 
couplent de manière forte et complexe. Grâce aux avancées dans ces disciplines et la croissance massive 
de la puissance des ordinateurs, cette complexité phénoménologique peut aujourd’hui être simulée en des 
temps raisonnables. Le développement d’un couplage externe automatisé entre le code Monte Carlo 
MCNP et le code de thermo-hydraulique/thermique COBRA-EN a été effectué. La validation du schéma 
couplé a été réalisée sur un cas très complexe de cœur de réacteur et a permis de prouver la robustesse 
des développements entrepris et la faisabilité d’un tel couplage. 
 

existing codes and allows a fully detailed descrip-
tion of the system. However, a coupling of this type 
requires large exchanges of data between the 
codes. In our coupled MCNP/COBRA package, the 
creation of input files and these data exchanges 
are managed automatically by MURE and hidden 
from the user.  Furthermore, the MURE system 
manages the mesh discretization and overlays: 
only one geometry need to be created by the user 
and it is automatically adapted and correctly for-
matted for the two codes. 
MURE (MCNP Utilities for Reactor Evolution) is a 
code package developed at the IPN Orsay and 
LPSC Grenoble written in C++. It consists of 
around 25000 lines of code and represents about 
15 person-years of development. The primary aim 

of the MURE (ref MURE) package is to perform 
nuclear reactor time-evolution using the widely-
used particle transport code MCNP5. Evolution of 
chosen materials is computed by successive 
MCNP calculations followed by numerical integra-
tion of the Bateman’s equations to calculate fuel 
depletion. After each MCNP run, the reactor fuel 
composition is updated (cf. Fig. 2). Changes in 
geometry, temperature, external feeding or fuel 
extraction during the evolution can also be per-
formed. 

 
Fig. 2. Principle of fuel evolution in MURE 

 

The COBRA-EN (Coolant Boiling in Rod Arrays) 
version has been used for our coupling. This is a 
3D sub-channel code that allows steady-state and 
transient analysis of the coolant in rod arrays. The 

The typical simulation methods used to study nu-
clear reactor cores are neutronics codes which 
model the neutron transport and chain reaction 
and thermal-hydraulics codes which model the 
heat transfer. Historically, these domains have of-
ten been treated separately. However, reactor core 
temperatures depend on the heat sources, and 
thus on the distribution of power which evolves in 
the course of time (calculated by neutronics 
codes), yet these same codes require cross sec-
tions which depend on the temperatures, and thus 
of the nature of flow (solved by thermal-hydraulics 
codes). In certain special energy or temperature 
ranges small changes in one field can provoke 
large changes in the other. For example the impact 
can be large if it occurs for thermal-hydraulic prop-
erties around enthalpy levels of phase change, and 
for neutronics properties near neutron resonances.  
With the rapid advances in computing power over 
the last 30 years it is now possible to not only de-
velop the coupling of neutronics and thermal-
hydraulics phenomena in a single calculation pack-
age, but also to use precision codes for both do-
mains, including the use of computationally inten-
sive stochastic (Monte-Carlo) methods for neutron-
ics calculations. Such Monte-Carlo methods are 
preferable to deterministic codes which analytically 
solve the Boltzmann equation, because the ap-
proximations made will not necessarily be valid for 
innovative future concepts which will operate in 
new domains for which there is little or no current 
experimental knowledge. Monte-Carlo codes have 
the ability to use nuclear data in its most complex 
and complete form: continuous energy cross-
section, fine energy–angle correlations, S(α,β) ta-
bles for thermal neutron scattering on molecular 
structures. 
  Increasing focus on safety requirements 
drives the need for coupled 3D neutronics / 3D 
thermal-hydraulics tools development. Since very 
good existing neutronics and thermal-hydraulics 
codes have been developed independently and in 
parallel, the most obvious methodology for such a 
coupling can be internal (i.e. chained calculations 
with exchanges of data at each step). Internal cou-
pling (cf. Fig. 1) requires no modifications of the 

IPNO Participation: N. Capellan, J.N. Wilson, S. David, O. Meplan, J. Brizi 
Collaboration : LPSC Grenoble, Kurtchatov Institut 
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blies. Inlet pressure is also uniform 15.5 MPa. All 
radial and axial powers are normalized to average 
value. A uniform core flow of 82.12 kg/s/assembly 
is assumed. 
For each assembly, there are three types of pins: 
UOX, UOX + IFBA (IFBA is burnable absorber: 

zirconium diboride ZrB2, cf. fig. 10), and guide 
tubes. Similar pins have been grouped together to 
accelerate the calculation. The choice of these cell 
groups have been performed for neighboring cells, 
and cells which are exposed to similar fluxes.  

A sample of the benchmark results are shown in 
Figs. 4 & 5. All results of axial power deposition 
are in good agreement (less than 1%) with the 
other simulations of the benchmark. Results of the 
coupled calculation MURE-MCNP/COBRA are in 
agreement with benchmark results (cf. fig. 12),  

and the accuracy is within the errors of the bench-
mark: 2%). Only the four most peripheral pins have 
a difference of 4% in our calculation. These are the 
most difficult to simulate, due to the assumption of 
reflective conditions. 

simulation of flow is based on three or four partial 
differential equations: conservation of mass, en-
ergy and momentum vector for the water liquid/
vapor mixture (optionally a fourth equation can be 
added which tracks the vapor mass separately). 
The heat transfer model features a full boiling 
curve, comprising the basic heat transfer regimes: 
single phase forced convection, sub-cooled nucle-
ate boiling, saturated nucleate boiling, transition 
and film boiling. Heat conduction in the fuel, gap 
and cladding is calculated using the balance equa-
tion. 
To obtain a realistic description of a coupled neu-
tronics/thermal-hydraulics system, a number of 
iterations with upgrades of data are            

necessary to obtain converged results. The num-
ber of iterations required for a fixed number of 
Monte-Carlo histories depends on the specific de-
tails of each system. The more the system is 
asymmetric the greater the number of iterations 
required. For a pressurized water reactor (e.g. 
PWR), such as the one used for the benchmark 
(see below), less than ten iterations are needed. 
For a fast reactor (e.g. SFR), fewer than five are 
needed, and for a boiling water reactor (e.g. BWR) 
in which the void fraction has a huge gradient with 
correspondingly large changes in the flux more 
than ten iterations are needed for convergence.  
To validate the 3D coupling MURE-MCNP/
COBRA, a PWR MOX/UO2 NEA benchmark has 
been chosen

10
. It presents a large heterogeneity 

which permits a rigorous test of the coupling. Four 
degrees of enrichment are present in the fuel with 
seven different levels of fuel depletion. Some fuel 
pins contain integrated burnable poisons. All of 
these aspects strongly affect the flux profile, which 
will be highly asymmetric. The MURE coupling al-
lows heterogeneous axial and radial fuel composi-
tions. However in this benchmark the core axial 
material compositions are assumed to be homoge-
neous. The benchmark for four assemblies is pre-
sented in the next section. The quarter core used 
for the benchmark has been cut. It correspond to 
the assemblies A1 (top left – burn-up 35 GWd/t), 
A2 (top right – burn-up 0.15 GWd/t), B1 (bottom 
left – burn-up 0.15 GWd/t) and B2 (bottom right – 
17.5 GWd/t). Consequently reflective conditions 
are imposed on lateral boundaries, and void is as-
sumed on extreme axial planes (zero flux). 
Coolant inlet temperature is uniform for all assem-
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Fission cross sections of actinides at nTOF, Fission cross sections of actinides at nTOF, Fission cross sections of actinides at nTOF,    
from resonances to spallationfrom resonances to spallationfrom resonances to spallation   

Mesures de sections efficaces de fission à nTOF, des résonances à la spallation 
Le faisceau de neutrons de l’installation nTOF du CERN offre des possibilités uniques : gamme en éner-
gie étendue (0.7eV à 1GeV), très bonne résolution en énergie des neutrons, haut flux instantané particu-
lièrement utile pour les cibles radioactives. Nous avons mesuré les sections efficaces de fission par dé-
tection en coincidence des fragments de fission, ce qui permet d’éliminer la contribution des autres types 
de réaction à haute énergie, et réduit le bruit de fond de radioactivité. Les isotopes pour lesquelles les 
mesures ont été effectuées sont 

232
Th, 

233
U et 

234
U jouant un rôle important dans le cycle du thorium, 

237
Np comme cible possible de l’incinération, ainsi que 

nat
Pb et 

209
Bi qui interviennent dans les cibles de 

spallation. Toutes les mesures ont été effectuées relativement à 
235

U et 
238

U considérés comme référen-
ces. Pour le 

237
Np nous trouvons une section efficace de fission supérieure à celle des bases de don-

nées. 

reference isotopes. The ambiguities arising from 
the possible crossing of 2 detectors by the same 
fission fragments are solved by the coincidence 
time between detectors.  
 

The detailed characteristics of the targets are de-
scribed in [1]. They are made by electrodeposition 
on a 2 µm  thick aluminium foil, over a disk of 8 cm 
in diameter. The content of the deposited layer has 
been obtained by α counting with an accuracy bet-
ter than 1 %, and the spatial distribution has also 
been scanned by α counting and by the RBS tech-

nique. 
Due to pile-up problems, localisation measurement 
could not be used for a systematic monitoring of 
the detector acceptance. Therefore the cross sec-
tions measurement rely only on the coincidences 
of the fast anode signals. The detection efficiency 
is mainly determined by the limitation of the solid 
angle resulting from the stopping of the fission 
fragments in the backing and the PPAC electrodes 
when the fission angle is higher than 50°. The 
thicknesses of the stopping layers being very simi-

Nuclear reaction data for minor actinides play a 
key role in the development of a new generation of 
nuclear reactors. The aim for future reactors is to 
significantly reduce nuclear waste radiotoxicity 
through partitioning and transmutation techniques, 
thereby decreasing the repository needs for high-
level radioactive waste. 
Recently, to fulfil the data requirements for these 
new reactors, there has been a demand for exten-
sive neutron-induced nuclear cross section measu-
rements for actinides. Inside this line we measured 
the fission cross section of 

234
U and 

237
Np. The 

incineration of 
237

Np, one of the more abundant 
isotopes in the spent fuel from current reactors, is 
an important issue in transmutation. 

234
U plays an 

important role for the development of the thorium 
cycle, where it acts as an analogue to 

240
Pu in the 

Pu/U cycle of the present-day fast reactors. Most 
previous measurements of these isotopes were 
performed a few decades ago in limited neutron 
energy ranges. 
nat

Pb and 
209

Bi play a key role in accelerator driven 
systems (ADS) since the spallation target will most 
likely consist of lead or lead-bismuth. In addition 
209

Bi(n, f) has been recommended as a cross-
section standard for neutron energies above 50 
MeV but new measurements are needed. 
The very broad energy range (thermal to 1 GeV) of 
neutrons delivered at the nTOF facility at CERN 
allowed accurate measurements of the fission 
cross sections of  

233
U, 

234
U, 

237
Np, 

nat
Pb and 

209
Bi. 

They all have been performed in reference to 
235

U 
and 

238
U permanently present in the stack of tar-

gets.                  . 
The detection system was built in order to detect 
the 2 fragments in coincidence and hence discrimi-
nate fission events from other types of reaction : 
radioactivity, recoils of reactions appearing at ener-
gies above 10 MeV, and spallation reactions at a 
few tens of MeV. The experimental setup is made 
of a stack of 10 parallel plate avalanche counters 
(PPAC) interleaved with 9 targets including the 2 

IPNO Participation: L. Tassan-Got, L. Audouin, C. Paradela, C.-O. Bacri, C. Stéphan, B. Berthier, D. 

Tarrio, D. Trubert, C. Le Naour  

Fig. 1. Fission yields ratios between different samples of the 
same isotope, normalized by the actinide content. The ratio 
between the two 234U samples is shown by the dotted line with 
symbols, while the ratios between the 237Np samples and their 
average are indicated by solid colored lines. 
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one of them is made with a neptunium of different 
origin, with a higher content of 

241
Am. Any problem 

with the 
235

U reference target can be discarded 
because it leads to the expected cross sections for 
234

U, as shown above, and also 
233

U. The backing 
thicknesses have been measured by the slowing 
down of the α particles, and the O and H contents 

have been assessed by RBS of 3 MeV protons. In 
addition the angular distribution varies with energy, 
but is similar for 

237
Np and 

235
U. All these effects 

have been included in the efficiency correction and 

we consider that our data are safe 

Figure 4 shows the cross section between 1 and 
300 keV confirming the recent measurement from 
Tovesson which invalidates the ENDF-B6 data-
base which is now correctly updated in ENDF-B7. 
Figure 5 shows the cross section obtained for 

209
Bi. 

It’s worth stressing that our data are in agreement 
with previous measurements which lie essentially 
below 200 MeV. The systematics based on these 
measurements departs from our values above 200 
MeV where data were lacking  At 1 GeV our data 
join the Prokofiev systematics [4] defined for pro-
ton-induced fission. 
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lar for all targets, the ratio of efficiencies between 
targets is close to 1. This can be checked for the 4 
targets of 

237
Np and also for the 2 targets of 

234
U. 

As illustrated in figure 1 the efficiency is reproduci-
ble within 3%. The angular distribution of fission 
fragments affects the efficiency due to the trunca-

tion of the detectable angle range. This effect has 
been included as a correction on the ratio of effi-
ciencies. Overall the systematic uncertainty is 
about 4%. 
 Figure 2 shows the fission cross section of 

234
U 

above 100 keV. The reference cross section for 
235

U is taken from ENDF-B7 up to 30 MeV and 
from the high energy extension of JENDL-3.3 
above. The steep rises at 0.6, 7 and 15 MeV corre-
spond to the openings of 1st, 2nd and 3rd chance 

fission. Our data are in good agreement with previ-
ous measurements, but above 1 MeV we are lower 
than the data from Lisowski [2] which extend up to 
400 MeV. 
Similarly figure 3 shows the fission cross section of 
237

Np above 500 keV. Although the shape is very 
similar to the one derived from the most recent 
measurements (Shcherbakov [3], and also 
Lisowski not plotted in the figure), our data are sys-
tematically higher by 6 % above 1 MeV. It’s worth 
mentioning that these higher values are obtained 
equally with each of the 4 

237
Np targets although 

Fig. 2. Fission cross section of 234U above the threshold, obtai-
ned from the measured ratio to 235U and the 235U cross section. 

Fig. 3. Fission cross section of 237Np above the threshold, obtai-
ned from the measured ratio to 235U and the 235U cross section. 

Fig. 4. Fission cross section of 237Np below the fission threshold 

Fig. 5. Fission cross section of 209Bi 
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Studies and synthesis of specific materials based on uranium.Studies and synthesis of specific materials based on uranium.Studies and synthesis of specific materials based on uranium.   
Applications on nuclear fuel and radioactive ion beam production targetsApplications on nuclear fuel and radioactive ion beam production targetsApplications on nuclear fuel and radioactive ion beam production targets   

Les études sur les carbures d’uranium dans le groupe de Radiochimie ont commencé avec l’aspect retrai-
tement du combustible usé il y a quelques années. En effet, ce matériau est préconisé comme combustible 
des réacteurs de génération IV refroidis à l’He. S’en est suivie une étroite collaboration avec une équipe de 
l’Université de Rennes. Depuis 3 ans, nos objectifs sont d’optimiser les méthodes de synthèse pour pouvoir 
contrôler la densité, la stœchiométrie, la taille des grains et pores, mais aussi de comprendre les mécanis-
mes de frittage et d’étudier le comportement de ce matériau en conditions d’usages (haute température, 
haute dose d’irradiation). Depuis plus récemment, nous travaillons avec l’équipe du pôle ALTO sur la mê-
me problématique mais le matériau est alors utilisé comme cible de production d’isotopes radioactifs. 

their connectivity, the mechanical resistance to 
swelling by irradiation and the thermal stability. 
Most of the important characteristics detailed 
above are controlled by dependant parameters like 
synthesis and sintering temperatures and dura-
tions.  
 
Our studies concern three ways of synthesis: the 

first two methods are 
the carbo-thermic reductions of a mixture of ura-
nium oxide and uranium oxalate and graphite at 
high temperature [5-8]. The third way is the synthe-
sis by fusing a stoichiometric mixture of metallic 
uranium and graphite into an electrical arc [5]. Be-
cause of the drastic conditions of use, all these 
characteristics could change. 
High temperature (1000°C or 2000°C) and high 
irradiation dose will modify considerably the initial 
properties of the material and could lead to the 
collapse of the material by swelling, polygonization 
or amorphization [9-15]. Our first studies show that 
no drastic amorphization has been observed for an 
irradiated pellet at the ALTO facility (results to be 
published). Now, we are able to well-control the 
stoichiometry of the material (monocarbide UC or 
dicarbide UC2) determined by the X-Ray diffraction 

Introduction 
For three years the Radiochemistry group of the 
IPNO has been working on the synthesis of ura-
nium carbides in the framework of a project on new 
generation (IV) nuclear plants [1]. This project has 
proceeded from an international sustainable and 
safe nuclear fission initiative [2, 3]. Uranium car-
bide pellets exhibit high melting temperature and 
thermal conductivities about eight times larger than 
uranium dioxide. The uranium carbide pellet micro-
structure and density have a large impact on the 
fuel performance. The required characteristic of 
the uranium carbide for this use is the capability to 
retain the fission products inside the material for 
safety and waste reprocessing. The first studies 
concerning this material were made by Blandine 
Fourest and Vladimir Sladkov at IPNO in the 
framework of the reprocessing stage [4]. They 
worked on the electrochemical dissolution and the 
redox properties of the uranium carbides. Very re-
cently studies have been started at IPNO with the 
ALTO group within the framework of the SPIRAL2 
project to optimize the properties of uranium car-
bide used as a radioactive isotope production tar-
get. The required characteristics of this target are 
both the high fission production yield and the capa-
bility to release the fission products outside the 
material as fast as possible. In spite of some oppo-
site characteristics of the expected material, these 
two applications are directly linked by the synthesis 
requirement: the production of this material must 
be well-controlled by a simple and reproducible 
method. This allowed us to undertake our studies 
to an in depth understanding of the properties of 
the uranium compounds as a function of the syn-
thesis parameters and also of their behaviour un-
der operating conditions: high temperature and 
high irradiation dose. 
 
Some results 
For these two applications, the methods must al-
low to control various properties such as the 
stoichiometry, the density, the size of the pore and 

IPNO Participation: A. Ozgumus, N. Barré-Boscher, V. Sladkov, B. Fourest, M. Cheikh Mhamed, E. 
Cottereau, S. Essabaa, B. Hy, C. Lau, B. Roussière 
 
Collaboration : Sciences Chimiques de Rennes (Univ. Rennes 1), GANIL 
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SEM micrograph from 
sintered (a) uranium di-
carbide (<50% of the 
theoretical density - dth), 
(b) uranium monocarbide 
(85% of the dth), (c) ura-
n ium monocarb ide 
(>97% of the dth).  
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measurements. We can also control the density 
ranging from 3.5 g.cm

-3
 to 13.2 g.cm

-3
 (25% to 97% 

of the theoretical density of UC,  determined by 
helium pycnometry). 
 

Work in progress and perspectives  
The control of the grain size ranging from 1 to 30 
µm (measured by Scanning Electron Microscope) 
and also the control of the size and the distribution 
of the pore size (measured by mercury po-
rosimetry) are in progress. The temperature and 
the duration of the plateau are the parameters to 
be studied. The kinetic of the closing of the pores 
and the evolution of the mechanical strength of the 
pellet during long term operation will also be stud-
ied. The identification of the irradiation damages 
will be undertaken. In the case of the use as a tar-
get, measurement of diffusion/effusion of the fis-
sion products by irradiation and gamma-ray meas-
urements will be performed in order to qualify the 
target. A 3D modelling will be developed to define 
the best structural characteristics for an “ideal” ma-
terial for radioactive isotopes beam production. 
The material must have the maximum density for 
fission production yield and also a maximum re-
lease of fission products through the porous net-
work. These two requirements are antagonist. But 
an optimum does exist for porosity, pore diameter 
and length and pore distribution in the matrix. 
We will also take back our reprocessing studies in 
order to determine the kinetic of dissolution in cor-
rosive media. 
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Chemistry and Electrochemistry of Thorium and UraniumChemistry and Electrochemistry of Thorium and UraniumChemistry and Electrochemistry of Thorium and Uranium   
In Fused Solvents at High TemperatureIn Fused Solvents at High TemperatureIn Fused Solvents at High Temperature   

Le comportement chimique et électrochimique du thorium et de l’uranium est regardé dans des solvants de 
fluorures fondus à haute température. Ces études, basées sur l’analyse de courbes électrochimiques, des 
mesures d’analyse thermique différentielle, de potentiométrie, ont montré la stabilité des oxydes d’uranium 
en fluorures fondus selon le degré d’oxydation de l’uranium. Des mesures ATD et DSC ont conduit à la dé-
termination de constantes thermodynamiques de composés tel que K2U2O7. 
Les études sur le thorium s’inscrivent dans le cadre plus général des recherches menées sur le réacteur 
nucléaire à sels fondus. Ce concept est l’un des six concepts retenus dans le cadre de Generation IV et est 
le seul à mettre en œuvre un combustible liquide qui est à la fois combustible et caloporteur. Les objectifs 
de nos travaux sont (i) de comprendre la chimie du sel combustible liquide, mélange de LiF et ThF4 et la 
chimie des solutés dans ce sel et (ii) de proposer un schéma de traitement du sel combustible usé. 

totally dissociated.  

Potentiometric measurements of redox system Ni
(II)/Ni contained in various molten salts were per-
formed as described in the figure 1. 

 

 

 

 

 

 

 

 

 

 

Various composition and nature of molten salts 
have been tested and the results are reported on 
the figure 2. 

 
 

 

 

A conept of pF indictaor electrode is currently in 
progress based on these potentiometric measure-
ments. 

Chemistry of Uranium in fluoride molten salt 
The chemistry and electrochemistry behavior of 
Uranium is studied in molten salt with the aim of 
determining the form and the oxidation states of 
uranium in fluoride molten salt LiF-NaF-KF at 550°
C. 
Thermodynamic measurements have been perfor-
med using DSC technic. 
  

The Molten Salt Reactor 
An innovative molten salt reactor concept, the 
MSFR (molten Salt Fast Reactor) is developed by 
CNRS since 2004. Based ont he particularity of 
using a liquid fuel, this concept is derived from the 
American molten salt reactors (included the de-
monstrator MSRE) developed in the 1960s. The 
major drawbacks of these designs were (i) a short 
lifetime of the graphite blocks, (ii) a reactor fuelled 
with 

233
U, not a natural fissile isotope, (iii) a salt 

constituted of a high chemical toxic element: BeF2 
and (iv) a fuel reprocessing flux of 4000 liters per 
day required for reaching a high breeding gain. 
However, this concept is retained by the Genera-
tion IV initiative, taking advantages of using a liquid 
fuel which allows more manageable on-line control 
and reprocessing, fuel cycle flexibility (U or Th) 
and minimization of radiotoxic nuclear wastes. 
In MSFR, MSR concept has been revisited by re-
moving graphite and BeF2. The neutron spectrum 
is fast and the reprocessing rate strongly reduced 
down to 40 liters per day to get a positive breeding 
gain. The reactor is started with 

233
U or with a Pu 

and minor actinides (MA) mixture from PWR spent 
fuel. The MA consumption with burn-up demons-
trates the burner capability of MSFR. 
The objective of this work is to study the chemistry 
of the fuel salt and to propose a reprocessing 
scheme. This work is performed in the frame of the 
PACEN program of CNRS dedicated to nuclear 
fuel cycle. This work is also a strong contribution of 
the european project EVOL of FP7. 

Some results 

Some molten salts have been studied to establish 
a fluoroacidity scale. The fluoroacidity in fluoride 
molten salt is a propertie which leads to define the 
speciation of elements in the molten salt. An acide 
fluoride salt will be able to form complexes with 
fluoride ions and a basic salt will give its fluoride 
ions. Generally alkaline salts are basic salt and are 
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Figure 1: Potentiometric cell for potential  

measurements 

Figure 2: Acidity scale of various fluoride 

salts 
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Multiscale study of mineral surfaces/actinides interactionsMultiscale study of mineral surfaces/actinides interactionsMultiscale study of mineral surfaces/actinides interactions   

Les interactions entre les actinides et les minéraux présents dans les sols sont en grande partie responsa-
bles de la migration/rétention de ces radiotoxiques dans la géosphère. Compte tenu des multiples paramè-
tres intervenant dans ces processus, il est fondamental non seulement de rassembler des données ma-
croscopiques mais également de conduire des investigations à l’échelle moléculaire afin de pouvoir inter-
préter les résultats obtenus, le plus rigoureusement possible. Parmi ces paramètres, la température et la 
matière organique n’ont pour l’instant été que peu pris en compte. Le travail présenté ici concerne donc 
l’étude des mécanismes d’interaction de l’ion uranyle avec la silice en présence d’ions acétate et oxalate à 
température ambiante et les effets de la température (20 à 90°C) sur la rétention de l’uranium par un solide 
phosphaté ainsi que les mesures des variations d’enthalpies et d’entropies associées. De plus, des calculs 
de dynamique moléculaire ab-initio, permettant de prendre en compte la température et le solvant, ont été 
réalisés sur le système UO2

2+
/gibbsite.  

 

ica. All these results indicate that the functional 
group is not the only parameter occurring in the 
behaviour of carboxylic molecules. The number of 
carboxylic group, the spacing between them and 
the length of the carbon chain play also a role in 
the retention of uranyl ions onto the surface in 
presence of carboxylic acids. 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 1: Nuclear Microprobe spectra (backscattering 
of incident protons of 1.725 MeV) of silica slides 
after contact of 5 days with an oxalate+uranyl solu-
tion. Beam parameters: diameter of 10 µm, current 
of 200 pA. The presence of surface ternary com-
plexes is evidenced via the correlation between the 
C and U signals. 

 

Temperature effects 
The temperature effects on the U(VI) sorption onto  
a lanthanum phosphate compound (LaPO4) and 
magnetite (Fe3O4) are investigated. A several 
steps study is required to properly determined the 
retention mechanisms and the temperature-
induced modifications in the sorption processes. In 
a first time, the intrinsic surface properties of the 
solids under study are investigated for different 
temperatures (ranged from 20°C to 95°C). Mass 
and potentiometric titrations together with micro-
calorimetry measurements are carried out as a 

Effect of the organic matter  
Organic compounds present in natural media 
(cellulose degradation products, humic sub-
stances,...) influence the migration of (radio)toxic 
ions in the environment: it may increase their mo-
bility if the organic-ion complexes stay in aqueous 
solution or decrease their migration if these com-
plexes have a higher affinity with the mineral sur-
face than that of the free ion. Much of the studies 
relative to the effect of the organic matter on ions 
retention onto mineral surfaces imply humic sub-
stances. Our approach is to study the role of sim-
ple organic molecules (short-chain mono or di-
carboxylic acids) in the sorption of the uranyl 
cation onto silica surfaces (slices and powders). 
Sorption edges as a function of pH are obtained by 

-liquid scintillation and capillary zone electropho-

resis. Spectroscopic techniques are used to iden-
tify the surface complexes: Time-Resolved Laser-
induced Fluorescence Spectroscopy (TRLFS), X-
ray Photoelectron Spectroscopy (XPS), Nuclear 
Microprobe Analysis (NMA) and ATR-FTIR. The 
results obtained from combination of the thermody-
namical and spectroscopic approaches show a 
different behaviour between the different organic 
molecules in terms of the retention of uranyl onto 
silica (sorption percentages and species formed at 
the solid/solution interface). Indeed, the di-
carboxylic acids, oxalate and malate, decrease the 
quantity of uranium sorbed onto silica and only for 
oxalate, all the spectroscopic techniques evidence 
the presence of surface ternary complexes, as il-
lustrated by the NMA results given in the Figure 
1.The observations concerning the effect of ace-
tate on the U(VI) retention showed no difference in 
the sorption percentages of U(VI) and organic mat-
ter between the binary (silica-acetate, silica-uranyl) 
and ternary systems (silica-acetate-uranyl) and the 
same chemical environment of U(VI) suggesting 
that the uranyl-acetate complexes stay in the 
aqueous solution rather than sorbing onto the sil-
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culations which take place in static and vacuum 
conditions at T=0 K. In a first part, a (001) gibbsite 
face model composed of two sheets, where the 
deepest one was frozen to atomic bulk positions, 
was optimized. Geometrical relaxations clearly 
demonstrated the validity of this surface model to 
mimic the real system. In a second part, water in-
teractions with the optimized surface model were 
investigated. Two adsorption modes were identi-
fied in agreement with experimental results. The 
first one takes place through a water molecule hy-
drogen and a surface oxygen (Fig. 3-a) while in the 
second adsorption mode, a surface hydrogen inter-
acts with a water molecule oxygen (Fig. 3-b). The 
first adsorption mode was calculated as the most 
stable one.   
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Fig. 3: (001) Gibbsite face hydration. 

 

Finally, the uranyl interaction with the hydrated 
(001) gibbsite face was simulated. Two types of 
adsorption mechanisms were considered: the 
outer sphere mechanism (Fig. 4-a) as well as the 
inner sphere one (Fig. 4-b).  

Fig. 4: Uranyl adsorption on the gibbsite face. (a) 
outer sphere and (b) inner sphere mechanism. 
 

Both adsorption modes were calculated as possi-
ble. The second one (inner sphere mechanism) is 
the most stable because of strong covalent interac-
tions. However, even though it is the most stable 
one, the needed activation energy (Ea) to reach it, 
is not known. Therefore, in order to evaluate the 
gibbsite retention capability towards uranyl migra-
tion, current work are devoted to evaluate Ea. This 
value, will be used to predict if at a given tempera-
ture the energy barrier will be able to be crossed. 

function of temperature. The recent results allow 
one to demonstrate that the monazite’s (LaPO4) 
point of zero charge remains constant whatever 
the temperature in a non-complexing medium such 
as NaClO4 (pHPZC = 1.8). Moreover, microcalo-
rimetry measurements show that the surface hy-
dration process is exothermic, close to -0.4 J/g at 
30°C but it is found  to depend on the temperature. 
Then, further study are in progress to precisely 
determine the variation in the enthalpy of hydration 

versus temperature in order to calculated the rCp 

associated to the reaction. In a second step, the 
retention of U(VI) by the hydrated surface can be 
investigated. A spectroscopic study is carried out 
by using Laser-Induced Fluorescence (LIFS), X-
ray Absorption Spectroscopy (XAS) and vibrational 
spectroscopies (Infrared and Raman) which allows 
one to experimentally determine all the compo-
nents involved in the sorption process. The first 
results obtained for lanthanum phosphate show 
that U(VI) is sorbed on two types of surface sites 
whatever the temperature. Nevertheless, the reac-
tivity of both sites is found to be temperature-
depend since the relative proportions of the result-
ing surface complexes strongly change as a func-
tion of temperature. Additionally, microcalorimetric 
measurements are performed in order to measure 
the heat of sorption. The U(VI) retention by lantha-
num monophosphate is an endothermic process 
with an associated heat of 0.3 J/g. The extensive 
study of these systems is under progress and a 
global understanding of the temperature effects on 
the U(VI) retention mechanisms by oxide-like com-
pounds should be achieved in a near future. Then, 
the results will allow one to check the validity of the 
retention mechanisms determined at 25°C (most of 
the studies found in the literature) for higher tem-
peratures (up to 150°C).  

 
Fig 2: Example of thermograms obtained for La-
PO4 hydration (top) and U(VI) sorption onto LaPO4 

(bottom). 
 
Theoretical calculations 
In order to investigate, at the solid/liquid interface, 
the uranyl ion behaviour with the (001) gibbsite 
face, we have used an Ab-initio Molecular dynam-
ics approach as implemented in the CPMD code 
(Car-Parrinello Molecular Dynamics). With this 
original methodology, temperature, solvent and 
dynamic effects are explicitly taken into account in 
simulations which is innovator relative to usual cal-
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Electrochemical behavior of tetrachloro and tetrabromouranyl Electrochemical behavior of tetrachloro and tetrabromouranyl Electrochemical behavior of tetrachloro and tetrabromouranyl 
complexes in room temperature ionic liquidscomplexes in room temperature ionic liquidscomplexes in room temperature ionic liquids   

Les liquides ioniques sont des solvants pouvant intervenir dans des étapes de séparation lors du retraite-
ment des déchets nucléaires. Notre objectif est d’acquérir des données fondamentales sur les actinides 
dans ces milieux. Le comportement électrochimique de complexes tétrahalogénés d’uranyle a été étudié 
par voltammétrie et électrolyses quantitatives. Deux mécanismes de réduction sont proposés: le 1er méca-
nisme, noté DISP, comprend un transfert monoélectronique suivi d’une réaction de dismutation conduisant 
à la régénération du complexe uranyle(VI) initial. Le 2e mécanisme, noté ECE, correspond à un transfert 
monoélectronique suivi d’une dissociation partielle conduisant à la formation d’un complexe d’uranyle(V), 
lui-même réductible aux potentiels imposés à l’électrode selon un deuxième transfert électronique. Dans 
les deux cas, la réduction conduit à la formation d’espèces insolubles d’U(IV) (oxyde ou hydroxyde) et à la 
production d’ions halogénure. 

corresponds to an anodic redissolution one (red 
curve). Then the reduction of the [UO2Cl4]

2- 
seems 

irreversible and would lead to a deposit.  

Fig. 1: Voltammograms of 0.01 M [UO2Cl4]
2– 

in 
[BuMeIm][Tf2N] at 25°C at a glassy carbon 
eletrode at 0.1 V.s

-1
. 

When Cl
-
 are added in the solution, the intensity of 

the anodic peak around -0.4 V (a2) decreases 
while a new anodic one (a1) appears around -1.3 V 
(fig. 2). Table 1 reports the variation of the ratio of 
this new anodic peak intensity (Ipa1) over the ca-
thodic peak intensity (Ipc1): Ipa1/Ipc1 increases with 
the concentration of Cl

–
 and with the potential scan 

rate. These results indicate that the redox process 
is characterized by an electron transfer followed by 
a chemical reaction. The kinetic of this reaction 
would be function of the Cl

-
 concentration: the 

highest the concentration, the slowest the reaction. 
This reaction would then lead to Cl

-
 production. 

Fig. 2 put also in evidence a decrease of Ipc1 when 
the Cl

-
 concentration increases. However, if the 

potential scan rate is increased, that is when the 
chemical reaction is more and more kinetically lim-
ited, Ipc1 is almost constant as a function of the Cl

-
 

amount. Two mechanisms could explain the re-
sults: either an EC (DISP) mechanism, the chemi-
cal reaction being a disproportionation reaction, or 
an ECE mechanism, that is two electron transfer 
steps separated by a chemical reaction. Thus, the 

Ionic liquids (Ils) are media entirely composed of 
ions with a melting point bellow 100°C. They are 
characterized by a thermal, chemical and electro-
chemical stability. They posses a low vapor pres-
sure, they are non-flammable and not toxic. Their 
physicochemical properties can be also «fine-
tuned» by a judicious choice of the anion-cation 
combination. They are currently under study to 
replace organic solvents, especially the volatile 
organic compounds, in many fields: synthesis, ca-
talysis, polymerization and various electrochemical 
devices. They are also considered in the nuclear 
industry as recent works have shown their good 

stability under , and  irradiation. ILs could then 

be involved in the separation of actinides and fis-
sion products either by liquid/liquid extraction or 
electrodeposition processes. 
Moreover, ILs are solvents different from molecular 
solvents and high temperature molten salts. New 
complexes or unusual oxidation states could then 
be stabilized. To use ILs in chemical processes, it 
seems necessary to accumulate data on the solva-
tion, complexation reaction and redox properties of 
metallic species in these media. In this context, we 
have focused our work on the structural and elec-
trochemical behavior of uranium complexes in two 
ILs: the 1-butyl-3-methylimidazolium and the 
methyl-tributylammonium, both of them being as-
sociated to the bis(trifluoromethylsulfonyl)imide 
([BuMeIm][Tf2N] and [MeBu3N][Tf2N]). Here are 
presented the redox properties of [UO2Cl4]

2- 
in 

[BuMeIm][Tf2N]. The influence of the uranyl ligand 
and the IL cation are also examined via the study 
of [UO2Br4]

2- 
and the IL [MeBu3N][Tf2N]. 

Electrochemical behavior of [UO2Cl4]
2- 

in 
[BuMeIm][Tf2N] 
The cyclic voltammogram of [U

VI
O2Cl4]

2–
 presents 

a cathodic peak at -1.4 V and two anodic peaks 
around -0.4 V and 0.2 V (fig. 1, blue curve). If the 
swithching cathodic potential is -2.5 V, the intensity 
of the second anodic peak increases and its shape 

IPNO Participation: C. Cannes, C. Le Naour, M-O. Sornein, M. Mendes 
 
Collaboration : DRECAM (CEA Saclay), LISE (Paris VI, CNRS) 
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Effect of the IL cation: redox behavior of tetra-
halouranyl complex in [MeBu3N][Tf2N] 
Fig. 3 presents the voltammograms of the tetrahalo 
uranyl complexes [UO2X4]

2- 
with 10 eq. of halide 

ions in both ILs. In [MeBu3N][Tf2N], the reduction 
peaks of [UO2Cl4]

2– 
and [UO2Br4]

2– 
are observed 

respectively at -1.74 V and -1.56 V. In both ILs, the 
reduction potential of the bromo complex is higher 
than for the chloro analog. This indicates that 
[UO2Br4]

2– 
 is less stable than [UO2Cl4]

2–
. We can 

also observe for each complex that the reduction 
potential is more than 300 mV less negative in 
[MeBu3N][Tf2N] than in [BuMeIm][Tf2N]. This can 
be account to a difference of solvation as we have 
already demonstrated that [BuMeIm]

+
 interacts 

more strongly than [MeBu3N]
+
 by H-bonding. We 

have also shown that the intermediate species 
[U

V
O2X4]

3– 
is less stable in [MeBu3N][Tf2N] than in 

[BuMeIm][Tf2N]. 

Fig. 3: Voltammograms of 0.01 M [UO2Cl4]
2– 

with 
10 eq of Cl

-
 (red curves) and 0.01 M [UO2Br4]

2– 

with 10 eq of Br
-
 in [BuMeIm][Tf2N] at 25°C (solid 

curves) and in [MeBu3N][Tf2N] at 60°C (dashed 
curves) at a GC electrode (0.07 cm

2
) at 0.1 V.s

-1
. 

Controlled potential electrolysis 
Quantitative electrolysis of the tetrahalouranyl 
complexes in both ionic liquids give a deposit at a 
platinum cathode. XRD analysis suggests that this 
solid phase is composed of amorphous oxide or 
hydroxide uranium(IV). Moreover, the voltammetric 
analysis of the solution at the end of the electroly-
sis indicates that 4 equivalents of halide ions are 
produced per eq. of reduced uranyl complex. 

Suggested mechanism 
The above results allowed us to propose the two 
following mechanisms for the reduction of the tet-
rahalouranyl complexes in ILs. 

DISP mechanism: 

[U
VI

O2X4]
2-  

+ e
-
  [U

V
O2X4]

3-
 

2 [U
V
O2X4]

3-
  [U

IV
]  +  [U

VI
O2X4]

2- 
+  4 X

- 

 
ECE mechanism: 

[U
VI

O2X4]
2-  

+ e
-
  [U

V
O2X4]

3-
 

[U
V
O2X4]

3-  
[U

V
O2X(4-x)]

x-3 
+ x X

-
 

[U
V
O2X(4-x)]

x-3 
+ e

-
  [U

IV
] + (4-x) X

- 

 
In both mechanisms, [U

IV
] corresponds to oxide or 

hydroxide species. 
 

global electron number of the redox process is in-
creased because of either the regeneration of the 
initial uranyl species (DISP) or the reduction of a 
second species formed by the chemical reaction 
(ECE). 

Fig. 2: cyclic voltammograms of 0.01 M [UO2Cl4]
2- 

with x eq. Cl
-
 in [BuMeIm][Tf2N] at 25°C at a GC 

electrode at 25 mV.s
-1

. 

 
 

 

 

 

 

 

Table 1: Ipa1/Ipc1 measured for [UO2Cl4]
2- 

(0.01M) 
with 0, 5 and 10 eq of Cl

–
 in [BuMeIm][Tf2N]  as a 

function of the potential scan rate at 25°C. 

With a large excess of Cl
-
, the chemical reaction is 

no more observed by voltammetry. Our measure-
ments have shown that in these conditions, 
[U

VI
O2Cl4]

2- 
is reduced via a quasireversible 

monoelectronic transfer to form [U
V
O2Cl4]

3-
. 

Effect of the uranyl ligand: electrochemical be-
havior of [UO2Br4]

2– 
in [BuMeIm][Tf2N] 

If the switching cathodic potential is -2.7 V, the cy-
clic voltammogram presents a single reduction 
peak at -1.24 V and two oxidation peaks at -0.3 
and 0.3 V, this latter corresponding to a redissolu-
tion peak. Then, the reduction of the tetrabro-
mouranyl complex leads also to the formation of a 
deposit at the electrode surface. In the potential 
region [-1.6 V ; -0.1 V], when Br

-
 are added to the 

solution, a new anodic peak appears around -1.18 
V. When the Br

-
 concentration increases, the inten-

sity of this new peak increases and the intensity of 
the anodic peaks at higher potentials decreases. 
Moreover, at a done Br

–
 concentration, the ratio Ipa

(-1.18 V)/Ipc(-1.24 V) increases with the potential 
scan rate. Nevertheless, for the same halide 
amount and the same potential scan rate, this ratio 
is lower in the case of the bromo complex than for 
its chloro analog. This suggests that the intermedi-
ate species [U

V
O2Br4]

3- 
is less stable than 

[U
V
O2Cl4]

3-
. 

 0 eq Cl- 5 eq Cl- 10 eq Cl- 

0.025 V.s-1 - 0.21 0.52 

0.05 V.s-1 - 0.32 0.63 

0.1 V.s-1 0.14 0.37 0.71 

0.2 V.s-1 0.20 0.42 0.74 

0.5 V.s-1 0.27 0.51 0.76 

1 V.s-1 0.33 0.54 0.82 

2 V.s-1 0.35 0.62 0.84 
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Complexation of protactinium(V) with organic ligands:Complexation of protactinium(V) with organic ligands:Complexation of protactinium(V) with organic ligands:   
thermodynamic and structural study thermodynamic and structural study thermodynamic and structural study    

Dans le contexte des réacteurs à combustible thorium, la sûreté des opérations de retraitement et des sites 
de stockage nécessite une connaissance approfondie de la chimie en solution du protactinium, produit 
sous forme des isotopes 231 et 233 dans ce nouveau type de réacteur. Ce travail présente les résultats 
établis lors d’études sur le comportement du protactinium au degré d’oxydation V en présence d’acide oxa-
lique (complexant susceptible d’être présent dans certaines eaux souterraines) et d’acide diéthylènetriami-
nopentacétique (agent décorporant des actinides). L’utilisation de la spectroscopie d’absorption X, de l’é-
lectrophorèse capillaire couplée ICP-MS, d’une part, et de la technique d’extraction liquide-liquide avec l’é-
lément à l’échelle des traces, d’autre part, a permis de déterminer la structure des complexes d’ordre maxi-
mum et de déterminer les grandeurs thermodynamiques relatives aux équilibres de formation de l’ensem-
ble des complexes impliqués.   

presence of PaO(C2O4)
3–

 and Pa(DTPA). 

Thermodynamic study 
In order to avoid the polymerization of protactinium 
at high concentrations, the thermodynamic study 
was performed with the element at tracer scale 
(CPa ~ 10

-12
M) using solvent extraction with TTA 

(thenoyltrifluoroacetone) as chelating agent. First, 
the logarithmic variations of the distribution coeffi-
cient D of Pa(V) as a function of the total concen-
tration of ligand as illustrated in Fig.2 allowed to 
determine the mean number of ligand per Pa atom 
for complexes that are predominant in aqueous 
phase. In oxalic system, the species PaO(C2O4)

+
,  

PaO(C2O4)2
-
  and PaO(C2O4)3

3– 
are formed suc-

cessively (slopes –1 to –3 on Fig.2). With DTPA, 
only the complex(1,1) is formed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Fig.2: Variations of the distribution coefficient D of 
Pa(V) as function of oxalic acid concentration at 
40°C and µ=3M 

 
The extraction data ((D0/D)-1), collected at different 
values of ionic strength and temperature, were 
plotted as function of the total ligand concentration 
and adjusted with a polynomial of third order in the 
case of oxalic system. The coefficients of this poly-

nomial are the formation constants i of the oxalate 

Structural study 
X-ray Absorption Spectroscopy measurements 
were performed at ESRF-Grenoble on samples of 
231

Pa prepared at IPNO in oxalic acid 1M and in a 
mixture HCl/DTPA. XANES spectra show that  pro-
tactinium(V) does not form the transdioxo bond  
that characterizes the other light actinides at their 
higher oxidation states. The analysis of EXAFS 
spectra (Fig.1) allowed to characterize the complex 
PaO(C2O4)

3– 
that displays a short mono-oxo bond 

(Pa-O at 1.75 Å) and 3 bidendate oxalate ligands, 
whereas no oxo bond was observed in the com-
plex between Pa(V) and H5DTPA. 
 
 
 
 
 
 
 
 
 
. 
 
 
 
 
 
Fig.1: Experimental modulus of the Fourier trans-
form of LIII EXAFS spectrum of Pa 1.25 10

-2
M in 

1M H2C2O4 and fitted curve (dashed line) 

 
Experiments involving Capillary electrophoresis 
coupled with an ICP-sector field Mass spectrome-
ter were performed at CEA-BIII on samples of Pa 
~10

-8
M in the presence of oxalic acid, on one 

hand, and H5DTPA on the other hand. The electro-
phoretic mobility of the oxalate and DTPA com-
plexes were  proved to agree with a highly charged 
anionic species and a neutral one, respectively. 
This structural study allows to conclude to the 

IPNO Participation: M. Mendes, S. Hamadi, C. Le Naour  
 
Collaboration : CEA Marcoule, CEA Bruyères-le-Chatel, FZD Dresden 
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Same analysis of several extraction data sets were 
performed at other temperatures allowing the use 
of Van’t Hoff equation for the determination of ther-
modynamic parameters (enthalpy, entropy, heat 

capacity). The analysis of the variations of ln  as 

function of the inverse of temperature are illus-
trated in Fig.4 for the system Pa/DTPA. In both 
investigated systems, complexation reactions are 
characterized by a strong positive entropic contri-
bution. In the complexation process, the desolva-
tion of both ligands and protactinium cation obvi-
ously contributes to an increase of disorder in the 
water structure around species due the liberation 
of water molecules that occurs simultaneously to 
the formation of ligand-Pa bond. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

complexes of Pa(V). In the DTPA system, the sta-
bility constant of the Pa(DTPA) was deduced from 
the slope of the linear variations of ((D0/D)-1). An 
adjustment is illustrated on Fig.3 and the apparent 
formation constants determined at 25°C are listed 
in Table 1.  
 

Fig.3: Adjustment of extraction data relative to the 
system Pa(V)/TTA/Toluene/H20/NaClO4/HClO4/
H5DTPA at 10°C and µ=3M. 

 

Table 1: Formation constants of oxalate and DTPA  
complexes of Pa(V) at 25°C and µ=3M 
 
The stability constants of oxalate complexes of Pa
(V) are of the same magnitude of order as those of 
U(VI), but much higher than that of Np(V). The for-
mation constant of the complex Pa(DTPA) is simi-
lar to that of actinides(IV) and once again much 
higher than that of Np(V).   

Fig.4: Variation of formation constant of the com-
plex Pa(DTPA) as function of temperature 

 
 

Equilibrium log  

PaO(OH)2++C2O4
2-+H+↔PaO(C2O4)

++H2O 7.4 ± 0.3 

PaO(OH)2++2C2O4
2-+H+↔PaO(C2O4)2

-+H2O 14.5 ± 0.8 

PaO(OH)2++3C2O4
2-+H+↔PaO(C2O4)3

3-

+H2O 
19.1 ± 0.7 

PaO(OH)2++3H++DTPA5-↔Pa(DTPA)+2H2O 28.6 ± 0.3 

0,000 0,005 0,010 0,015 0,020 0,025
-1

0

1

2

3

4

5

6

7

 

 

(D
0/D

)-
1

C(DTPA)tot

0,0030 0,0031 0,0032 0,0033 0,0034 0,0035 0,0036

60

61

62

63

64

65

66

67

68

69

70

 

 

ln

1/T



133 

Target manufacturingTarget manufacturingTarget manufacturing   

Le service des Cibles de l’IPNO élabore à la demande des couches minces pour les expériences des 
physiciens, nationaux ou internationaux. Il est également impliqué dans des projets (CACAO, BiPo…) où  
sa participation ne concerne pas seulement le développement et la réalisation de couches minces. 

 being renovated. The building should be equipped 
with a gloves box (dedicated to the production) 
linked by an oven to the alpha characterisation 
glove box. 3 frames for evaporation using the 
Joule effect are allowed. 

 
Fig 1: plan of the building 102Cb 
 
The first tests were made successfully with 
lanthanides and then, with uranium. Different 
backings were tested: C, Al, Ni… 
 

 
Fig2: target of U on C backing 

Realizations: 
 
 Over the year 2008/2009, the Target 
manufacturing has made many thin layers 
materials. 
 
 
The different laboratories which  used our  services 
are: IPNO, LAL, CSNSM, , IPNL, Synchrotron 
Soleil, LIXAM, Institute of the molecular sciences 
of Orsay, CEA Saclay, Polytechnique/LULI, 
Observatory of Paris, University of Liege, 
University of Berkeley, University of Surrey. 
We have begun to bring the  evaporation systems 
into compliance with standards. Particularly, the 
electric aspect of the electric arc to make C was 
completely renewed by Raymond Skowron. 

We developed the system of spinning to make 
polymers. The layers are more homogeneous. 
 

Projects: 
 
1) CACAO 
 
The target laboratory is very implicated in the 
CACAO project (Chimie des Actinides et cibles 
radioActives à Orsay) . 2 persons of this laboratory 
take part in this project (see next contribution). 
Julien Mottier develops and makes the radioactive 
thin layers by electrodeposition. Véronique 
Petitbon-Thévenet is the technical person in 
charge and is in charge of the making. In 
collaboration with the University Paris XI, the STIB, 
the different safety departments of the IPNO and 
University, the building 102Cb is 

IPNO Participation: V.Petitbon-Thévenet , A. Durnez, J. Mottier, P. Nicol, P. Renevret  
 

Self-supporting  layer 
 

 

Sn Nb, Al, CH, KBr, 
AsGa, CD2, Cu, Fe, Ti, 
Mg, Ge, In, 70Zn, Pt 

Self-supporting multi-
layers 
 

 

 

CH/KBr/Si/Al/Si, C/KBr, 
C/Al, C/AsGa, C/Al/C, 
C/BaF2/C, C/Mg/BaF2/
C, C/Sm2O3/C, C/Sm/
C, C/Ho/C, C/Gd,C 

Surface deposits Al, Ag, C, CsI, Au, KBr 
on wire, B on wire, 
70Zn, LiBO4, coronen, , 
Ti, Au, Cr/Au 
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Fig 5: The electron gun dedicated for the Bipo pro-
ject 

 
Fig3: target of U on C backing 
 

2) BiPo 

Bipo is a development  of a planar detector dedi-
cated to the measure of ultra low radiopurity on 
208Tl and 204Bi of fine big materials for the future 
experiences of research on double beta radioactiv-
ity. We have dedicated an electron gun  and made 
many adaptations with Stéphane Jenzer (LAL) to 
evaporate Al on scintillators (10 Kg). 

 

 

Fig 4: The scintillator dedicated for the Bipo pro-
ject. 
 

Conclusion 
 

The target  laboratory has two objectives: 

To supply a target or a deposit to a physicist 

To sustain the different projects related to 

layers  

Prospect of future 
The future use of a rolling mill will allow to use less 
material. Then it will be possible to make thicker 
layers, and also to use very expensive materials, 
such as isotopic ones (like Sn, for instance). 
We also want to develop electrodeposition tech-
nique for stable targets, and R&D will be launched 
in order to avoid oxygen deposition during such a 
process.  
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CACAO: a laboratory project for the production and characteriza-CACAO: a laboratory project for the production and characteriza-CACAO: a laboratory project for the production and characteriza-
tion of radioactive targetstion of radioactive targetstion of radioactive targets   

also in progress, in order to put CACAO in a kind 
of network of know-how related to thin radioactive 
layers makers. 
In particular, a collaboration is under construction 
with the Mainz University and the GANIL, in order 
to develop techniques to make thin actinide targets 
able to support high power beam deposit. The 
physics related to this demand is related to the 
super-heavy element synthesis.  
In parallel, works in under progress in order to ac-
quire characterization techniques, and to have an 
easy access to already existent installations, such 
as accelerators equipped of hot zone. This would 
allow us to be able to propose RBS techniques on 
radioactive targets.  
At least, an important work has began in order to 
identify different laboratories and/or industrials, 
which will be able to furnish CACAO in pure iso-
topes. Indeed very few installations are able to pro-
pose isotopes and, even when the needed isotope 
can be found, the chemical form, and/or the good 
isotopic purity is usually very difficult to obtain. 
 
Although there is still a lot of work to obtain fully 
operational CACAO installations and to be able to 
supply the community in thin radioactive layers for 
the community, we have now good hope to suc-
ceed in a reasonable deadline. 
 
 

Introduction 
The CACAO project, Chimie des Actinides et 
Cibles radioActives à Orsay (see IPNO annual re-
port 2005-2007 and C.O.Bacri et al., NIMA613 
(2010) 357–359) is now entered in the phase of 
construction. The different partners have been 
identified: IN2P3, GANIL, CEA/DAM, and the 
Paris-Sud University. A convention between these 
organisms will be signed very soon, in order to en-
sure the financing of the installation. A building has 
been identified, in order to accommodate installa-
tions. A precise definition of the needed infrastruc-
ture has been done and refurbishing works should 
begin at the latest next September. The main goal 
is to have fully operating installations at the end of 
2010 or the beginning of 2011. 
The laboratory will be equipped of 2 gloves boxes, 
linked by an oven dedicated to the annealing of the 
targets. The first will be dedicated to electrodeposi-
tion techniques, and the second one for characteri-
zation of the targets, by alpha spectroscopy. 3 
other glove boxes will be installed in order to be 
able to use evaporation process, for certain iso-
topes. A gamma spectroscopy measurement of the 
targets will be also possible with a HPGe, in an 
another building.  
In order to be able to make the target, 3 years of a 
fixed-term contract have been obtained from 
CNRS, to take profit of the work made under the 
EFNUDAT European contract. Later, it will natu-
rally be necessary to recruit in a definitive way the 
trained person. 
Target for which the radioactivity is low enough to 
not need a controlled zone are already under proc-
ess, in collaboration with the radiochemistry group 
of Orsay. Collaboration with other labs, such as the 
Wadworth center (NY-USA), the Mainz University 
(Germany), and the IRMM, Geel (Belgium) are 

IPNO Participation: Ch.O.Bacri, V.Petitbon, J.Mottier  
  

Le projet CACAO  (Chimie des Actinides et Cibles radioActives à Orsay) est actuellement dans sa phase 
de construction. Une collaboration entre l’IN2P3, le GANIL, le CEA/DAM et l’Université Paris-Sud 11 est en 
cours de signature afin d’assurer le financement des installations à construire. Une définition précise des 
besoins en infrastructure a permis la réalisation d’un cahier des charges précis pour les travaux à réaliser 
et les appels d’offre sont en cours. L’ensemble du futur laboratoire est prévu pour être opérationnel fin 2010
- début 2011.   
Parallèlement, certaines cibles « peu radioactives » sont en cours de réalisation, bien entendu afin de ré-
pondre aux demandes des physiciens, mais aussi pour former, en collaboration avec le groupe de radiochi-
mie de l’IPNO, la personne chargée de réaliser les cibles. De plus, des collaborations avec d’autres labora-
toires, notamment l’IRMM, Geel, Belgique, l’Université de Mayence et le Wadworth center, NY-USA, sont 
en cours afin de mettre en commun nos savoir-faire et éventuellement nos installations. Un travail impor-
tant concernant la caractérisation des cibles a aussi été entamé, afin de recenser les installations accessi-
bles et de nouer des partenariats avec les laboratoires concernés, et de disposer, à terme, de l’ensemble 
des outils nécessaires. 
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SII SII SII ---   ExploitationExploitationExploitation   

Le groupe Exploitation du S2I a la responsabilité de l’ensemble du matériel informatique, du réseau et de 
l’environnement logiciel du Laboratoire. Il met à disposition des personnels chercheurs, techniques et admi-
nistratifs un ensemble de ressources utilisées quotidiennement pour mener à bien le programme scientifi-
que du laboratoire ; A ce titre, le groupe exploitation défini les configurations et installe les postes de travail. 
Il gère l’ensemble des serveurs qui composent l’environnement Windows et Linux du Laboratoire ainsi que 
le réseau informatique et téléphonique. 

 
Others servers for linux environment are: 
• openldap server, 
• centralized installation update and administration 
server with M23 

• printers server (CUPS) 
• FreeNX and ssh server for users accessing IPN 
Network from outside the laboratory. 
• calculating service is provided by GRID compu-
ting servers part of the LHC GRIF 

• physicist groups servers for specifics applica-
tions. 
• X-windows servers to access Linux applications 
from windows desktops 

Linux workstations 

Linux workstations run Ubuntu (8.04 or 9.10). The-
se workstations are installed and managed with 
the M23 software. 
 
Each workstation provides the same applications 
and services to all registered users. Workstation 
can access windows environment with rdesktop 
application. Linux laptops can use a Windows vir-

Exploitation group 
The group provides computing support for the 
scientific program, as well as general computing 
services and support to the laboratory, including 
desktop computing, administration computing 
(Financial Services, Human Resources), and net-
work infrastructure. The group also provides Tele-
communications support (fix and mobile phones, 
etc.), support of CAD computing activities, and is 
responsible for all cyber security functions. It ma-
nages all the servers which makes up the Window 
and Linux environments and the local area network 
 

Linux environment 
Used mainly by physicists mostly for programming 
and calculating applications, linux computers are 
composed of 25 servers,155 workstations and 25 
laptops. Linux environment provides a set of stan-
dard services (ssh, LaTex, openOffice, etc.) pro-
gramming applications (gcc, fortran, Ada) and spe-
cific applications such as CERN ROOT, Geant4. 
 

Linux servers 

Linux servers provides a set of central services 
such as : 
• MAIL (SMTP, SMTPS, POP, POPS, IMAP, 
IMAPS, webmail) 
• WEB 

• DNS 

• NAS (Network Attached Storage) servers provide 
a highly secure centralized filesystem for physicists 
groups and projects, and for home directories. 
Available protocols for these servers are NFS V3 
for linux clients and samba/CIFS for windows 
clients. 
• Backup server associated with a LTO tape library 
provide centralized daily backup for linux and win-
dows servers and for the NAS server. This server 
is going to be deprecated, as backup is now done 
in CC Lyon. 

Linux infrastructure 

IPNO Participation : Y. Aubert, N. Barre, L. A. Couturie, C. Diarra, S. Du, P. Guarnaccia, F. Mellac, P. 
P. Nguyen, Y. Pharipou, B. Preciado, T. Tran-Khanh, A. Volle, F. Yahia,  
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• Terminal Servers to make the Windows applica-
tions available to the Linux stations or for occasio-
nal access from Windows stations. 
• Hyper-V server for windows servers virtualization. 
• Various services: DHCP, WINS, Radius, WDS, 
distant Access, update WSUS, VPN, etc. 
Departmental servers: 
Installed in the groups, close to the users, they 
allow: 
• Management of local peripherals (printers, scan-
ners, etc.). 
• Availability of protected storage, accessible in all 
environments. 
• Via Terminal Server, access to applications spe-
cific to the group. 
• To delegate the first level client station adminis-
tration (by GPO) to group administrators. 
 

Windows workstations 

Initial configuration of Windows workstations is 
made by cloning with WDS (Windows Deployment 
Services). A new clone image is built for each ar-
chitecture and manufacturer (32 or 64 bits, HP or 
Dell). After validation, the new clone will be expan-
ded on future ordered workstations. Once the ima-
ge is installed on the station, the machine is regis-
tered in the Active Directory domain. Then it bene-
fits from system and application updates by the 
WSUS server and recovers by GPO the configura-
tions of security and some applications, user or 
group specific. Occasional access to special appli-
cations is available through Terminal Server. Linux 
users can use Windows applications through the 
Rdesktop protocol. On the other side, a Windows 
user can access Linux applications through an X-
Windows emulation (Exceed, Exceed3D, FreeNX). 
Laptops can also use virtual linux machines with 
virtualbox. 
The setting up of the VPN (Virtual Private Network) 
and the EAP-TLS Radius authentification allows 
nomadic users to work from afar in the entire Labo-
ratory environment. 
 
 

tual machine (virtualbox). 

IPN Local Area Network: 
IPN data and phone networks are built around a 
«backbone» made of gigabits Ethernet switches. 
The 12 technical rooms distributed in 7 buildings 
are linked to the backbone with optical fibers. 
Data and phone networks are separated and use 
their own switches. The phone network is mana-
ged by the University computer resource center 
(CRI). For data network, Linux and Windows ser-
vers and Computer Grid are linked direclty to back-
bone switches. 2000 plugs distributed in 600 
rooms allow users to plug each computer or tele-
phone to a 100 Mbits/s port of the switch located in 
the nearest technical room. 

Wifi zone:  
About 30 access points were installed in 2009 and 
2010. They are managed by 2 redundant mobility 
exchange switches. They are offered a network 
access through a web portal. In each research 
group, the secretary or computer corresponding 
member can easily create visitor accounts. 
 

Windows environment 
Used mainly by the technical services, the light 
instrumentation and the administrative services the 
park of machines under Windows is made up of 20 
servers, 280 workstations and 160 laptops. The 
Windows environment provides a set of standard 
services (internet, file sharing, Office.) and specific 
applications (Catia, Autocad, Xlab, Scrib, etc.). 

 

Windows servers 

The Windows architecture is based on a set of 
central and departmental servers. 
Central servers: 
• Active Directory controllers for user account ma-
nagement, configuration of workstations with the 
help of the group strategies (GPO) and the distri-
buted shared indexes (DFS). 
• Printing servers for 32 and 64 bits Windows work-
stations under Windows XP, Vista or Seven. 
• Oracle database servers for technical and admi-
nistrative applications. 

Windows infrastructure 
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SIISIISII---Instrumentation Instrumentation Instrumentation ---   Data acquisitionData acquisitionData acquisition   
 

Le groupe instrumentation du service informatique de l’institut a pour mission d’accompagner les groupes 
de physiques du Laboratoire au sein des collaborations et des expériences auprès des accélérateurs. Pour 
ces besoins, il développe des logiciels temps réels notamment un système d’acquisition de données NAR-
VAL maintenant largement utilisé au laboratoire (LAG, PARRNe, TANDEM) et adopté par la collaboration 
européenne AGATA. Il développe également du logiciel embarqué pour une ferme de DSP du « front end » 
du détecteur DIMUON d’ALICE. L’instrumentation est également pris en compte à travers les développe-
ments des projets LAG, Gage et le support au Service Détecteur. 

The figure 1 shows an example of how an experi-
ment using NARVAL can be controlled and laun-
ched. 

The control of NARVAL is done via web services 
using AWS_Shell as a bridge. AGATA Run 
Control, for example, connects to AWS_Shell, 
which communicate with the Sub System Coordi-
nator via the Ada Annex E, in order to control and 
to configure all the processes. In order to coordina-
te and implement all NARVAL actors, 
the acquisition system is based on a few libraries 
and classes that handle all the configuration pha-
ses, manage the DAQ’ s state machine and the da-
ta transport. 
NARVAL is compatible with all kinds of architectures 
if a compliant Ada 2005 compiler exists. NARVAL 
handles different architectures in the same acquisi-
tion without any problem. It has been tested with 
PowerPC and x86 (Opteron and Xeon32) architec-
tures. The real-time part of NARVAL uses XENOMAI 
as real time OS. Real-time drivers for VME, VXI and 
PCI busses have been developed at the IPNO. NAR-

VAL communications are of two types : Ada Annex 
E and more standard network protocols like TCP/IP 

for example. NARVAL supports Gigabit Ethernet 

Narval 
NARVAL stands for ”Nouvelle Acquisition temps 
Réel Version 1.8 Avec Linux”. It is developed in a 
object-oriented language with Ada 2005. It is also 
an acquisition system partitioned with the help of 
Ada Annex E. All the Unix processes running the 
acquisition system are seen as a unique Ada 2005 
program with multiple tasks running on different 
computers. The dataflow handling is done with 
TCP/IP socket connections between tasks running 
on different computers and with UNIX fifo for tasks 
running on the same computer. All processes are 
based on a class that inherits from an abstract 
class named Actor. 
There are three main categories of actors : 
- producers, which typically collect data from 
hardware 
- intermediaries, which act as NxM software rou-
ters 
- consumers, which are mainly used to store or 
histogram data. 
All these actors are managed with a main task that 
concentrates configuration information and a state 
machine that gives the state of the system and the 
possibilities to change it (sub system coordinator). 
NARVAL currently supports real time access to 
VME, VXI and PCI busses using custom Linux dri-
vers based on XENOMAI. 
NARVAL is used in different places and experi-

ments. It is used for the European AGATA 4  Ger-

manium (Ge) demonstrator. About 7000 high reso-
lution channels (14 bits@100 MHz ADC ) 14 GB/s) 
will be processed (few stages of analysis) in order 
to store about 100 MB/s of rebuild data. 
NARVAL development is in Ada 2005, an object-
oriented language, and is a multi-architecture dis-
tributed system (PowerPC, x86, Sparc, ...). The 
NARVAL architecture is designed to facilitate the 
deployment for all kinds of acquisitions. For this 
reason, NARVAL is built from two types of compo-
nents : the NARVAL core and the NARVAL actors. The 
core handles the dataflow and the application inte-
grity, while the actors perform specific tasks of the 
acquisition. 

Fig 1. Schematic diagram of NARVAL control 

 
IPNO Participation: Y. Aubert, D. Delbourg, X. Grave, K. Nguyen-Kim, I. Hrivnacova, V. Lafage, G. 
Lalu, S. Rousseau, L.Guevarra 
 



139 

The PSA algorithms will be tested with different 
processor architectures. The best result could lead 
to a significant reduction of the processor number 
per farm and, therefore at substantial cutting of the 
demonstrator and Agata DAQ cost. 

The Event Builder can be either a farm of Builder 
Unit (BU) or a single multiprocessor host. A first 
version is already running as a single process. 
Events will be grouped by time slots in the front-
end and buffered. After data shrink in the PSA a 
new buffering is performed. Buffers are dispatched 
to BU for event building (event assembling). Since 
fragments of the same event are in different BU a 
HPCC (High Performance Computing and Commu-
nication) system may be necessary to allow the BU 
to collaborate and put together the event frag-
ments. We are testing 10 Gigabit-Ethernet and 
Infiniband, a faster communication channel. 
The Agata data storage architecture is based on a 
two-stage hierarchy of storage. The primary stora-
ge proposes a disk space large enough to store all 
the data acquired in two successive experiments, 
about 2x60 Terabytes. It is made of an array of 
hard disk drives capable of sustaining a data 
throughput of 140 Mbytes per second. RAID arrays 
(Redundant Array of Inexpensive Disks), based on 
Fibre Channel and Serial ATA, available today. 
This provides adequate performances, security for 
data and low cost. These solutions are under test 
and benchmarked with the development system. 
The secondary storage is realized in an offline 
manner, independent of the data taking. Two stra-
tegies are possible : 
1. Each experiment back-ups its data on its 

own magnetic support (300 cartridges per 
experiment). 

2. Back-up the data of one experiment, through 
the network, to a computer center. With a 
Gigabit link, it takes about 10 days but with a 
10 Gb link only one day will be required. 10 
Gb per second network link is now available. 

The second solution using grid facility is under test. 
 

communication and Infiniband, using TCP/IP proto-
col. 
NARVAL has controlled some of the experiments 
performed in the following research centers : 
1) TANDEM (Orsay, FRANCE) 
2) GANIL (Caen, FRANCE) 
3) Heidelberg (GERMANY) 
4) Los Alamos (USA) 
5) CERN ISOLDE (SWITZERLAND) 
6) LNL (Legnaro) 
 
Experiments using NARVAL as a DAQ system are : 
• LAG64 - TANDEM, Heidelberg 
– Crate : VME with PowerPC card 
– Embedded OS : LINUX + RTAI 
– Coders : TDC 64 channels 
• RECIF – TANDEM Orsay 
– Crate : CPCI 
– Computer : i386, no real time support 
• AZ4PI [4] - GANIL 
– same as RECIF with ani386 computer in a VME 

crate 
– NARVAL was the slave of the DAS, the Ganil data 
acquisition 
• CHACO - TANDEM, Los Alamos, GANIL 
– Crate : VME with PowerPC card 
– Embedded OS : LINUX + RTAI 
– Coders : TDC, ADC, scalers 
• PARRNE [5], [6] - TANDEM, CERN 
– Crate : VXI with a PowerPC card 
– Embedded OS : LINUX + RTAI 
– Coders : Custom VXI boards (DSP embedded on 
each board, including slot zero board) 
• MUST2 - IPNO 
– Crate : VME 
– OS : LINUX on a i386 computer 
Link between computer and crate : MXI2 from Na-
tional Instrument. 
• AGATA – Legnaro 
- Debian based Linux Farm with 30 nodes 

Agata 
The Orsay group (CSNSM and IPNO) is in charge 
of the development of the DAQ acquisition system 
in the Agata collaboration. 
The data acquisition will receive the data from the 
180 AGATA crystals and process them in 3 stages 
(Fig 2). Firstly several parallel processors will com-
pute the Gamma ray interaction position (PSA), 
merge the result data and order them according to 
timestamps. The ordered data will be sent to the 
second part of the processing which reconstructs 
the gamma ray tracks around the whole detector 
shell using a large farm of processors. The third 
stage of the data acquisition processing will be to 
merge the data from the tracking farm, format and 
transmit this to the support drives for storage. A 
demonstrator with 15 crystal is being built, it is 
already running with 9 crystals. The size of the 
PSA farm will strongly depend on the algorithms 
performances. A program (dispatcher) will launch 
the best appropriate algorithm depending on the 
event configuration. This dispatcher will determine 
the event configuration for each hit detector. 

Fig 2. Agata data acquisition system 
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materials. The program was then used to evaluate 
the influence of the multiple scattering (deviation of 
particles by the matter) on the particle trajectories 
and to predict the potential performances of the 
system. 

 
In the real experiment, the final positions of in-
stalled detection elements (chamber quadrants, 
slats, trigger chambers) differ slightly from the ideal 
ones, used in the modeling. The simulation, as well 
as the reconstruction programs have to be able to 
take into account a possible misalignment of these 
detection elements. This requirement has driven 
the development of the new geometry framework, 
integrating the geometry and segmentation de-
scription of the detector. In the new framework, the 
old description of the topology of pads via segmen-
tation defined in the global reference frame has 
been replaced with new detection element seg-
mentation defined in the local detection element 
frames, based on the mapping package. The de-
tection element positions has been parametrized 
and so they are now used consistently in the whole 
AliRoot program. 
 
The ALICE simulation program, AliRoot, is based 
on the general framework, the “Virtual Monte 
Carlo” (VMC), which has been developed in col-
laboration between ALICE and ROOT develop-
ment teams, with the participation of SII. In the 
heart of the VMC, there is a set of interfaces be-
tween the user code (the Monte Carlo application) 
and the simulation program (Monte Carlo) itself. 
The simulation can be then performed with several 
simulation programs (Geant3, Geant4, Fluka) with-
out any modification of the user code. 

ALICE 
The ALICE (A Large Ion Collider Experiment) is 
one of the four experiments taking place at CERN 
on the LHC (Large Hadron Collider). The products 
of reaction of the ultra relativistic heavy ion beams 
will be detected in this composite detector consist-
ing of 18 subdetectors. Thousands of particles will 
have to be measured in order to identify the possi-
ble matter phase transition, the quark gluon 
plasma, if it exists. ALICE will help to obtain the 
knowledge of its size, its lifetime and to clarify the 
scenarios of the plasma evolution. 
 
The ALICE group of IPN participates in the devel-
opment and the construction of the dimuon spec-
trometer which is composed of ten tracking gas 
chambers placed in a magnetic field. The two first 
tracking chambers (the first station) were con-
structed at IPN. These detectors, the smallest 
ones of the dimuon arm, have the diameter of 2 
meters and are read out by about 120.000 distinct 
electronic channels. The offline software for stud-
ies of the dimuon detector has been developed in 
close collaboration between SII and the ALICE 
group: the mapping package, the detailed geome-
try description of the first station of the detector 
and the geometry framework integrating the map-
ping, segmentation and detector geometry descrip-
tion (Fig 3). 
  
The set of ten detectors (chambers) provides the 
measurement of ten points of the trajectory of each 
particle. To treat individually each track thus re-
quires a high precision of space separation (100 
microns). That is why the chambers are divided 
into 120.000 elementary cells, each of them con-
nected with its own electronic channel. An efficient 
search of the space characteristics starting from 
the electronic channel is then necessary. This 
functionality is provided by the mapping package. 
It has been developed using methods of objectori-
ented programming and it is based on the ROOT 
program. Its use is possible without any interven-
tion on the program itself, on different levels: mod-
eling, test beam data analysis as well as data 
analysis from the running experiment. The map-
ping package has been adopted by the developers 
of the other stations of the dimuon spectrometer; 
while the adoption for the station 2 required almost 
no modifications in the code, for the slat stations it 
was extended with a slat specific category of 
classes by slat station developers. At present time, 
the mapping of the trigger stations is being modi-
fied to use the same framework. 
 
To build an experiment of the dimensions of AL-
ICE, a detailed simulation of all aspects is neces-
sary. The model of the detector, including a de-
tailed geometry description of the chambers and 
the characteristics of the construction materials, 
was included in the ALICE simulation program, 
AliRoot. In this model, the mapping package is 
also used to take into account exact distribution of 

Fig.3 Station 1 Cartography  
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buffers coming from frontal DSPs and per-
form second level event building. As long as 
DSP has memory left to get another new 
event, this task has maximum priority. 

The “producer” task must take the older 

event in DSP memory and empty it through 
a dedicated I/O port. Concerning frontal 
DSPs, producer task dumps first level 
events buffer through linkport to concentra-
tor DSPs. On the other hand, producer task 
running over concentrator DSPs empties 
second level event buffers through optical 
link to linux boxes. 

The “trigger task” ensures CERN Central 

Trigger Processor data frame reading and 
spreading through out the whole CROCUS 
system. 

 
Task synchronization is performed by standard 
kernel object as messages or semaphores. Kernel 
synchronization objects determinism is about 25 
processor cycles (312 ns) semaphore latency is 
about 7 µs. These performances are generally suf-
ficient for data flow management. When we have 
to face more time critical hardware constraints, we 
use global software flags and improve determinism 
up to 2 processor clock cycles while latency code 
goes down to few hundreds of nanoseconds. 
 
Finally, let’s point out high performance interrupt 
VDK response time: 4 processor clock cycles (50 
ns). Unfortunately, VDK does not support 
“transparent” kernel object sharing through multi-
processor memory space. So we must use one 
different kernel for each DSP. That implies some 
technical hitches when we need synchronization 
between tasks that run inside different processors. 

ALICE Front End 
Dimuon arm gathers 20 CPC tracking chambers 
(Cathode Pad Chamber). It means 1 pads, and 
that’s as many acquisition channels to manage. 
Amplification and digitalization of signal delivered 
by chambers is performed by dedicated daughter 
cards called “MANU” which deals with 64 chan-
nels. MANU data reading and concentration is in-
sured by a set of 20 crates called CRO-
CUS” (Cluster Read Out Concentrator Unit Sys-
tem”. A CROCUS system is made of 5 frontal 
boards and 1 concentrator board. The concentrator 
board embeds a cluster of 4 Digital Signal Proces-
sors sharing a 64 bits parallel bus cadenced at 40 
MHz. It collects data coming from the 5 frontal 
boards, builds an event and pushes related data 
frame to Linux boxes farm through an optical link. 
We aim at a very large bandwidth in order to mini-
mize acquisition overhead, that’s why we chose 
Analog Device 21160N DSP. It offers numerous 
high performance I/O ports: six Mbytes.s-1link-
ports, one 320 Mbytes.s-1parallel bus and 2 serial 
ports. Link-ports are dedicated to MANUs reading 
while parallel bus ensures data transmission to 
optical link. 
 
Concerning software environment, we use inte-
grated development and debugging environment 
provided by Analog Device inc. so called Visual 
DSP ++ 5.0. This efficient working frame enables 
the developer to trace his own code inside DSP 
through an emulator probe and provides necessary 
facilities to DSP memory footprint in real time. 
We have deployed a multitask preemptive real 
time micro kernel provided by Analog device 
named VDK on each DSP. This kernel offers a 
C++ application programming interface, that’s why 
our application is developed in this language. 
 
CROCUS system aims at managing simultane-
ously two data flows: 
 
1. Tracking data frames coming from chambers 
2. Trigger data frames coming from CERN 

Central Trigger Processor employed to syn-
chronize chamber reading with Large Had-
ron Collider events and to tag event buffers 
with clock information. 

 
These two data flows are sequenced by interesting 
collision events occurring inside LHC. Simulations 
forecast an interesting event occurrence frequency 
of 600 Hz for leadlead nucleus collisions and 
12000 Hz for protonproton collisions. 
 
Thank to VDK preemptive system, three concur-
rent tasks are executed simultaneously by each 
DSP. Each task has priority depending on context: 
 

The “consumer” task manages tracking 

chamber reading and first level event build-
ing in frontal board DSPs. In concentrator 
board DSPs, this task gets first level event 
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Safety Safety Safety –––   Quality Quality Quality –––   EnvironmentEnvironmentEnvironment   

SECURITÉ – QUALITÉ – ENVIRONNEMENT 
Le groupe SQE est chargé de mettre en œuvre auprès de la Direction de l’IPN et de l’ensemble des équi-
pes de recherche les dispositions destinées à évaluer et à prévenir les risques d’accidents et de maladies 
professionnelles [S : SÉCURITÉ], de respecter les règles de protection environnementale résultant du statut 
d’installation classée (ICPE) [E : ENVIRONNEMENT] et d’apporter aux groupes de recherche et aux services 
de métrologie et de contrôle externe des prestations de conseil et d’audit en matière de management de la 
qualité de leurs activités [Q : QUALITÉ]. Ces missions, qui conduisent le groupe à intervenir à l’intérieur et à 
l’extérieur de l’IPN d’Orsay, sont assurées dans le cadre d’une coopération étroite avec le Service compé-

vation or radiation exposure, chemical contamina-
tion, energy and water consumption as well as 
waste management. 
Due to its activities, the Institute has been listed as 
a “classified installation for environmental protec-
tion” by the French authorities. The SQE group is 
in charge of evaluating the environmental hazards 
and promote all actions, compatible with research 
activities, that keep these hazards “as low as rea-
sonably achievable” (ALARA) for surrounding popu-
lations.  

Q: Quality Management 

Methods currently used internally by the SQE 
group for quality management in the fields of 
safety and environmental protection are being pro-
moted and developed, on a consultant basis, to 
research groups willing to comply with quality stan-
dards (such as ISO9001, ISO17020 or ISO17025) 
for their own activities. This is already the case 
whenever IPN is involved in large multinational co-
operation projects or when its expertise is re-
quested as a standard for reference measurement 
activities (very low temperatures, dosimetry, radia-
tion measurements…). Quality training is provided 
by the group, within CNRS, for large projects and 
several other research laboratories and organiza-
tions.   

Major developments (2008-2009) 

– Evacuation of obsolete radioactive sources and waste.  

– Follow-up reduction of asbestos risks in 20,000 m2
 . 

– Realistic fire alert exercise with professional fire fight-
ers in the SUPRATech installation . 

– Survey of legionella hazards in hot water supplies . 

– Participation in the CNRS Quality Network. 

The SQE group operates as an internal consultant 
in three areas under the direct responsibility of the 
Director: 

S: Health and Safety 

The initial objective of the group is to evaluate and 
prevent professional hazards due to scientific, 
technical and administrative activities. This means 
identifying potential risks due to many causes such 
as handling radioactive elements, working with 
class 4 lasers, using pressured gasses and poten-
tially toxic chemicals, experimenting near accelera-
tor beams, but also using low and high voltage 
electrical currents, work on mechanical machines 
or high pressure and low temperature devices and, 
more commonly, watch a CRT, walk throughout 
the Institute, climb stairs, operate photocopiers or 
travel to worldwide meetings. This identification 
leads to suggesting how to prevent accidents or 
professional diseases and provide appropriate 
training, tools and methods to limit their occurrence 
and criticity. 
A specific database, the “safety hazard centralized 
database”, had been established in early 2004 to 
initiate a general safety improvement program at 
all levels of the Institute; it is regularly updated. 
The SQE group operates in very close collabora-
tion with the radioprotection group. It also keeps 
each research group informed of new develop-
ments related to safety regulations and standards 
and organizes exercises and training sessions 
around these topics.  

E: Environmental Protection 

Beyond internal safety, the group has naturally 
undertaken actions leading to environmental pro-
tection. This is particularly true in terms of radioac-
tive contamination toxic chemical use, while han-
dling sealed or non sealed sources, material acti-

IPNO Participation:  Y. ADÈS, C. LEGROS, C. LINDECKER, A. POTTIER, N. VIGOT  

Assistance to wounded agent during fire exercise 

Fire exercise at SUPRATech (june 2009) 
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Radiation protection groupRadiation protection groupRadiation protection group   

Le SCR conseille la direction de l’Institut pour le respect et la mise en œuvre de la législation et de la régle-
mentation en matière de protection des agents, du public et de l’environnement contre l’exposition aux 
rayonnements ionisants. 
En application des principes généraux de protection contre l’exposition aux rayonnements ionisants, le 
SCR met tout en œuvre pour maintenir aussi faible qu’il est techniquement et économiquement possible le 
niveau d’exposition des personnes et de l’environnement (principe ALARA).  

External activities 
 
The RPG is homologated by the government to 
proceed to external controls about ray exposures 
of any staff according to the public health ans work 
laws. 
Universities, INRA, CNRS and GDF, among oth-
ers, benefit of the group abilities. 
Every year, this activity requires about 30 controls 
covering the administrative and technical clauses 
adopted by operators to respect laws, ambiance 
controls and absence of contamination. In addition, 
specific controls are made for X-ray generators 
and tight sealed sources either conform or not. 

The aim of the group is to watch over ad contribute 
to the respect of the ALARA principle. 
 

Main purpose 
 
Application of the general principle of human pro-
tection is the main purpose of the Radiation Pro-
tection Group, which means to maintain the indi-
vidual and collective ray exposures as low as rea-
sonably possible. 
 

Internal activities 

 
Involving the lab direction liability and in connec-
tion with the Health & Security comity, the group is 
charges to watch for the respect of protection rules 
concerning workers, public and environment 
against ionizing radiations risks. 
In order to internally do that, their group assumes 
various tasks: 

Surroundings controls (follow-up of the exposure 

levels of the different lab rooms) 

Non-contamination controls (checking of absence 

of undesirable radioactive substances) 

Post analysis of exposed workers, as support for 

the preventive medical group 

Solid and liquid sample analysis by gamma spec-

trometry 

Information and training about radioprotection of 

the exposed staff 

Computed ray shielding, among other simula-

tions, needed  the dosimetry group. 
 
Elsewhere and accordingly to the lab statute, the 
RPG is specially active coping the general prob-
lems of materials issued from exposed areas and 
supposed to be exempt of radiations and the true 
radioactive wastes. 
Jointly with the Security, Quality & Environment 
group, the RPG warrants traceability of production, 
movement, transfer and loan of radiation sources. 

 
IPNO Participation : N. DECOVEMACKER, J.-F. LE DU, M. PINOT, J. PROUST, A. TRAN BA BAU et S. 
WURTH 



144 

Dosimetry LaboratoryDosimetry LaboratoryDosimetry Laboratory   

Le service de dosimétrie assure la surveillance individuelle de l’exposition externe des travailleurs soumis 
aux rayonnements ionisants. Il est agréé par le ministère du travail et accrédité par le Comité Français 
d’accréditation (COFRAC) sous le référentiel ISO 17025. L’offre de service comprend : la fourniture des 
dosimètres sur site, leur analyse, la restitution des résultats, le conseil et l’assistance technique. La plate-
forme technique du service, permet une surveillance à l’aide de dosimètres passifs dans des champs de 
rayonnements mixtes photons, neutrons et/ou bêta. Les systèmes de détection proposés en routine sont 
des dosimètres radiophotoluminescents (RPL), thermoluminescents (TLD) et des détecteurs solides de 
traces nucléaires (DSTN).Ces dosimètres permettent l’évaluation des équivalents de dose individuels Hp
(10) et Hp(0,07) considérés comme estimateurs de la dose efficace et de la dose équivalente à la peau. 

Description 
The dosimetry service of IPNO is a laboratory ap-
proved by the Ministry of Employment for providing 
individual monitoring of external exposure of work-
ers subjected to ionizing radiation. The laboratory 
is accredited by the French Accreditation Commit-
tee (COFRAC) according to the ISO 17025 
(General requirements for the competence of test-
ing and calibration laboratories).  
The service offers include : the provision of do-
simeters on site, analysis of dosimeters, the return 
of results, advice and technical assistance. 
 
The technical platform of the service allows for 
monitoring of external exposure in mixed radiation 
fields of gamma-rays, neutrons and/or beta parti-
cles using passive dosimeters. The "whole body" 
surveillance is achieved using radio-
photoluminescence dosimeters (RPL). This allows 
for measurement of the personal dose equivalents 
down to Hp (10) and Hp (0.07), respectively, for 
the estimations of the effective dose and the 
equivalent skin dose. Assessment of risk of neu-
tron exposure is taken into account by associating 
a solid-state nuclear track detector to the RPL do-
simeter. For the extremety dosimetry, additional 
RPL dosimeters are used for the wrists and Ther-
moluminescence Dosimeters (TLD) for the fingers. 
 
Individual results of the external passive dosimetry 
are transmitted to the information system for moni-
toring the radiation exposure (SISERI). This sys-
tem can be accessed by the occupational doctors 
and by the radiation–protection competent persons 
according to access rules established by IRSN. 
 
The performance of dosimeters are regularly 
evaluated through  intercomparisons organized by 
the National Institute of Radiation Protection and 
Nuclear Safety (IRSN).  

Figure 1 : Radiophotoluminescent dosemeters 

 
IPNO Participation: Isabelle VABRE  
    
 

Figure 2 : Solid State Nuclear Track Detectors 

Référence 
The laboratory is accredited in accordance with the 
recognised international standard ISO/IEC 

17025 :2005  - Accréditation Cofrac N° 1-1846 

Scope available at www.cofrac.fr 

Dosimetric characteristics: 
Personal dose equivalent Hp(10) or Hp(0,07) 
Photon radiation, beta radiation 
Measuring range :  50 µSv to 1Sv 
Energy range :  photons : E>20keV ;  
   beta : E >100keV 
Personal dose equivalent Hp(10)  
Neutron radiation 
Measuring range : 0,1mSv  to 250mSv 
Energy range :  50keV to 40MeV  
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Technical department, Infrastructure, Buildings (STIB)Technical department, Infrastructure, Buildings (STIB)Technical department, Infrastructure, Buildings (STIB)   

Notre mission consiste à assurer la maintenance et l’aménagement des bâtiments et des infrastructures du 
laboratoire (24 000m² répartis sur 9 bâtiments et diverses annexes), pour assurer à la fois le développe-
ment des activités de recherche de l’Institut, la sécurité, le confort et le bien-être de nos collègues, via l’in-
tervention de notre service ou d’entreprises extérieures. 
Nous nous efforçons d’effectuer une maintenance préventive particulièrement sur les réseaux d’eau de ville 
et d’électricité. Le service prend en charge la réalisation des travaux d’aménagement de bureaux et de sal-
les d’expériences en réhabilitation, mais aussi des travaux de restructuration des infrastructures. Nous 
sommes amenés à encadrer des travaux dans des zones contrôlées et surveillées, en collaboration étroite 
avec des services de hautes spécificités comme ceux de la Radioprotection (SCR) et de Sécurité Qualité 
Environnement (SQE). 

The assignment of this Department is to ensure 
the maintenance and management of buildings 
and infrastructure of the laboratory (24 000m ² 
spread over 9 buildings and various attachments) 
to ensure both the development of research activi-
ties of the Institute, the security, the comfort and 
the well-being of all our colleagues, through the 
intervention of our service or through outside firms. 
We strive to perform preventive maintenance on 
particular networks for the tap water and for the 
electricity. The Department has participated in the 
replacement of a general low-voltage supply, and 
the consistent delivery of power system in the li-
brary lab. 
The Department supports the achievement of de-
velopment work in offices and experience rooms 
under rehabilitation, but also works to restructure 
the whole infrastructure. We performed a complete 
renovation of the reception and main entrance of 
the laboratory with en access ramp for people with 
reduced mobility.  
 
Department deals with new developments oh the 
offices and the rooms of experiments in rehabilita-
tion, but also with the restructuring works of the 
infrastructures. Department is particularly involved 
in the study and implementation of the restructur-
ing places the Accelerator Division, attached to the 
Project ‘Cacao'. This Project involves the construc-
tion of an existing building on the Orsay University 
campus to accommodate special processes for the 
preparation of thin films based on nuclear materi-
als. 
We are led to supervise jobs in watched and con-
trolled zones, in narrow collaboration with depart-
ments of high peculiarities as those of Radiopro-
tection (SCR) and Security Quality Environment 
(SQE). 

 
IPNO Participation: B. Bruno, J-M. Estève, V. Piazza, G. Gagnon, M. Leroy, G. Vallée, O. Deschamps 
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ACCELERATOR DIVISION 

The Accelerator Division consists of a group of 42 engineers, 49 technicians and 3 physicists. 

The accelerator Division provides  its technical support for the design and construction of European 
high power accelerators also contributes to the development of major new radioactive beam projects. 
This division operates also an accelerator platform ALTO. 

Two technological poles concentrate the R&D activities which are specially extended in the field of 
expertise of the cryogenic technology related to the superconducting radio-frequency cavities (pole 
Supratech) and to the development of radioactive ion beam sources (pole ALTO). 

These two poles are interfaced with a mechanical design group and a theoretical and computation 
group. The electronic staff completes this organization. It has in charge the accelerator instrumentation, 
the high frequency sources and the power supply devices. 

 
 

DIVISION ACCELERATEUR 

La Division Accélérateur regroupe  42 ingénieurs, 49 techniciens et 3 physiciens.  

La Division est organisée autour de deux pôles : 

 Le pôle ALTO avec ses deux accélérateurs en exploitation : Un Tandem 15 MV pour les ions lourds 
et les agrégats et un accélérateur d’électrons de 50 MeV permettant  la production de faisceaux 
radioactifs générés par  la photofission d’une cible d’uranium.  

Le pôle Supratech qui regroupe les équipements de test pour les recherches technologiques sur les 
cavités accélératrices supraconductrices.  

Un bureau d’étude, un groupe modélisation-calculs et un groupe électronique de puissance et HF 
complètent  cette organisation. 
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General presentation of the Accelerator DivisionGeneral presentation of the Accelerator DivisionGeneral presentation of the Accelerator Division   

The administrative chart reflects this functional 
organization : 

 

POLE ALTO POLE ALTO POLE ALTO    
   
The ALTO facility houses two accelerators: the 15 
MV Tandem producing stable beams and clusters 
and the 50 MeV electron linac dedicated to the pro-
duction of radioactive beams by the isotope separa-
tor on line ( ISOL) method. This facility offers a 
unique opportunity to have in the same building, 
both beams of ions and electrons delivered to the 
experimental beam lines for multidisciplinary phys-
ics, astrophysics and nuclear physics. It also allows 
providing beams for industrial applications, biology 
and nanotechnology. Three ion sources are avail-
able on the Tandem injector. Six ion beams lines 
are associated with the accelerator. Two of them are 
equipped with a high resolution  spectrometer Bac-
chus and Split-Pole respectively.  
The 50 MeV linac is coupled to the ISOL device 
PARRNe. Four lines of radioactive ion beams are 
associated with PARRNe. Three types of ion source 
operating at high temperature are developed for the 
production of radioactive beams: a surface ioniza-
tion ion source, a ion laser ion source and a hot 
plasma ion source with a second laser system. 

   

 
 
A laboratory installed in a nuclear controlled area is 
dedicated to the development of uranium carbide tar-
gets. An off line isotope separator is also available to 
test ion sources including laser ion sources  

   
POLE SUPRATECHPOLE SUPRATECHPOLE SUPRATECH   
   
The SUPRATech platform includes all the equip-
ments necessary to test superconducting radiofre-
quency cavities (SRF).  
Many projects of linear accelerators of high intensity 
protons are based on this new cryogenic technology. 
This is the case for instance for the steering of future 
reactors dedicated to the transmutation of nuclear 
waste (XADS / Eurotrans, Myrrha), for the production 
of radioactive ion beams ( EURISOL) or pulsed pro-
tons beams for neutrino sources and spallation neu-
trons source. 
Cryogenic cavities operate at higher gradient, lower 
AC power, and they offer a great flexibility in beam 
dynamics and reliability compare to the normal con-
ducting resonators. The long term future of this tech-
nology applied to linear colliders or high intensity pro-
ton linacs is definitely based on these superconduct 
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ing radiofrequency systems. 
Studies on  superconducting cavities continue their 
progress and can be considered as an alternative 
for the medium or low energy part of the future SRF 
Linac machines. In particular excellent performance 
of the "spoke” cavity, allows extend the use of su-
perconductiviting cavities to the low energy as well 
as to the high energy side of the accelerator.  
 
 

PROJECT MANAGEMENTPROJECT MANAGEMENTPROJECT MANAGEMENT   
 
 
The activities of the Accelerator Division are related 
to project structure management. Each project has 
its own organization and follow up. A general coordi-
nation insures to manage the human resources and 
investments between the different projects.  
The more important contributions of the Accelerator 
Division concern theSPIRAL 2 project and the Euro-
pean programs: 
SPIRAL 2  
The SPIRAL 2 project aims to produce radioactive 
ion beams (RIB) using the ISOL technique. The high 
intensity RIB is produced by  the neuton induced 
fission of a uranium target. The neutrons result from 
an intense deuterium beam impinging onto a graph-
ite converter. Neutron rich isotopes are extracted 
from the uranium core by thermal diffusion/effusion  
before being selected and post accelerated. The 
Accelerator Division contributes to several aspects 
of this project :  
Preparation, assembly and test of the high energy 
part of the machine (B type cryomodules). The ac-
celerating cavities are tested separately and then 
assembled two by two in their final cryomodule.  
Nominal performances are checked in their final 
cryogenic configuration before their installation on 
the SPIRAL2 beam line. (see SUPRATech contribu-
tions) 
An active R&D program on both the target and the 
ion-source (see ALTO contributions) 
The study of a cryotrap. 
The cryogenic plant associated with the cooling of 
the accelerator 
Beam dynamics calculations 
Coordination of all beam diagnostics. The institute is 
particularly in charge of the beam position monitors. 
 
European programs : 
CARE and EUCARD (6

th
 and 7

th
 PCRD) for the de-

velopment of superconducting RF acceleration sys-
tems. 
EURISOL: the design study for the future RIB accel-
erator (fission target, proton accelerator design, su-
per conducting cavity development, coordination 
task, beta beam studies…) 
EUROTRANS: in the continuity of the PDS-XADS 
program. Devoted to nuclear waste transmutation, 
this program is in charge of the design of a driver 
accelerator coupled to a sub-critical nuclear reactor. 
The MYRRHA project in Belgium will be the demon-
strator of this new concept. 

SLHC PP : Preparatory phase for the future LHC 
upgrade. 
THATEA : Thermoacoustic technology for energy 
applications 

 

CONCLUSIONCONCLUSIONCONCLUSION   
   
The Accelerator Division has increased its technical 
potential by massive investments in recent equip-
ments. The Supratech platform has achieved the 
installation of the chemical etching area. The helium 
liquefier and the clean room are now fully opera-
tional. At ALTO, the off line separator completes the 
online PAARNE separator  for the RIB R&D studies. 
All these equipments buildup a high level technical 
center for the development of future accelerators. 
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Tandem Accelerator Tandem Accelerator Tandem Accelerator    

Activité de l’accélérateur Tandem L’accélérateur a fonctionné 5800 heures, à des tensions comprises en-
tre 0,450 MV et 14.5 MV. Les expériences ont utilisé 32 faisceaux d’ions légers (p à 

4
He, 17% du temps), 

d’ions lourds (
7
Li à 

127
I, 54% du temps) et d’agrégats (Cn, C60, 28% du temps). La R & D sur les ions stables 

a porté sur  l’étude de la production et de l’accélération d'un faisceau de 
48

Ca avec une source à pulvérisa-
tion de césium de type Ionex 834. Une nouvelle source d'ions SAHAT (Source d'Anions d'Hydrocarbure 
Auprès du Tandem) a été installée sur la plateforme de l'injecteur du Tandem pour produire des faisceaux 
d'hydrocarbures CnHm.  

experiments requiring unusually long beam times 
as it is often necessary in nuclear astrophysics.  
Six beam lines are available for experiments with 
stable beams. One beam line is devoted to indus-
trial irradiation and two others to cluster physics. 
Light, non-permanent experimental devices are 
used in any of three experimental areas.  
PARRNe is an on line isotope separator (with up to 
5 lines) dedicated to the study of very neutron-rich 
nuclei produced by fission (neutron induced or 
photofission). Fast tape transport systems will be 
available to study short lived nuclei. Several target 
ion source ensembles are developed at the facility: 
surface ionization source, laser ion source, febiad 
ion source …  
BACCHUS is a 180° magnetic spectrometer de-
signed to suppress the primary beam. This spec-
trometer is mainly dedicated to heavy-ion studies. 
Split Pole is a magnetic spectrometer used for the 
detection and the measurement of the impulsion of 
charged particle reactions in “two body” reactions 
with a very high resolution. This spectrometer is 
now used intensively for nuclear astrophysical 
studies. Split Pole will be coupled to the Ge mul-
tidetector ORGAM for the study of deep inelastic 
reactions and fusion evaporation.  
ORGAM is the Ge multidetector installed on line 
420 that will be in the near future associated with 
the Split pole spectrometer and ancillary charged 
particle detectors for the study of deep inelastic 
reactions and fusion evaporation.   
OSCAR (Orsay Segmented Clover Array) is a Ge 
detector consisting of 4 Ge clovers placed in close 
geometry in order to study the low multiplicity de-
cay of very exotic nuclei. It is associated mainly 
with the PARRNe ISOL line.  
AGAT is a new generation of detection apparatus 
used in Cluster Physics developed at the ALTO 
facility. The electronic signals delivered by an epi-
taxial silicon detector are digitalized and used as 
identifier for cluster fragments. With such a device, 
the AGAT multidetector is able to resolve all parti-

The ALTO facility 
The ALTO (Accélérateur Linéaire et Tandem d'Or-
say) facility consists of two accelerators in the 
same area : a tandem accelerator dedicated to 
stable (ions and clusters) beam physics and a lin-
ear electron accelerator dedicated to the produc-
tion of radioactive beams. This gives a unique op-
portunity to have in the same place cluster beams 
for interdisciplinary physics and stable and radio-
active beams for astrophysics and nuclear physics. 
The ALTO facility can deliver radioactive beams, 
stable beams and cluster beams having a large 
physics case from nuclear structure to atomic 
physics, cluster physics, biology and nanotechnol-
ogy.  
The installation, during the last five years, of the 
electron driver for radioactive beam production at 
the Tandem of Orsay has led to a deep restructu-
ration of the local experimental activities in nuclear 
physics at IPNO. This facility has been proposed 
recently by ENSAR to obtain the status of TNA 
during the next I3. 
Besides the traditional and very successful re-
search in Cluster Physics, the activity in Nuclear 
Physics has been organized in complete synergy 
with the one associated to the SPIRAL2 project at 
GANIL. This synergy acts on the double level of 
the physics program and the R&D for improve-
ments in isotope separator on line (ISOL) tech-
niques. 
The physics case for the whole facility rests for one 
part on the availability of fission fragments for 
stopped beam experiments after mass separation 
and for another part on the availability of high qual-
ity light ion beams (p, d, alpha etc.) and rare 
beams (

14
C, 

48
Ca etc.) with reasonable available 

beam time. That last part offers the opportunity to 
perform exploratory experiments allowing for in-
stance to optimize certain beam time requests on 
world class facilities such as GANIL, or to perform 

IPNO Participation: A.Said, J-P.Mouffron and F.Ibrahim for the ALTO group (Accélérateur Linéaire et 
Tandem d'Orsay), M. Chabot, T. Tuna 
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cannot be obtained. One way to go around this 
difficulty is to produce either a beam of CaO

-
 or a 

beam of CaH
-
. 

The use of CaO
-
 is not adequate. The resulting Ca 

beam cannot reach the required 200 MeV because 
of the large energy loss through the stripper. The 

tions of Cn clusters up to n=9. This set up is mainly 
used for atomic astrophysical studies. 
DIESE, DIESE X, ESKIMO are dedicated set ups 
for irradiation with cluster beams (CnHm, C60, Aun). 
Among the various possible projectiles, clusters 
have the unique property to deposit in solids im-
portant energy densities, much larger than with the 
use of atomic projectiles. The consequences are 
structural modifications in solids and amplifications 
of secondary emissions. This leads to very inter-
esting and dynamic studies in nanotechnology.  
SIHL is an off line isotope separator dedicated to 
the test and R&D program on target ion sources 
used at PARRNe. This off line separator is con-
nected to the laser laboratory to test new ionization 
schemes used for radioactive ion beams. 

Operation of the Tandem accelerator: 
From January 2008 to December 2009, the ladder-
tron ran for 5808 hours at terminal voltages be-
tween 0.45 and 14.5 MV. The accelerator deliv-
ered 3474 hours of analyzed beams. The main 
figures relative to beam operation are: 
Total time planned for operation:     5808 h 
voltage conditioning and tests    - 1200 h 
Time planned for Physics:      4326 h (100%) 
breakdowns         - 492 h 
Time available for Physics :      3834 h   (88%) 
accelerator tuning        - 220 h 
beam lines tuning        -   80 h 
failures on experiments       -   60 h 
Beam on target:        3474 h   (80%) 
 
32 beams were tuned for experiments and deliv-
ered on five beam lines. The share was 17% of 
beam time for light ions (p to 

4
He), 55 % for heavy 

ions (
7
Li to 

127
I) and 28 % for cluster ions (Cn, C60). 

During that period, a decrease in the light ion 
beams (22% to 17 %) is observed (Figure 1). This 
is due to the work done on the building within the 
ALTO project, on the beam lines 110 and 220 and 
on the end of the construction of the shielding 
around the ion source - target system of the on line 
isotope separator PARRNe. The accelerator 
worked at voltages over 10 MV for 60% of the time 
and between 13.5 and 14.5 MV for 10% of the time 
(Figure 2). The beam pulsing was used during 
38% of the time.  
The failure rate was 11%. 48 % were due to fail-
ures of the power supply of the lens on the ion 
source Orion at the terminal of the accelerator. 
Another 23.2 % were due to failures of the injector. 
Concerning the accelerator, the tank had to be 
opened once because of a problem with the ball 
bearings of the alternator.   

Production and acceleration of a
  48

Ca beam 
A 

48
Ca beam was produced with a Ionex 834 ce-

sium sputter ion source and accelerated through 
the accelerator.  
In order to prepare a 200 MeV 

48
Ca beam with an 

Ionex 834 cesium sputter ion source , preliminary 
tests were performed on the Tandem with 

40
Ca. 

Because of the very low electronic affinity of cal-
cium (0.043 eV), sufficient intensities of Ca

-
 beams 

Figure 1 : a) the different types of ion beams  
                b) distribution of the different 
                    species 
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second option was chosen. Even if the CaH
-
 beam 

is less intense, the energy loss through the stripper 
is only 1/41 of the injected energy. 
Different geometries (figure 3) of the test samples 
were installed on the sample wheel to compare the 
different production yields. The best results were 
obtained with the N°3 configuration. 

 
 
 
 

 

Beam acceleration and analysis of the 
40

Ca test 
beam:  
Double foil stripper 
injected ion 

40
CaH

-
 : 46 nA  

terminal voltage :  14.0 MV 
charge state :  12 + / 14 + 
energy :   196 MeV 
analyzed ion 

40
Ca

14+
 : 3 nA 

 
Beam acceleration and analysis of the 

48
Ca beam:  

Double foil stripper 
injected ion 

48
CaH

-
 : 5 nA  

terminal voltage :  14.35 MV 
charge state :  9 + / 14 + 
energy :   193 MeV 
analyzed ion 

48
Ca

14+
 : 300 pA 

Integration of the SAHAT ion source on the 
Tandem 
A new ion source SAHAT (Source d'Anion d'Hy-
drocarbure Auprès du Tandem) has been installed 
on the Tandem injector platform (figure 4). This ion 
source is designed to enhance the production of 
CnHm hydrocarbons. The Tandem injector being at 
about 100 kV, a specific control system had to be 
designed to operate this ion source. This insulation 
constraint imposed the design of a compact and 
reliable modular instrument. 

 
 
Figure 5 shows the installation schematics of the 
ion source on the O° line of the Tandem. At the 
exit of the ion source, just after the Wien filter, an 
accelerator tube allows to bring the ion source up 
to -30 kV. This design limits the divergence of the 
beam up to the slits placed at the entrance of the 
accelerator, about one meter down from the exit of 

the filter. A 7000 l/s diffusion pump placed under 
the 35° analyzing magnet of the platform pumps on 
the ion source. In case the vacuum deteriorates, 
the signal from a pressure gauge installed in front 
of the 35° analyzing magnet closes the valve and 
isolates the ion source from the rest of the ma-
chine. 
It is installed between the duoplasmatron and the 
cesium sputter ion sources. It is placed on the opti-
cal axis of the accelerator tube at 0°.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Description of SAHAT 
SAHAT is an electronic impact ion source manu-
factured by Colutron [1]. It is a compact unit, pre-
assembled in a T shaped stainless steel chamber 
(figure 6). The tube houses the head of the ion 
source, the different optical elements and the mass 
analyzing Wien filter. The head of the ion source 
along with the magnet of the Wien filter are water 
cooled through a cooling unit so that they stay at 
room temperature while in operation.  
The electrical set up of the SAHAT ion source is 

shown on figure 7. 

Description of the control system of SAHAT 
We chose the same control system as the one de-
veloped to control the Linac along with the Wago 
PLCs and the Panorama supervisor. The schemat-
ics of the control system of SAHAT are shown on 
figure 8. Two RJ45-optical convertors establish the 
optical fiber connection between the PLC at high 
voltage and the PC computer at ground potential. 
The PLCs and the supervision software communi-
cate through an application of the Applicom soft-
ware. One of the main features of this control sys-
tem is that it allows for the automatic plotting of 

Cs+
CaH-

1

3

Cs+
CaH-

2

Cs+
CaH-

NH3

N°1 CaO powder 
N°2 CaO powder, 2.5 mm recess 
N°3 CaO powder + 10% ZrH, 2.5 mm recess  

Figure 3: geometries of the test samples for the 
40

CaH
-
 beam 

Figure 4: SAHAT on the injector platform 

Figure 5: installation of SAHAT on 
the injector platform 

Figure 6: Schematics of the SAHAT ion source 
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mass scans. 
 

Figure 7: electrical set up of SAHAT 

Figure 8: Control system of SAHAT 
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Radioactive ion beams at the ALTO facilityRadioactive ion beams at the ALTO facilityRadioactive ion beams at the ALTO facility   

Le commissioning de l'installation d'ALTO s'est poursuivi avec des tests jusqu'à 10 µA d'électrons. Les tra-
vaux d'infrastructure ont continué avec la construction d'un mur autour de l'aimant d'analyse du séparateur 
d'isotopes PARRNe ainsi que la pose de plaques de béton supplémentaires sur le plafond au dessus des 
aimants de déviation de la ligne électrons du Linac. Un système de récupération des gaz des pompes pri-
maires a été installé. Une détection d'incendie avec introduction de d'azote a été installé dans le bunker du 
séparateur. La ligne de transport de faisceau depuis le plan focal de PARRNe jusqu'aux lignes expérimen-
tales est construite. Des profileurs de faisceau fabriqués par GANIL sont installés. Enfin, la chambre d'inté-
gration pour tester en ligne la cible référence de Spiral2 est en cours de développement. 

In order to minimize the background level around 
the detectors and increase their resolution, a con- 
crete wall was constructed around the analyzing 
magnet. This wall is 50 cm thick from the ground 
up to 1 m and 20 cm thick above 1m. A hole has 
been drilled through the magnet to allow the laser  
beams to reach the ion source. In straight line with 
this hole, additional shielding has been installed 
against the concrete wall. It is composed of 10 cm 
of polyethylene, 15 cm of lead and 5 cm of polyeth-
ylene.  
A system to recuperate the exhaust gases from the 
pumps along the online isotope separator PAR-
RNe has been designed and installed (figure 2). 
The objective is to let the gases cool down before 
liberating them through very high efficiency filters. 
The bunker has been equipped with an automatic 
fire detection system with injection of nitrogen. This 

system is connected to the programmable logic 
controller (PLC) and the supervising system. 
The tests performed in the framework of the com-
missioning have been completed. The production 
of ion beams with the different ion sources avail-
able at ALTO over several one week periods 
showed the reliability of both the target - ion source 
devices and the operation of the linac. 

Introduction 
The radioactive ion beams at the ALTO facility are 
neutron rich nuclei produced by photofission 
(electrons delivered by the 50 MeV Linac) or n-
induced fission (26 MeV deuterons delivered by 
the Tandem) of 

238
U. The fission fragments diffuse 

from the irradiated UCx targets into an ion source 
and are transported after acceleration through the 
on line isotope separator PARRNe. 

The ALTO commissioning 
The procedure specified by the safety authority 
ASN for the commissioning of the linac facility was 
pursued. Tests were performed with 1, 5 and 10 
µA electrons. The measurements with a 5 µA elec-
tron beam showed that excess radiations had to be 
eliminated over the two magnets that deflect the 

electron beam towards the target-ion source (TIS) 
system (figure 1). 
Concrete slabs were added on the roof over these 
magnets. The final measurements with a 10 µA 
electron beam validated the complete shielding of 
the bunker along with the reinforced concrete roof 
over the deviation magnets. 

IPNO Participation: E. Cottereau for the ALTO group, J.M. Dufour, J.F. Le Du, Y. Ollivier, S. Wurth  
 
Collaboration: GANIL  
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test this target and its associated oven on line. 
Since this target is supposed to operate with differ-
ent types of ion sources in a high radiation environ-
ment, the following configuration has been chosen.  
The transfer tube that allows the fission products to 
leave the target and reach the ion source comes 
straight out of the target and is at right angle with 
the ion source. This configuration increases con-
siderably the overall volume of the target ion 
source (TIS) system. A chamber derived from the 
test plug at GANIL was studied to measure the 
production yield of the Spiral2 target with a 1 µA 26 
MeV deuteron beam delivered by the Tandem. The 
automatic electrical and water connections are in-
stalled on the top lid so as to disconnect the target 
ion source system easily (figure 4). The lid is ma-
neuvered with a pneumatic jack.  
The chamber could not fit in the space available in 
the bunker and a totally new design had to be de-
veloped. The option chosen was to build the ion 
source along with the transfer tube and the target 
onto the flange facing the front end. The automatic 
electrical and water connections are also on this 
flange. A lid will close the volume. Figure 5 shows 
a first sketch of this new chamber. The whole de-
vice will then be installed on the isotope separator 
PARRNe. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The experimental lines 
The double deflection line emerging from the focal 
plane of the analyzing magnet of PARRNe has 
been completed (figure 3). This transport beam 
line has been integrated into the supervision sys-
tem of PARRNe. 
Four beam profiling meters made by GANIL are 
installed along PARRNe. Each meter is composed 
of 2 planes of 47 alumina threads. The electrons 
emitted by each thread as the beam impinges on 
them are integrated.  
A new magnetic field power supply has been in-
stalled enabling a fine tuning with remote control. 
Between this shielding ant the magnet, a fully auto-
matic beam position monitoring system has been 
installed to transport the laser beams to the ion 
source. 

Tests for the Spiral2 project 
The reference target defined in the Spiral2 APD is 
an assembly of 19 series of 80 UCx discs. The 
discs are 1 mm thick and their diameter is 15 mm. 
The target length is 80 mm, its diameter 80 mm. A 
Joule effect oven is under development to heat this 
large target. The V5 prototype and the thermal 
tests are described by J.P. Mouffron. An integra-
tion chamber is currently being studied in order to  
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Test of the oven developed for the Spiral2 fission targetTest of the oven developed for the Spiral2 fission targetTest of the oven developed for the Spiral2 fission target   

La conception du four est une étape clé pour le chauffage longue durée de la cible de production en carbu-
re d’uranium de Spiral2. Les résultats du prototype V4.3 sont rappelés brièvement. Un nouveau prototype 
V5-4 a été élaboré à l'aide de simulations thermo-mécaniques calculées avec le code IDEAS. Les premiers 
tests de chauffage de ce prototype sont présentés.   

gueblanche France) for better thermal insulation. A 
tantalum sheet is wrapped around the grafoil insu-
lator. To limit the thermal loss by radiation, addi-
tional insulation using the same material was 
placed in the front of the oven. The cooling of the 
whole system has been improved around the 
chamber and on the front face of the oven using a 
water cooled copper screen. 
To reduce the risk of resistor cracks observed with 
the V4.3 version, the resistor is now maintained by 
only two flexible fixations instead of four in order to  

release the mechanical stress generated in the 
resistor. 
The V5 prototype was tested at the end of 2009. 
The measured temperature reached 1200 °C for 
1.8 kW (figure 3). The observed gain approaches a 
factor 4.  
The temperature of the graphite target is distrib-
uted with a good homogeneity as shown in figure4 

Introduction 
The furnace is one of the key issues for the pro-
duction target at Spiral2 aimed at a long term heat-
ing of a big size uranium carbide target [1]. Several 
furnaces based on an ohmic resistor have been 
developed over the years in various laboratories 
such as 20 mm diameter tantalum and graphite 
tubes at IPN-Orsay or ISOLDE-CERN and tung-
sten tubes at PNPI-Gatchina. The difficulties for 
Spiral2 lie with the large size of the target, the con-
straints due to the converter being near the target 
and the long neutron irradiation time required. De-
velopment of a Joule effect furnace is under way. 
Different materials have been considered for the 
resistor: graphite, tantalum and tungsten. Graphite 
was not chosen due to its high evaporation rate 
above 2200°C. The tungsten oven exhibits better 
behavior at very high temperature but is more diffi-
cult to machine. The required performance con-
sists in maintaining a homogenous temperature in 
the target at 2100°C and insuring its stability during 
a long term heating (3 months). 
The design of the Ta furnace is performed in col-
laboration between Ganil and IPNO. Ganil is in 
charge of the mechanical design and IPNO con-
ducts the numerical simulations of the thermo-
mechanical behaviour and performs the tests of 
the furnace system on a dedicated test bench. 

Results of the V4.3 prototype 
The tests of the last V4.3 prototype showed that 
the temperature reached a limit of 1500 °C for an 
electrical power of 6.6 kW (figure 1). The limited 
efficiency of the thermal insulation using Ta sheets 
and the losses by radiation in the front and the 
back of the oven explain this limit in temperature. 
Moreover, the resistor presented serious problems 
in terms of thermal heating and thermo-mechanical 
deformations.  

Design and first results with the V5-4 prototype 
In order to improve the performances of the fur-
nace, a new prototype labelled V5-4 has been 
studied with the help of simulations with the IDEAS 
code. The design of this prototype is described in 
figure 2. The chamber housing the oven is sur-
rounded by a thick thermal insulator made of ani-
sotropic carbon fibre (Grafoil from GrafTech, Ai-

IPNO Participation: S. Essabaa, J.P. Mouffron, F. Launay, E. Cottereau, C. Lau, H. Croizet 
 
Collaboration : GANIL 
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heating current during the test of the V4.3 oven 

Figure 2: Schematics of the V5-4 oven 



156 

References 

1. http://www.ganil-spiral2.eu, 

 Technical report of the radioactive beam 
 section (2007, December)  

The measured temperature in the back of the oven 
is too high. This is a problem for the on line tests of 
the oven on the isotope separator PARRNe front 
end. Additional screens are needed.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
During these tests the oven degassing was also 
evaluated.  
The next measurements are planed at the begin-
ning of 2010 with increased heating power. The 
oven with a UCx target will be tested on ALTO with 
26 MeV deuteron beam from the Tandem or a 50 
MeV electron beam from the Linac. The PARRNe 
front end is being redesigned to accommodate this 
big target - ion source device. 
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graphite target heated in the oven with K and C 
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Fission Targets and Ion Sources for EURISOLFission Targets and Ion Sources for EURISOLFission Targets and Ion Sources for EURISOL---DSDSDS   

Le pôle ALTO de la Division Accélérateurs s’est impliqué dans la tâche 4 du projet EURISOL Design Study.  
Il a notamment pris en charge l’étude des sources d’ions associées à la station d’irradiation Multi-
MegaWatts. Cette station comprend six cibles de fission autour d’un convertisseur en métal liquide. 
Chacune des six cibles de fission est connectée à une source d’ions étudiée pour produire des faisceaux 
d’isotopes spécifiques. L’ensemble de la tâche 4 a porté sur l’étude des unités cible de fission - source 
d’ions. Cette étude inclus l’optique des faisceaux d’isotopes radioactifs depuis l’extraction de la source 
d’ions à la sortie des blindages. L’étude optique a également été prise en charge par le pôle ALTO. 
Le projet EURISOL DS s’est achevé l’été 2009, avec la production d’un rapport final exhaustif. Diverses 
publications ont  accompagné la réalisation de ce rapport. 

source so as to get the maximum neutron flux 
(figure 2). The target modules can be inserted and 
replaced by means of remote handling. The shield-
ing around the neutron-spallation source is a com-
bination of iron and concrete with a total thickness 
of about 6 metres. Loading and unloading all beam 
elements, including the fission targets, is achieved 
through a mobile transport tube. The assembly is 
then moved into a hotcell for remote handling of 
the components under visual control. In operation 
conditions, all components are inside a double-
walled vacuum tube embedded in the concrete 
shielding. In normal operation conditions, each 
target should yield about 10

15
 fissions per second. 

The evacuated power is about 30 kW while the 
fission target temperature should be slightly above 
2000 °C.  
Both cooling and heating are required to adjust the 
target temperature to optimal conditions. The heat-
ing system consists in a filament for electron bom-
bardment. This filament will also serve as a diag-
nostic device to detect any deterioration of the tar-
get container. In case of alteration, it will operate 

Introduction 
The Multi-MegaWatt irradiation station is a central 
installation in the EURISOL Design Study. In this 
station, a 1-GeV proton beam hits a 4-MW mercury 
converter target surrounded by 6 fission targets. 
Each fission target is connected to a dedicated ion 
source so that six distinct Radioactive Isotope 
Beams (RIB) can be extracted simultaneously from 
the target-ion-source system (figure 1). The con-
verter and fission targets have been both designed 
to be modular parts so that each of them can be 
rapidly replaced by means of remote handling. 

The group working on task 4 was in charge of the 
fission target and all the associated devices to pro-
duce the requested nuclear beams from fission 
products. This includes mainly the ion source and 
also the optics to focus the nuclear beams ex-
tracted from the ion source. 

The fission targets 
Each fission target is inserted through a channel in 
the shielding to be positioned close to the neutron 

IPNO Participation: C. Lau, M. Cheikh Mhamed, E. Cottereau, M. Ducourtieux, S. Essabaa, 
F. Le Blanc, A. Olivier 
 
Collaboration : LNL (Legnaro), CERN (Genève), NIPNE (Bucarest). 

Figure 1: The Multi-MegaWatt irradiation station 
with the six target-ion-source units positioned 
around the Hg converter target. 

Figure 2: Positioning of the modular fission-target 
units around the converter target, inside the radia-
tion shielding. 
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same large insulator. This insulator supports also 
the target, its heater and external target container.  
Taking into account the various specifications for 
the RIB beam lines, the beam optics from the ion 
source to the bender at the exit of the shielding 
was calculated and the beamline designed. 
Einzel lenses are employed after the extraction 
electrode to transport the beam. The bender being 
about 6 m away from the extraction, other focusing 
elements are required. Quadrupole doublets are 
installed along each near-vertical RIB line. To con-
trol beam centring, insulated collimators are placed 
at the entrance and exit of each doublet.  

Perspective 
As a result of four years of study and develop-
ments, the final report of the EURISOL Design 
Study has been achieved. Following the numerous 
studies and tests, various publications have been 
released. The Multi-MegaWatt station represents 
the highest challenge to achieve for next-
generation RIB facilities. It still requires important 
developments. However important breakthroughs 
have been achieved during the design study and 
the required developments have been clearly iden-
tified. 

by producing an electrical shortcut. 
The standard fission target is a stack of about 
ninety disks made of uranium carbide. The diame-
ter of the disks is about 35 mm and each disk is 
drilled with a 8-mm hole to favour the release of 
fission products. Between the disks, specific 
graphite fibres will be inserted to get a high overall 
thermal conductivity for heat dissipation. 

Ion sources 
Different kinds of ion sources have been consid-
ered to ionize selected fission products. 
The ionisation of fission products has to be 
achieved close to the fission target. This means 
the ion source connected to the fission target via a 
short transfer tube has to withstand very high neu-
tron fluxes in addition to other constraining specifi-
cations. To address the issue, the ion sources con-
sidered are the thermo-ionization source, the laser 
ion source and the FEBIAD-type plasma source. 
The thermo-ionization sources are most efficient 
for alkali, alkaline-earth and rare-earth isotopes.  
Based on resonant excitation, the laser ion source 
allows to ionize selectively a larger range of iso-
topes. In addition, all the components of the laser 
system are away from the radiation flux. 
For the FEBIAD-type plasma ion source, the selec-
tivity is mainly achieved at the level of the transfer 
tube. Other physicochemical selective processes 
are possible for a few elements. For operation un-
der strong radiation, a dedicated plasma ion 
source has been studied. The developed prototype 
is known as the IRENA ion source (Ionization by 
Radial Electrons Neat Adaptation). Figure 3 shows 
the integration of the IRENA ion source in the over-
all target-ion-source unit. 
The additional green element at the transfer tube 
in figure 3 represents the system injecting a con-
trolled weak flow of selected tracers in the ion 
source to produce stable beams. Such a system is 

essential whatever the ion source used to get ref-
erence beams for the various adjustments and tun-
ings. 

Beam extraction 
In order to preserve alignment, the ion source and 
the first extraction electrode are mounted on the 

Figure 3: Views of the fission-target/ion-source unit 
including the transfer tube and the radioactive 
beam extraction. 
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IRENA ion source for Spiral2IRENA ion source for Spiral2IRENA ion source for Spiral2      

La source d’ions IRENA (Ionization by Radial Electrons Neat Adaptation) a été conçue pour répondre au 
besoin d’une source d’ions à plasma, capable de produire des faisceaux radioactifs dans un environnement 
fortement radioactif, ce qui est le cas pour le projet Spiral2. 
Pour valider le concept de cette source, un premier prototype a été conçu et un faisceau stable produit. 
Dans une seconde étape, un nouveau prototype optimisé, à partir des résultats obtenus avec le premier 
prototype, a été développé. Les paramètres géométriques ainsi que certains paramètres de fonctionnement 
on été optimisés par le biais de simulations 3D avec le code LORENTZ-3EM. Les premiers tests de mesure 
d’efficacité d’ionisation ont été réalisés. Les simulations ainsi que la discussion des résultats expérimentaux 
sont présentées. 

The anode structure of the feasibility prototype has 
been reviewed. In order to get an efficient trans-
parency of the anode, a new structure has been 

studied. Taking into account mechanics specifica-
tions, a new anode has been designed. The opti-
mized anode grid structure is shown in Fig. 2.  

Introduction 
Currently, no radioactive ion source fulfils the fun-
damental operation specifications of the Spiral-2 
target station. The level of radiation considered 
exceeds by far those of today's ISOL facilities.  
The ion source should be capable to operate under 
hard radiation and with a larger fission‑target sys-
tem for a long duration. For instance, 3 months for 
the Spiral-2 project.  
To fulfil these requirements, an R&D program on 
the IRENA (Ionization by Radial Electrons neat 
adaptation) ion source has been established , 
which is a Forced-Electron- Beam-induced-Arc 
Discharge (FEBIAD) type ion source based on an 
electron Beam Generated Plasma (EBGP) ion 
source.  
The IRENA feasibility prototype has been already 
designed and tested off-line. The conceptual de-
sign of this prototype was presented and dis-
cussed in reference [1].  
Various stable beams were produced and a study 
of the total stable beam intensity as a function of 
the cathode temperature was achieved. These 
systematic tests allowed us to check the expected 
behaviour of the first IRENA prototype.  

3D electron trajectories simulations of IRENA 
ion source 
The experimental results obtained [2] were used to 
start simulation calculations to optimize the ion 
source  for high-intensity irradiation.  
LORENTZ-3EM code [3] was used to simulate the ion 
source in 3D mode. The ion source was totally 
modeled in 3D, i.e., cathode and anode set, and a 
3D tetrahedral meshing was defined to simulate 
the space charge effect. 
The spacing between the cathode and the anode-
grid was optimized as a function of the applied arc-
discharge voltage. The optimized electron trajecto-
ries distribution was obtained for a 400 V arc dis-
charge potential and a 2 mm spacing between the  
cathode and anode grid (Fig. 1).  

IPNO Participation: M. Cheikh Mhamed, M. Ducourtieux, C. Lau 
 
 

Fig. 1: Electron trajectories with the considera-
tion of the space charge effect and 400 V arc 
discharge potential applied. 

Fig. 2: New anode-grid structure designed for  
tests on IRENA prototype. 
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obtained with the first prototype (figure 5).  

Normal operation conditions have not yet been 
reached. Tests are still in progress. 
However, the preliminary results are promising if 
one considers the order of magnitude of extracted 
intensities in this plasma ignition phase.  
First measurements of the ionization efficiency will 
be obtained by means of a calibrated leak injecting 
krypton and xenon in the ion source. 

References 
[1] M. Cheikh Mhamed et al., Rev. of Sci. Inst., 77 
(2006) 03A702. 
[2] M. Cheikh Mhamed et al., Rev. of Sci. Inst., 79 
(2008) 02B911. 
[3] www.integratedsoft.com 

With these parameters we achieved a good con-
finement in the ionization volume (Fig. 3).  

In order to achieve the best reliability of the ion 
source, the electrical connections along with the 
insulating components and the water cooling sys-
tem were totally reviewed. 

Temperature calibration tests and preliminary 
ionization efficiency measurements 
In order to calibrate the cathode temperature and 
to study the total stable beam intensity as a func-
tion of the cathode temperature, we first measured 
the cathode temperature with an optical pyrometer. 
Figure 4 shows that the heating of the cathode is 
reproducible.  

Preliminary tests show that the total intensity of the 
stable beam produced on the off-line separator 
was significantly enhanced compared to the results 

Fig. 4:  Cathode temperature as a function of the 
injected electrical power. 

Fig. 5: Comparison of the stable beam production 
of the two IRENA  prototypes. 

Fig. 3: Electron trajectories with totally compen-
sated space charge (an ideal operating mode of 
the IRENA ion source) show a good electron con-
finement in the ionization volume. 
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A Resonant Ionization Laser Ion source for the production of A Resonant Ionization Laser Ion source for the production of A Resonant Ionization Laser Ion source for the production of    
radioactive ions at ALTOradioactive ions at ALTOradioactive ions at ALTO   

Résumé : Le projet ALTO est dédié principalement à la production de faisceaux radioactifs riches en neu-
trons par le processus de photofission d’une cible épaisse de carbure d’uranium. 
L’étude des noyaux exotiques de faible production est difficile par la présence d’espèces indésirables dans 
le faisceau d’ions. Ainsi, le développement d’une source d’ions laser à ionisation résonante (Resonant Ioni-
zation Laser Ion Source, RILIS) est apparu primordial pour la prochaine génération de production de fais-
ceaux d’ions radioactifs. En effet, la technique RILIS (basée sur l’excitation résonante en une ou deux éta-
pes et sur l’ionisation d’un atome) permet d’ioniser efficacement et sélectivement ces éléments. Nous déve-
loppons donc pour ALTO une source laser à ionisation résonante utilisant un laser de pompage Nd :YAG à 
10 kHz et un système de lasers à colorants. Cet ensemble devrait être capable d’atteindre une efficacité 
supérieure à 10%. 

 
Figure 1: Layout of the RILIS at ALTO. 
 
2. Description of the RILIS 
In resonant laser ion sources, the ionization of an 
atom results from the excitation of the valence 
electron by resonant photon absorption via several 
bound intermediate steps and into the continuum. 
The last excitation step is either carried out via 
resonant excitation into a high lying Rydberg state, 
via the use of an auto-ionizing state or non-
resonantly via an unbound state in the continuum 
(figure 2). The ionization cross section in the latter 
case is typically considerably lower than in the 
resonant cases. As this method uses the ladder of 
atomic states for the excitation, the ionization 
scheme is specific to each chemical element and 
thus extremely selective. The ionization of a typical 
element with an ionization potential around 6 eV 
usually requires two or three laser beams of pre-
cisely tuned wavelengths in the red to ultra-violet 
spectral region. The more steps are used, the 
more selective is the process. For good ionization 
efficiency, the laser power available in each excita-
tion step should saturate the optical transition and 
the laser beams have to be well synchronized in 

 1. Introduction 
At ALTO, a new facility is dedicated to the produc-
tion of low energy neutron-rich ion-beams by ISOL 
technique [1]. Neutron-rich nuclei are produced by 
photofission in a thick uranium carbide target using 
a 10 µA, 50 MeV electron beam. The intended 
nominal fission rate is about 10

11
 fissions/s. 

 
One of the main problems of ion sources used at 
on-line mass separators for radioactive beam pro-
duction is to obtain chemically pure ion beams of 
the various elements. In the process of resonance 
laser ionization, the atoms are ionized whenever 
the laser radiation frequencies coincide with the 
atomic transition frequencies. Since the atom of 
each element has its own specific energy level 
structure, the ionization process has an exception-
ally high chemical selectivity. 
Currently, two kinds of laser production systems 
are in operation at ISOL facilities: dye laser sys-
tems which have been used on-line for many years 
at ISOLDE (CERN) [2] [3], JYFL (Jyväskylä, 
Finland) [4], and LISOL (Leuven, Belgium) [5], and 
solid-state Titanium-Sapphire (Ti:Sa) laser sys-
tems that have been developed more recently and 
made available mainly by University of Mainz 
(Germany) [6]. They are currently used on line at 
ISAC (TRIUMF, Canada) [7], JYFL (Jyväskylä, 
Finland) [4] and Oak Ridge (USA).  
Due to the strong selectivity advantage of laser 
ionization, a RILIS is an indispensable asset for 
ALTO (figure 1).  
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doubling crystal, the two beams are sent in the ion 
source of ALTO, 17 m away. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Laser setup for Cu  
 
B. Layout for the future production of a gallium 
beam 
The scheme used (figure 5) was similar to the one 
developed at ISOLDE: 288 nm for the excitation 
step and 532 nm for ionization. 
 
 
 
 
 
 
 
Figure 5: Ionization scheme for Ga 
 
We plan to use 80 W for the excitation step and 40 
W for the ionizing wavelength.  
To generate the 288 nm beam, we used the same 
chemical solution as for copper and the pump laser 
wavelength will be directly sent to the ion source. 
For the two elements (Cu and Ga), the laser 
beams are focused down to a 3 mm diameter spot 
(the internal diameter of the ion source cavity) at a 
distance of 17 m from the laser setup. They inter-
act with the atoms in a 30 mm long tungsten tube. 
 
4. The beam transport 
The transport of the laser beams from their produc-
tion place to the ion source body is very critical, as 
losses in transmission might directly convert into 
corresponding losses in ionization efficiency, if the 
laser beam intensities are weak. In addition, the 
final part of the path located in the area of the pro-
duction cave, is often not accessible in on-line con-
ditions. That is why the laser beam transport line 
must be developed with fully automatic beam posi-
tion monitoring and remote transport optics read-
justment. 
Laser beam feedback control systems exist and 
are composed of quadrant-cells photoreceivers 
and mirrors controlled in the x and y axes by pico-

time and overlapped into the ionization zone.  

 
Figure 2: ionization scheme via resonant excitation 
with a resonant laser ion source 
 
3. Description of the laser system 
the RILIS is composed of two commercial Lambda-
Physik dye lasers pumped by a Nd:YAG laser with 
a repetition rate of 10 kHz, a pulse duration of 80 
ns and 150 W average power at 532 nm. 
 
A. Layout for the future production of a copper 
beam 
The scheme used (figure 3) is similar to the one 
developed at ISOLDE [8]: 327 nm for the excitation 
step and 288 nm for ionization (using an auto-
ionizing state).  
 
 
 
 
 
 
 
 
Figure 3: Used ionization scheme for Cu 
 
To generate these two wavelengths, two Lambda-
Physik FL3002 lasers are used. They both are 
composed of an oscillator with a preamplifier and 
one or two amplifiers.  
The pump laser has two exits, both vertically polar-
ized. 50 W of green light are used for the excitation 
step and 70 W are used for the final step. 
To generate the 327 nm beam, we used DCM dis-
solved in DMSO at a concentration of 0.32 g/l that 
produces a beam at 654 nm. The red is frequency 
doubled with a non-linear BBO (beta-
bariumborate) crystal to obtain the final 327 nm 
beam. With 50 W of 532 nm, 3 W of red are ob-
tained producing 300 mW of UV after the BBO 
crystal. 
This power is sufficient to saturate the first reso-
nant step. 
For the 288 nm beam, we used rhodamine 6G dis-
solved in methanol at a concentration of 0.12 g/l 
producing a beam at 576 nm. The yellow is fre-
quency doubled with a coated BBO crystal to ob-
tain 288 nm. With 70 W of green, 7 W of yellow 
were obtained producing 0.7 W of UV (figure 4). 
After passing through a telescope behind each 

ground 
state

first 
excited 
state

higher 
excited 
states

ionization 
potential

E2

e
n
e
rg

y

0 eV E1

non-resonant 
ionization

excitation of
auto-ionizing states

excitation of
Rydberg states

thermal
radiation

12 EEh

ground 
state

first 
excited 
state

higher 
excited 
states

ionization 
potential

E2

e
n
e
rg

y

0 eV E1E1

non-resonant 
ionization

excitation of
auto-ionizing states

excitation of
Rydberg states

thermal
radiation

12 EEh

327.4 nm

287.9 nm

327.4 nm

287.9 nm

Nd:YAG

10 kHz 532 nm

Oscillator

DCM

Amplifier
DCM

50 W 70 W

Oscillator
R6G

Amplifier

R6G

Amplifier

R6G

3 W @ 654 nm

7 W @ 576 nm
BBO

BBO

0.7 W @ 288 nm

0.3 W @ 327 nm

Ionization stepExcitation step

Nd:YAG

10 kHz 532 nm

Oscillator

DCM

Amplifier
DCM

50 W 70 W

Oscillator
R6G

Amplifier

R6G

Amplifier

R6G

3 W @ 654 nm

7 W @ 576 nm
BBO

BBO

0.7 W @ 288 nm

0.3 W @ 327 nm

Ionization stepExcitation step

287.4 nm

532 nm

287.4 nm

532 nm



163 

motors. The signals of the photoreceivers are ana-
lysed and if necessary, orders are sent to the mo-
torised mirrors to readjust the position of the laser 
beam. The position can be controlled to within 10 
µm. 
We chose the laser beam feedback control sys-
tem: “Six-axis Ipico Driver kit” made by New Fo-
cus©. The signals of the photoreceivers are ana-
lysed via a LabVIEW program (National Instru-
ments©) and 3 electronics card CRIO-9215 
(National Instruments©). The complete installation 
will be tested early 2010. 
 
5. The efficiency measurement 
To estimate the efficiency, a technique consists in 
measuring the atomic flow from the ionisation tube 
at a known temperature and the number of de-
tected ions produced by the laser beams. The 
atomic flow is measured off-line using a quartz 
microbalance as described in Ref. [9].  
A copper sample is heated and the atomic flow 
effusing out of the ionisation cavity is deposited on 
a quartz crystal. The thickness of the coating is 
measured using the resonance of the quartz. Un-
der a certain potential, the quartz is resonant at a 
frequency that varies with the copper deposited 
thickness. We have measured this frequency 
variation that is directly linked to the number of 
collected atoms. 
The laser setup used is described in figure 6 and is 
composed of a Nd:YAG laser with a repetition rate 
of 30 Hz and a power of 100 mJ at 355 nm, and 
two dye lasers producing two wavelengths in the 
blue region at 498 nm and 440 nm. To obtain the 
249 nm that excites the first atomic step, the 498 
nm is doubled in frequency using a BBO crystal. 
The estimated efficiency of the whole setup is 
about 2.10

-4
 (at 30 Hz) which corresponds to 10 % 

at 10 kHz. 
This technique allows off-line efficiency measure-
ments to be performed on new ionization schemes 
before utilizing them for on-line experiments. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6: Laser setup for off-line Cu production 
 
 

6. Conclusion 
A novel Resonant Ionization Laser Ion Source is 
installed at ALTO and is ready to perform its first 
tests. After having performed on-line tests for the 
production of copper and gallium, on-line beams 
on Sn and Zn are planned. 
In order to perform the optical gain of our laser 
system, we have purchased a new Nd:YAG pump 
laser with 10 ns pulses compared with the 80 ns 
width we have now. This will enable to gain a fac-
tor 3 or 4 in the generation of the laser beams. 
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Development of the UCx target for the RIB production at Spiral2Development of the UCx target for the RIB production at Spiral2Development of the UCx target for the RIB production at Spiral2   

La production des faisceaux  d’isotopes riches en neutrons avec des intensités de 2 à 3 ordres de grandeur 
supérieures à celles fournies par  les installations existantes constitue un défi majeur pour les nouvelles 
installations comme Spiral2, SPES  et Eurisol. La disponibilité de ces faisceaux nécessite l’élaboration d’un 
travail de R&D destiné à optimiser les cibles de production en carbure d’uranium (UCx) en terme de densité 
et de porosité dans l’objectif de favoriser le relâchement efficace des fragments de fission. L’IPNO par son 
expertise et son expérience s’est engagé dans un programme de R&D mettant en œuvre une étude systé-
matique de plusieurs voies de synthèse de l’UCx. La structure physico-chimique de ces matériaux dévelop-
pés sera caractérisée. Les cibles fabriquées à partir de ces matériaux seront ensuite qualifiés hors ligne et 
en ligne auprès de l’installation ALTO. 

The ALTO group will define the infrastructure at 

Ganil and the necessary equipment for the fabri-
cation of the targets, meeting the safety require-
ments. IPNO-ALTO is also asked to furnish the 
operation procedures, to analyze the hazards 
and evaluate the amount of nuclear matter in the 
future target laboratory at Ganil. 

Synthesis of the uranium carbide material  
The most widely used ISOL targets for the produc-
tion of neutron rich nuclides are made of uranium 
carbide in graphite powder. Commonly named 
UCX, such targets have a concentration of 

238
U 

around 3 g/cm
3
 and operate at temperatures be-

tween approximately 2000°C and 2200 °C. The 
target has to be thick to fully exploit the irradiating 
primary beam and get a large variety of fission 
products. The thickness depends on the character-
istics of the primary beam: nature, energy and in-
tensity. The target must also have physicochemical 
properties which favour the fast release of re-
quested fission products. Developments are 
needed to determine an optimal solution in an is-
sue involving many parameters and antagonist 
requirements.   
These objectives will be met through the develop-
ment, exploring three synthesis ways, of new ura-
nium carbide materials meeting the needed specifi-
cations for the new generation of ISOL facilities: 
shorter diffusion pathways and improved longevity 
at high temperature under intense beam irradia-
tion. The development is organized in four related 
items, namely: 

Synthesis of the uranium carbide material follow-

ing three paths. 

Characterization of their properties. 

Ageing and evolution under beam irradiation. 

On line qualification of the manufactured targets. 

This work program is elaborated in strong collabo-
ration with the Radiochemistry and NESTER 
groups of IPNO and also with the SCR group from 
the Rennes1 university. 

Introduction 
The production of radioactive ion beams (RIBs) 
with intensities two to three orders of magnitude 
higher than current levels is the key issue of the 
next international facilities such as SPES, SPI-
RAL2 and EURISOL [1]. The realization of such 
beams requires further R & D on the production 
target and ion source system. In the case of the 
project Spiral2, the RIB will be produced by the 
ISOL technique using neutron induced fission. The 
target is designed to reach 5 10

13 
fission/s. This 

value requires a deuteron beam of 40 MeV/5 mA 
(200 kW) impinging onto a graphite converter. 
Based on its expertise and its experience, IPNO 
has been engaged since the conceptual design in 
the project. The ALTO group has in charge the 
development of the production target [2]. The main 
items of this task are summarized as follows: 

The development of a depleted uranium carbide 

fission target. The balance between a high den-
sity target and rapid fission product release is a 
complex issue; all aspects will be studied. The 
designed target will be subjected to long term 
heating. This implies the study and construction 
of a carburizing bench and a test bench to 
measure the heating performances.  

The online tests of the UCx target on the ALTO 

facility. The performances of the designed and 
manufactured target have to be determined. 

The development of oven prototypes in collabo-

ration with GANIL. GANIL is in charge of the 
mechanical study and of the fabrication of proto-
types. IPNO is in charge of the thermal simula-
tion of the target – oven system and of the tests 
of the oven on a bench at Orsay (see the contri-
bution of J.P. Mouffron et al.). 

The integration of the target to the irradiation 

station in the production building at GANIL. This 
includes the participation of ALTO in the tests 
during the commissioning phase at reduced 
power. 

IPNO Participation: S. Essabaa, N. Barré-Boscher, E. Cottereau, M. Cheikh Mhamed, B. Hy, C. Lau, 
A. Özgümüs, C. Planat, M. Raynaud, B. Roussière, V. Sladkov. 
 
Collaboration : Sciences Chimiques de Rennes, Université de Rennes 1 and GANIL  
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In the case of the arc melting process, pellets pre-
senting a single UC crystalline phase have been 
synthesized (figure 1).  

The material structure of the arc melting sample is 
cubic which is probably due to a high degree of 
sintering. The grain size is about 20 µm. The open 
porosity seems to be much less developed in com-

parison to the previous routes using oxide and ox-
alate. The scheduled measurements of porosity 
(size and distribution of pores) using the mercury 
intrusion microporosimeter will complete these 
promising results.  
The next step of the preliminary R&D phase will be 
devoted to the study of the heating kinetics on the 
material porosity and to systematic comparative 
measurements of density and porosity. 
At the end of this phase, the work will be focused 
on the mastering of the manufacturing process: 

Implementation of the technical process for 

mass manufacturing in the case of synthesis by 
the arc melting method.  

Optimization of the technical process in the case 

of synthesis from oxides. 

At the ALTO facility, the UCx targets are made by 
carbothermy of a mixture of pressed powders of 
UO2 and graphite. The PARRNe target is formed of 
140 disks with some 0.1 mm spacing between 
each disk and holds about 70 g of UCx. The disks 
are mainly formed of 20 to 30 µm grains of UC2, 
and graphite. The optimization of the synthesis of 
the UCx material will deal with the research of 
paths and thermodynamic conditions to obtain a 
material with a given stoichiometry (UC, UC2, U2C3 
…). Three synthesis routes are explored (see the 
contribution of Özgümüs et al.):  

The carboreduction and sintering in an oven 

under vacuum of a mixture of uranium oxide and 
graphite pressed at room temperature. 

The carboreduction and sintering in an oven 

under vacuum of a mixture of uranium oxalate U
(C2O4)2, 2H2O and graphite pressed at room 
temperature. 

The synthesis of UC by arc melting of a mixture 

of uranium chips and graphite followed by grind-
ing and pressing at room temperature and then 
sintering. 

Characterization of the synthesized material 
The identification, the purity and the crystallization 
quality are measured by X-ray diffraction. The 
measurements of the pore size distribution are per-
formed with a mercury intrusion microporosimeter. 
The porosity measurements are performed with a 
helium pycnometer. The specific surface area and 
the particle size of powders are measured with 
devices using the Brunauer-Emmett-Teller method 
and the laser diffusion method, respectively. The 
sintering is performed with several ovens like in-
duction or homemade graphite ones in order to 
vary the duration of the heating stage. The gases 
released from the material are measured with an 
online residual gas analyzer. A scanning electron 
microscope (SEM) is used at the Rennes facility to 
observe the size and the morphology of the grains 
and the pores. 
The structural and physicochemical modifications 
under irradiation will be also studied. The aim is to 
determine, in the first step, the critical amorphisa-
tion dose for this material by heavy high energy 
ions from the Tandem and to study the type of de-
fects created. 

First results 
A preliminary R&D work is underway to provide an 
in-depth understanding of the properties of the ura-
nium compounds versus the synthesis parameters 
and to optimize these parameters to get the best 
compromise between the density of the UCx mate-
rial and its porosity. 
By controlling the ratio of the reactants and the 
heating duration, pellets of pure UC have been 
synthesized from the oxide and the oxalate. The 
preliminary results (table 1) indicate that they have 
a higher density but a lower open porosity than the 
PARRNe pellets. 

    

 

         

a) b) 

c) 

Figure 1. SEM pictures of synthesized samples 
from uranium oxide (a), uranium oxalate (b) fused 
uranium by arc melting (c). 

Samples 
UC2 
(PARRNe) 

UC  
from ,UO2 

UC  
from  ura-
nium oxalate 

R= N(C)/N(UO2), 
N: number of moles 6 3 3 

Composition UC2 + C UC  UC 

Grain size (µm) 20 5 1-5 

Theoretical density 
 (g/cm3) 8.7 13.7 13.7 

Geometrical density 
(g/cm3) 3.7 8.5 8.1 

Total porosity 57 38 40 
Apparent density  
(g/cm3) 8.5 13.5 13.4 

Closed porosity 2 1 2 

Open porosity 55 37 38 

Table 1 
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Development of new pellets with a different 

thickness and a greater diameter. 

Control of the physicochemical properties of the 

target material after long term heating of the tar-
gets. 

Evaluation and analysis of the target degassing. 

Spectroscopic qualification of the UCx targets 
To study the release properties of the target, two 
methods are considered: on-line and off-line meas-

urements using -spectroscopy techniques. In the 

on-line method, the target maintained at high tem-
perature (up to 2200 °C) is irradiated by 26 MeV 
deuterons (n-induced fission) or 50 MeV electrons 
(photofission). The released fission fragments flow 
to the ion source through a long tantalum transfer 
line which can also be heated to reduce adsorption 
losses along the walls. They are then ionized, ex-
tracted at 30 kV and then mass separated by an 
analyzing magnet. They are finally collected on a 
mylar/aluminum tape in front of the appropriate 

detectors in order to perform -spectroscopy meas-

urements. The -ray spectra are used to determine 

the production yields along with the correlated en-
ergy and time events to study the release proper-
ties of the targets.  
The provided target in these measurements will be 
compared in the same experimental conditions to 
the reference target [3] (PARRNe) which is com-
monly used at ALTO. To reduce the generated 
waste in this R&D program, we will restrict the 
thickness of the target prototypes to 1/3 of the 
PARRNe reference one. The uranium amount 
(less than 20 g) in these conditions is sufficient to 
get reasonable statistics in the detection of the fis-
sion fragments.  
In the off-line method, the irradiation is performed 
at room temperature and is limited to some pellets. 
The release properties of the target will be de-
duced directly from the comparison of the quantity 
of radio-nuclides present in the irradiated pellets 
before and after heating. The radio-nuclides will be 

identified by the -rays emitted during their decay. 

In this way, we hope to obtain the release coeffi-
cients for some fifteen elements. Simulations of the 

expected -spectrum are in progress in order to 

check the feasibility of the measurement and de-
fine the best experimental conditions (irradiation 
time versus beam intensity, delay between irradia-
tion and measurement….). These measurements 
will be performed using equipment (Ge(HP) detec-
tor, electronics, data acquisition system) available 
at ALTO. 

R&D for the retreatment of UCx targets 
ANDRA will not evacuate the targets irradiated at 
ALTO as carbides. An R&D work has been initi-
ated with the goal to stabilize the uranium carbide 
material. Two paths can be considered: 

 The first path consists in a slow and controlled 

oxidation of UCx. The study will allow us to de-
termine the experimental conditions to oxidize 
the UCx grains. 

The second path consists in chemical or electro-

chemical dissolution of UCx. The electrochemi-
cal dissolution of UCx seems more complicated 
to implement than the chemical dissolution with 
nitric acid. 

The feasibility study of these two paths will be 
started in 2010 with the support of the radioprotec-
tion group and in collaboration with the radiochem-
istry group at IPNO. Depending on the results, the 
choice of the treatment method of the targets will 
have to be made and the conditions on a larger 
scale will have to be determined. Other laborato-
ries (GANIL, CERN, Triumf, LNL) are concerned 
with this problem and contacts are in progress to 
collaborate with them. 

Upgrade of the existing target laboratory 
The preparation of UCx targets and their coupling 
to the ion source for tests under irradiation are 
done with specific equipment in the target labora-
tory of the ALTO facility. The update of the infra-
structure is currently under study, the reception of 
the extended area of the existing laboratory being 
scheduled for the end of 2010. It consists in adding 
a surface of about 70 m² to the laboratory with con-
trolled access (figure 2).  
This surface must be decontaminable and meet 

the present safety rules. The installation will be  
equipped with an air handling unit. The preparation  
and the test bench for the target-ion source (TIS) 
systems along with the carburizing and heating 
benches for the long term heating of the TIS sys-
tems will be installed in this room. The instrumen-
tation and the necessary adaptations to integrate 
the SPIRAL2 target on ALTO will start before the 
end of 2010. 

References 
1 . h t t p : / / w w w . g a n i l - s p i r a l 2 . e u ; h t t p : / /
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2. Technical report of the radioactive beam section 
(2007, December) and M. H. Moscatello, 
SP2_RT_8125_I016540v1.0 (2009). 
3. B. Roussière et al., NIM B 194(2002) 151-163. 

 

Figure 2: layout of the target laboratory 
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The reference linear accelerator for the Myrrha ADS projectThe reference linear accelerator for the Myrrha ADS projectThe reference linear accelerator for the Myrrha ADS project   

Un système ADS (Accelerator Driven System) pour la transmutation des déchets nucléaires nécessite un 
accélérateur de 600 MeV à 1 GeV, fournissant un faisceau de protons de quelques mA à quelques dizaines 
de mA. Il s’agit donc d’un accélérateur de protons de forte puissance, avec une spécification supplémentai-
re typique des systèmes ADS: une fiabilité extrême est requise. En effet, pour des raisons liées aux 
contraintes thermiques subies par le coeur sous-critique, mais liées aussi à des questions de disponibilité 
du système, le nombre d’interruptions involontaires du faisceau doit rester extrêmement faible, inférieur à 
quelques-uns par an. Nous présentons ici la solution de référence adoptée pour le design d’une telle ma-
chine, basée sur un accélérateur linéaire supraconducteur. Ce travail a été effectué dans le cadre du projet 
Européen EUROTRANS du 6ème PCRD.  

gramme is actually to pave the road towards the 
construction of an eXperimental facility (MYRRHA) 
willing to demonstrate the technical feasibility of 
Transmutation in an Accelerator Driven System: 
this is the XT-ADS concept.  
SCK•CEN (Mol, Belgium) initiated the MYRRHA 
project in 1998. Its purpose was to design and later 
build a flexible irradiation facility as a suitable re-
placement for the existing Material Testing Reactor 
BR2 that has been operating since 1962. The new 
facility would serve both as a test-bed for transmu-
tation and as a fast-spectrum facility for material 
and fuel developments. It would operate first as a 
sub-critical (accelerator driven) system and later as 
a critical reactor.  
A Central Design Team (CDT) is presently being 
set up to further develop the engineering design of 
such a facility, which should be fully operational 
within 10 to 15 years. The CDT project is sup-
ported by the EC FP7. 

The reference ADS accelerator 
Both European ADS machine concepts require a 
high-power proton accelerator operating in CW 
mode, ranging from 2.4 MW (XT-ADS operation) 
up to 16 MW for the industrial EFIT. The accelera-
tor delivers a proton beam on a spallation target to 
provide an external neutron flux source to feed the 
sub-critical core.  
In principle, both cyclotrons and linear accelerators 
are relevant candidates to provide such beams, at 
least in the XT-ADS case. Because of several con-
ditions such as the reliability and availability target 
values and the required beam stability, and also to 
keep the same concept for both demonstrator and 
industrial machines, the use of a linear accelerator 
type is to be preferred, as already pointed out 
within the PDS-XADS project. 
The main beam specifications as established at 
the beginning of the EUROTRANS project are 
given in Table 2. At first glance, the extremely high 
reliability requirement (beam trips number) can 

The European ADS demonstrator 
The basic purpose of Accelerator Driven Systems 
(ADS) is to reduce – by orders of magnitude – the 
radio-toxicity, volume and heat load of the nuclear 
wastes before their underground storage in deep 
geological depositories.  
In this context, the EUROpean research pro-
gramme for the TRANSmutation of high-level nu-
clear waste in accelerator driven systems 
(EUROTRANS) is funded by the European Com-
mission within the 6th FrameWork Programme, 
and involves more than 40 partners (research 
agencies, universities and nuclear industries).  
It is a 5-year programme (2005-2010), extending 
previous R&D (e.g. the EC FP5 PDS-XADS pro-
ject), the activities of which are split into several 
main domains, devoted to: the advanced design of 
a transmuter demonstrator (XT-ADS) including all 
its sub components, the generic conceptual design 
of an industrial transmutation facility (EFIT), experi-
mental work dealing with the coupling of an accel-
erator, a spallation target and a sub-critical core, 
like the very low power (about 100 W thermal) 
GUINEVERE experiment, and finally, studies on 
advanced fuels for transmuters, investigations on 
suitable structural materials and collection of nu-
clear data for transmutation.  
The specifications for demonstration and industrial 
transmuters are shown in table 1.  

The main objective of the EUROTRANS pro-

IPNO Participation: J-L. Biarrotte, A.C. Mueller & the SUPRATECH team 
 
Collaboration : CEA Saclay, IAP Frankfurt, INFN Milano, SCK•CEN Mol 
 

Table 1: General specifications for European transmuters 
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ing modules “simply” have to be added at the high-
energy end of the beam line to match with the final 
energy increase, while more powerful RF power 
stations have to be installed to take into account 
the higher beam intensity; all other elements re-
main similar at first order.  
Such a solution also brings a high RF-to-beam effi-
ciency thanks to superconductivity (optimized op-
eration cost) and an excellent potential for reliabil-
ity, both in the main linac, which is designed to be 
intrinsically “fault-tolerant”, and in the front-end 
section where a hot stand-by redundant injector, 
with fast switching capability, can be installed if 
needed. An advanced reference design of this ac-
celerator has been settled during the EURO-
TRANS project, mainly focusing on the XT-ADS 
case in the MYRRHA context.  
The main characteristics of this reference accel-
erator are detailed hereafter. It is mainly composed 
of a 17 MeV injector followed by a 17 to 600 MeV 
fully superconducting linac with independently-
phased cavities. The investment cost for such a XT
-ADS machine has been assessed around 240 M€ 
(manpower and contingencies included, buildings 
and general utilities excluded).  

immediately be identified as the main technological 
challenge to achieve. As a matter of fact, the ADS 
core is designed to accept a limited number of 
emergency stops due to beam trips (about 5 per 
year, figure inspired from the PHENIX plant). This 
number, as well as the requirement of 1 second 
limit for the beam trips, has been reconsidered dur-
ing the project. Presently, the maximum beam trip 
duration has been lengthened up to 3 seconds, 
because both the XT-ADS and the EFIT cores ex-
hibit large thermal inertia due to the large LBE or 
Pb pool they offer, and to the margins that seem to 
exist with the fuel and cladding behaviour during 
these transients. The number of allowable beam 
trips has been also increased up to 10 beam trips 
per 3-month cycle in the XT-ADS case, but kept to 
the 3 per year value for the industrial application 
where availability is of prime importance.  
The conceptual design of the accelerator has been 
developed during the PDS-XADS project. It is a 
superconducting linac-based solution (figure 1), 
leading to a very modular and upgradeable ma-
chine: the same concept remains valid both for the 
XT-ADS demonstrator and for the industrial scale 
facility EFIT. Thus, in order to upgrade the XT-ADS 
accelerator into the EFIT one, additional accelerat-

Table 2: Proton beam initial specifications within EUROTRANS 

Figure 1: European ADS accelerator conceptual scheme 
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The linac injector 
The linac injector is composed of a 50 kV ECR 
proton source, a short magnetic low energy beam 
transport line and a 3 MeV 4-vane copper RFQ 
operating at 352 MHz. This RFQ, designed to han-
dle up to 30 mA CW beams with close to 100% 
transmission for all currents, is about 4.5 metres 
long, operates with moderated Kilpatrick factors 
(~1.7). This “classical” injection section is then fol-
lowed by a more “exotic” but promising energy 
booster, that is a combination of two normal con-
ducting and four superconducting CH (Crossbar H-
mode) DTL structures as shown in figure 2, bring-
ing the beam up to 17 MeV. Focusing is ensured 
by quadrupole triplets and superconducting sole-
noids inside the cryomodule containing the super-
conducting CH cavities, and a couple of re-
bunchers is used to perform the longitudinal beam 
adaptation. The design of the DTL structures is 
based on the KONUS beam dynamics concept, 
which allows excellent accelerating efficiency at 
these low energies with a net energy gain of 14 
MeV in less than 10 metres, while having very low 
power consumption in CW operation. 
Multiparticle beam-dynamics simulations of the 

whole front-end show very good beam behaviour 
and low sensitivity to errors. Moreover, the pro-
posed solution can cope with various beam cur-
rents, with very reasonable emittance growth of 
about 10% at 5 mA, and 30% at 30 mA. This 
means that the same machine design can be used 
for a low current machine (XT-ADS) and for a high 
current machine (EFIT). Only the RF power and 
the setting of the re-bunchers have to be adjusted. 
Of course, in this front-end line, the beam beta-
profile is frozen by design, so that any accelerating 
section failure will inevitably lead to a beam inter-

ruption. For this reason and in order to enhance 
the machine reliability, it is proposed, if needed, to 
duplicate the injector (at least the ion source, at 
most the whole 17 MeV front-end) to provide a hot 
stand-by injection line able to relieve the main one 
in case of failure. Note that the present MYRRHA /
XT-ADS linac design a priori foresees only one 
single injector. 

The independently-phased SC main linac 
From 17 MeV, a fully modular superconducting 
linear accelerator accelerates the proton beam up 
to the final energy. This corresponds in the XT-
ADS case (600 MeV) to a length of about 240 me-
tres from the ion source. The linac is composed of 
an array of independently-powered spoke and el-
liptical cavities with high energy acceptance and 
moderate energy gain per cavity – low number of 
cells and conservative accelerating gradients 
(around 50 mT and 25 MV/m peak fields nominal 
operation point) – in order to increase as much as 
possible the tuning flexibility and provide sufficient 
margins (about 30%) to allow the implementation 
of fault-recovery scenarios. As a matter of fact, it 
has been shown that the implementation of such 
scenarios is crucial to minimize the number of un-
wanted beam interruptions and tentatively reach 
the reliability goal of the ADS machine. In particu-
lar, a reference “fast failure recovery scenario” has 
been defined, that consists in stopping the beam 
for 1 second maximum while achieving the retun-
ing using the following sequence: 1. the RF fault is 
detected (or anticipated) and a fast beam shut-
down is triggered; 2. updated field and phase set-
points are applied on a few cavities surrounding 
the broken down one so as to compensate for the 
lack of energy gain; 3. the broken down cavity is 
quickly detuned  to avoid the beam loading effect, 
and the associated RF loop is cut off; 4. once 
steady-state is reached, beam re-injection is trig-
gered. Such a reliability-oriented design choice 
leads to an about +20% extra-length, which can be 
considered as “the price to pay” for reliability. 
The 600 MeV XT-ADS baseline linac architecture 
is summarized in table 3. This linac design has 
been optimized in terms of total length using the 

Figure 2: The reference ADS linac 17 MeV injector 

Table 3: The 17-600 MeV XT-ADS reference design 
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CEA Saclay code package. It is based on the use 
of regular focusing lattices, with not-too-long cry-
ostats and room-temperature quadrupole doublets 
in between. Such a scheme provides several ad-
vantages: easy maintenance and fast replacement 
if required, easier magnet alignment at room-
temperature and no fringe field issues, possibility 
to provide easily reachable diagnostic ports at 
each lattice location, and last but not least, nearly 
perfect optical lattice regularity (no specific beam 
matching required from cryostat to cryostat). The 
beam tuning has been performed with great care: 
phase advances are limited below 90° per lattice 
and parametric resonances are avoided, phase 
advances per meter are tuned as continuously as 
possible so as to ease the beam matching, and a 
very safe and constant longitudinal acceptance is 
kept all along the accelerator, especially at the 350 
to 700 MHz frequency jump transition. 
This “conservative” optical design leads to very 
safe beam behaviours, with low sensitivity to mis-
matched conditions or current fluctuations, and 
producing very low emittance growths (about 5%). 
No beam loss is observed in the multi-particle 
simulations, that have been performed using a 100 
000 particles input distribution, coming from the 
simulation of the 17 MeV full injector, transported 
and matched through a typical MEBT – not yet op-
timized – composed of a quadrupole triplet, a 
quadrupole doublet and 2 re-bunching cavities. 
The obtained beam envelopes are shown in figure 
3 (left).  
One has to note that in the 800 MeV EFIT linac 
case, the very same modular scheme applies, but 
a fourth family section is added to cover the 600 to 
800 MeV energy range, using 704.4 MHz super-
conducting elliptical cavities with a geometrical 
beta of 0.85. This EFIT accelerator is therefore 
longer by about 75 metres, reaching about 320 
metres overall. Due to the higher beam current, 4 
to 5 times more powerful RF amplifiers are also 
required for all cavities, leading to beam loading 
figures up to around 250 kW for the more demand-
ing high-energy cavities (instead of about 40 kW in 
the XT-ADS case). Another slight change will be of 
course the total capacity of the cryogenic refrigera-
tor, to be increased from 3.5 kW (XT-ADS case) up 

to about 6 kW @2K equivalent.  

The final beam transport line 
The objective of the final transport line is to safely 
inject the proton beam with the specified footprint – 
donut-shaped – onto the spallation target located 
inside the reactor (~25 metres deep). The line is 
composed of two non-dispersive 2×45° achromats, 
so that the beam spot position and size at the tar-
get is independent from energy jitter and spread. In 
the dispersive region of the last achromat, position 
and size monitors will be able to provide informa-
tion on proton energy variations, and to trigger a 
feedback system. Natural defocusing is used in the 
last straight line to get the desired beam spot size, 
and the footprint is then obtained by raster scan-
ning, using a redundant set of fast steering mag-
nets operated at frequencies of 50 to a few hun-
dred Hz, and acting in the two transverse direc-
tions. The calculated beam footprint on target, ob-
tained via multi-particle simulation, is represented 
on figure 3 (right).  

Conclusion 
A reliability-oriented superconducting linac has 
been identified as the reference solution for the 
European ADS concept, and an advanced design 
of the machine is proposed for the MYRRHA / XT-
ADS project, composed of a 17 MeV injector, pos-
sibly doubled, followed by independently-phased 
modular superconducting cavities with fault toler-
ance capability. Numerous R&D efforts have been 
performed during the EUROTRANS project, with 
very successful results and conclusions, especially 
on spoke and elliptical superconducting cavities 
prototyping at IPN Orsay. These activities will be 
pursued within FP7, focusing on several main as-
pects: design consolidation, investigations on a 
176 MHz injector alternative, experiments on fault 
recovery scenarios and several activities on sys-
tem optimisation (operating cryogenic temperature, 
RF system optimisation with special focus on 700 
MHz solid-state amplifiers, more detailed and rele-
vant reliability analyses...). The goal is to be ready 
for the actual construction of MYRRHA foreseen to 
start in 2015. 

Figure 3: (left) 17-600 MeV linac 95% beam envelopes; (right) beam footprint on target  
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Developments on the  superconducting SPOKE cavities Developments on the  superconducting SPOKE cavities Developments on the  superconducting SPOKE cavities    
for the EURISOL projectfor the EURISOL projectfor the EURISOL project   

Le Eurisol Design Study est un programme Européen du 6éme PCRD dédié à la R&D spécifique pour le 
projet Eurisol, la future génération de machine pour la production de faisceaux radioactifs pour les besoins 
de recherche fondamentale en physique nucléaire. L’Institut de Physique Nucléaire d’Orsay est fortement 
impliqué dans ce programme, notamment par la prise en charge de la coordination du Work Package 8 
dédié aux développements des structures accélératrices supraconductrices pour cette machine. Dans ce 
cadre, l’IPN d’Orsay a conçu et testé plusieurs prototypes de cavités de type spoke, et a développé l’en-
semble des systèmes auxiliaires tels que les coupleurs de puissance et le système d’accord en fréquence 
à froid. Un cryomodule-test dédié aux cavités spoke a été étudié et réalisé afin de mener des tests à froid 
et en puissance de cavités spoke totalement équipées, dans des conditions proches de celles rencontrées 
sur un accélérateur. Ce papier résume l’ensemble des développements et des tests menés dans ce cadre. 

4.8MV/m, a lower performance than with the β 
0.35 prototype, letting us suspect a rather impor-
tant defect on the RF surface. We took the low β 
cavity to perform the integrated test in the cryo-
module, since it was the only one to be equipped 
with its helium tank.  

The Spoke Cold Tuning System (CTS) 

The spoke CTS is an adaptation of the CTS we 
developed for the elliptical 700 MHz 5-cell cavities. 
It CTS consists in a mechanical system (figure 2) 
driven by a cold stepping motor operating under 
vacuum and a moto-reductor. The motor drives a 
ball screw, linked to a double lever arm mecha-
nism which can act on four rods attached to the 
cavity. The design was optimized to obtain high 
rigidity, the lowest possible weight and cost. The 
system includes also the possibility to use piezo-
electric actuators for the fast compensation of fre-
quency shifts. The theoretical resolution of the sys-
tem is 1 nm per micro-step, giving a frequency 
resolution of 1 Hz. Another important requirement 
is the mechanical rigidity of the CTS that should be 
much higher than the cavity rigidity in order to keep 
all the longitudinal displacement available for the 
cavity deformation. The β 0.15 spoke cavity axial 

Introduction 
Within the framework of the Eurisol Design Study, 
a European project of the 6th framework program 
dedicated to specific R&D on the Eurisol project, 
IPN Orsay has in charge an important work pro-
gram on the development of spoke cavities for this 
new generation of radioactive ion beam facilities. 
Over the 4 years of the program, IPN Orsay has 
conceived and tested several spoke cavitiy proto-
types and has developed all their ancillary compo-
nents such as the input power coupler and the cold 
tuning system. A dedicated cryomodule for spoke 
cavities was also designed in order to perform a 
complete integrated test of a fully-dressed spoke 
cavity at cold temperature and nominal RF power.  

352 MHz spoke cavities for EURISOL 
Spoke cavities are superconducting accelerating 
structures which are very promising for accelerat-
ing hadron beams up to 150 MeV/u (and even 
more). Their main advantages are the capability to 
deliver high accelerating gradients, the possibility 
to have multi-cell structures, leading to a high real-
estate gradient, and their natural stiffness 
(important parameter in the case of a pulsed op-
eration to lower the effect of Lorentz forces detun-
ing). As a matter of fact, such cold and modular 
cavities can produce, especially in the case of high 
duty cycle machines, very good accelerating per-
formance, together with very high acceleration 
flexibility and reduced operation cost. For these 
reasons, spoke-type cavities can be found nowa-
days in several reference design of high power 
linear accelerators, like EURISOL, HINS, Project X 
or ESS. Up to now, none of them have been used 
in an accelerator, but very promising results of  
spoke prototypes have been obtained in several 
laboratories. Up to now, two single-gap spoke pro-
totypes (β 0.15 and β 0.35) have been developed, 
fabricated and tested at IPN Orsay. The maximum 
achievable accelerating field for the low β cavity 
(figure 1) when tested in a vertical cryostat was 

IPNO Participation: S.Bousson, S.Berthelot, J.L.Biarrotte, S.Blivet, F.Chatelet, J.M.Dufour, P.Duthil, 
N.Gandolfo, H. Gassot, C.Joly, T.Junquera, J.Lesrel, L.Lukovac, F.Lutton, G.Olry, A.Ponton, 
E.Rampnoux, S.Rousselot, H.Saugnac, P.Szott. 
Collaboration : INFN Legnaro 

Fig. 1: The IPN Orsay β 0.15 Spoke prototype: 
3D modelling (left) and picture (right). 
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cation with the PCI bus and another for digital IQ 
demodulation, plus a circular buffer to record 
events during 100 ms. Two prototypes of such digi-
tal boards were developed by IPN Orsay, in col-
laboration with LPNHE Paris. This digital LLRF 
system was first tuned and tested successfully at 
room temperature with a copper model of the 
spoke cavity. It was then tested at 4.2K on the beta 
0.15 spoke cavity equipped with its cold tuning 
system inside the spoke cryomodule. These first 
low power measurements showed that over a short 
time, the achieved regulation precision is very 
good, with about ±0.1° rms in phase, and ±0.2% 
rms in amplitude. 

The Spoke Power Couplers 
A 352 MHz capacitive power coupler has been 
developed for the 2-gap spoke cavities to be 
mounted on the 56 mm diameter port. The coupler 

geometry is coaxial, at 50 using a warm disk 

ceramic window, as shown on figure 5. The cou-
pler is designed to be able to transfer 20 kW of RF 
power to the cavity. Two pipes located on the  
outer diameter of the window give the possibility to 
water-cool the ceramic. Several window geome-
tries were studied: cylindrical, disk (with and with-
out chokes), travelling wave. For each geometry, 
the HFSS software (Ansoft) was used to calculate 
the RF parameters, the surface field on the ceram-

ics, the bandwidth and the RF losses. Finally, the 
design based on a disk ceramic without a choke 
was chosen because it was the best compromise 
between good RF performances and simplicity, 

rigidity was estimated at 6 kN/mm. Calculations 
performed with CATIA give an estimation of the 
CTS rigidity of 162 kN/mm. This high value allows 
for 96 % of the longitudinal displacement of the 
CTS to be effectively seen by the cavity. The cold 
tuning system was first tested at room temperature 
and then at 4.2 K in the spoke cryomodule. This 
first frequency regulation in cold conditions was 
achieved successfully, with a regulation better than 
±10 Hz over several hours. No mechanical prob-
lem was observed, except for a minor hysteresis.  
The operation of the piezoelectric actuator was 

also tested successfully in cold condition, with a 
very good reproducibility and no hysteresis. The 
measured sensitivity was about 100Hz/μm, as 
shown on figure 3. Moreover, some preliminary 
fast detuning tests were performed at room-
temperature, with the view of fault-recovery sce-
narios. A fast 1.5 kHz cavity detuning was per-
formed in less than 10ms using the piezo actuators 
at 50V, with no significant instabilities during the 
transient. Given the piezo degraded efficiency at 

cryogenic temperature (about 10%), a fast 500 Hz 
cavity detuning can be expected at 4K with the 
nominal 150V excitation. This is enough to put the 
spoke cavity immediately off resonance by 3 times 
the bandwidth. 

Digital Low Level RF (DLLRF) Developments 
A DLLRF control system has been developed 
(figure 4). It is mainly composed of a down con-
verter system that allows to translate the amplitude 
and phase information from 352.2 MHz down to 10 
MHz for digitalization, associated with a PXI board 
containing two FPGA chips, one for the communi-
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Fig. 2: The Cold Tuning System for spoke resona-
tors: schematics and picture . 

Fig. 3: CTS operation using piezo-actuators at 4K 

Fig. 4: Diagram of the digital feedback system. 
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Fig. 5: Drawing of the spoke cavity input coupler. 
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it OFF during the next 2 min 30 s so that the vac-
uum goes down again; and if all parameters are 
right, the program goes on to the next higher RF 
power level.  With this procedure, it took roughly 
20 hours to condition our two power couplers 
(figure 8). In some cases, at a given power level, 
the vacuum pressure does not go below a certain 
limit fixed in the program: then the RF power is cut 
off during 10 minutes so that the vacuum goes 
down again. If the vacuum still does not decrease, 
the program then decides to return to the previous 
RF power level. Up to 7 kW, the conditioning of the 
two power couplers went very well, without any 

important increase of the vacuum pressure nor  
electron activity. Above 7 kW, we noticed an in-
tense electron activity which strongly degraded the 
vacuum. To solve this problem, the program cut 
the RF power off so that the vacuum level could be  
restored. When the vacuum was not restored 
within the assigned time, the program started 
again conditioning on the lower power level and 
this, up to 8.8 kW, the maximum available power. 

The design of the triple Spoke cavity at 352 
MHz 
In order to fit the evolution of the EURISOL driver 
reference layout, it was decided to develop a new 
spoke cavity prototype with 4 accelerating gaps (3 
spoke bars). A cut view of the cavity is shown on 
figure 9. The design was adapted from the two first 
prototypes of the single spoke cavity, but a full op-
timization work was performed in order to achieve 
the best possible RF geometry. The cavity was 
modelled using the CST Microwave studio RF 
code: a full 3D model was used, 13 main parame-
ters were scanned, representing more than 300 
computed cavities to reach the optimum value of 
the peak fields over the accelerating field ratio. The 
final result is Epk/Eacc = 4.1 and Bpk/Epk = 9.0 
mT/MV/m. The cavity is presently being manufac-
tured by the French company SDMS. 

leading to a reliable and cost-effective design. The 
computed S11 parameter is shown on figure 6: a 
value of – 57dB is obtained at the nominal fre-
quency. The coupler exhibits a very large band-
width, allowing to have standard fabrication toler-
ances. 
 

Two ceramic window prototypes were fabricated 
by the SCT Company. They were characterized at 
low power (measurement of RF parameters) be-
fore the antenna welding. After reception of the two 
complete power coupler prototypes, the assembly 
of the conditioning test bench was achieved after 
careful cleaning and final assembly of the impor-
tant parts (RF ceramic windows, coaxial part be-
tween the cavity and the window, conditioning cav-
ity) in the IPN Orsay clean room. 
The conditioning of the power coupler started on 
the warm test bench (figure 7). This important 
stage consists in feeding, step by step, the 2 
power couplers mounted in series with an increas-

ing RF power, from 0 to 10 kW. The aim is to con-
dition the RF surface to get rid of any electron 
emission or multipacting in the coupler. The condi-
tioning procedure consists in starting with a low RF 
power level and gradually increasing it. At each 
preset power level, the LabView program switches  
the RF power ON for 2 min 30 s and then switches 
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Fig. 7: The power coupler conditioning bench at 
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Fig. 8: RF power monitoring during coupler condi-
tioning (top) and parameter monitoring (bottom). 
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temperature operation point is 4.2 K but both mod-
ule and cold box have the possibility to operate 
using a depressed helium bath to perform cavity 
tests at lower temperature (typically 2K). In this 
module, the power coupler could be mounted with 
two different configurations: a vertical position 
(better for mechanical reasons), or with a 45° incli-
nation with respect to the vertical position 
(potentially better for the spoke bar cooling by liq-
uid helium). 

The integrated test at high RF power 
At IPN Orsay, the last preparation steps of this fi-
nal test were done at the Supratech platform. In 

the class 10 clean room, the  0.15 spoke cavity 

was prepared before its assembly. The cavity was 
removed from the cryomodule, underwent a high 
pressure water rinsing at 100 Bars with ultra-pure 

water (18.2 M  cm
-1 

resistivity). The power cou-

pler, dismounted under the clean room laminar 
flow from the conditioning cavity was mounted on 
the spoke cavity. The cavity/coupler assembly was 
pumped out and a final leak check was performed. 
Finally, the cavity/coupler assembly was inserted 
into the vacuum tank of the module. The external 
coaxial conductor of the coupler and the bellow 
were mounted. The cavity tuner and all the instru-

mentations were then installed (figure 11).  
The complete assembly was then installed into the 
cryogenic test stand. The INFN/LNL 10 kW power 
amplifier was connected to the module by means 
of a standard coaxial rigid RF line and the cold box 
connected to the module cryo-fluids inputs and 
outputs. The 352 MHz low level digital RF control-
ler developed by the IPN Orsay and LPNHE labo-
ratories was used to control the RF excitation of 
the cavity. For this experiment, we set the different 
parameters to simulate the operation of a coupler 
and cavity accelerating a beam (i.e. operation with 
beam loading). The coupling factor of the antenna 
to the cavity was set to 1.106. In this configuration, 
but without beam, most of the incident RF power is 
reflected into the RF line, and the maximum 
achievable field in the cavity is about 1 MV/m. The 
main objective is to test all the RF line and the cou-
pler up to the cavity flange at the nominal RF 

The Spoke Cryomodule 
To assess that spoke cavities are capable of effi-
ciently accelerating particles with the designed per-
formances, one key test consists in the cold test of 
a superconducting spoke cavity fully equipped with 
all its ancillary systems: helium tank, power cou-
pler, cold tuning system. Such a test allows to ad-
dress almost all potential difficulties in the opera-
tion of a superconducting cavity in a real accelera-
tor. The mechanical, thermal, and RF behaviour of 
the full system is tested in a cavity configuration 
close to the final one in the accelerator. 
The spoke cryomodule is composed of two main 
components (figure 10): the vacuum tank, which  
hosts the cavity and its ancillaries, a helium dewar, 

the cryogenic piping and instrumentations and the 
“cold box”, external to the cryomodule, which pro-
vides the module with the cryogenic fluids.  
The module was designed to be a laboratory test 
stand to test several spoke cavity types under sev-
eral configurations. The cryomodule was designed 
to have dimensions long and wide enough to host 

a fully equipped low or medium spoke cavity. The 

Fig. 11: Spoke cryomodule and its auxiliaries 
ready for the integrated test at 4.2 K  
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Fig. 10: Sketch of the spoke test cryomodule and 
its associated cold box. 

Fig. 9: Cut view of the final optimized geometry of 
the triple spoke cavity. 
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power. 
The main results of this final experiment are the 
following: 

The cryogenic operation of the cryomodule was 

successful: the modifications performed after a 
first cryogenic test allow to efficiently cool the 
entire system, including the cold tuning system 
(CTS), without having any important tempera-
ture differences between the cavity and the 
CTS for instance. 

The power coupler was conditioned in the con-

figuration where the power was all reflected. 
Consequently, the maximum of incidental RF 
power was limited to 4 kW. During the condi-
tioning, the level of RF power was increased 
gradually up to 4 kW. Each level of RF power 
lasted 2min30s, and if no event occurred like a 
break of vacuum or a too strong electronic ac-
tivity on the ceramic disc, the program went on 
to the following stage by increasing the level of 
RF power. The power coupler conditioning 
lasted only 2 hours. During all this time, condi-
tioning proceeded very well without being 
stopped by a possible vacuum defect or a too 
strong multipacting phenomenon. Indeed, the 
electronic activity remained in the neighbour-
hoods of 1.10

-6  
A and the vacuum pressure 

remained around 5.10
-9 

mbar l s
-1

. 

The estimated Qo (a precise measurement is 

impossible with a high RF coupling) showed 
that the magnetic shielding was efficient and 
that the power coupler has no influence on the 
cavity dissipation at low accelerating fields. 

The cold tuning system and the digital LLRF 

regulation loop could operate successfully. Nev-
ertheless, fine tuning of the whole regulation 
process (CTS + LLRF at high power) is still re-
quired before closing this high-power test cam-
paign, especially at 4K where He pressure 
variations in our cryostat are much larger and 
difficult to handle than at 2K. This remaining 
work will be achieved in 2010. 

A cryogenic test at 2K was also successfully 

performed, just to check the overall capability of 
the whole system to operate with a depressed 
helium bath. This configuration might be a very 
interesting alternative to a 4 K operation not 
only because of increased performances in 
terms of accelerating field and Qo, but also in 
terms of regulation stability (much less He pres-
sure variations).  

Conclusion 
Within the Eurisol Design Study European Pro-
gram, an important prototyping work was per-
formed on Spoke Resonators in order to assess 
their capability to efficiently accelerate intense had-
ron beams. The performances obtained on these 
accelerating structures, and also on their ancillary 
systems proved that this technology is now in an 
advanced stage, and that it is now considered as a 
reference solution for the EURISOL accelerators.  
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Cryogenic metrologyCryogenic metrologyCryogenic metrology   

Un calorimètre adiabatique sans fluide cryogénique pour la réalisation de l’Echelle Internationale de Tem-
pérature EIT-90 entre 6K et 273K. 
 
L’IPN a développé en collaboration avec l’Institut National de Métrologie (LNE-INM) un calorimètre adiaba-
tique pour la réalisation des points fixes de températures de l’EIT-90 entre 6K et 273K , ayant la particulari-
té d’utiliser comme source froide un cryogénérateur de type Gifford McMahon. Mis en service à l’INM de-
puis  Janvier 2007, plusieurs campagnes d’essais de longue durée ont permis de valider avec succès sa 
conception, ses excellentes performances permettant de réduire significativement les incertitudes décla-
rées jusqu’alors par le LNE-INM dans la réalisation des points fixes de température de l’EIT-90 entre 13K et 
84K. 

overall uncertainties in the realization of the oxy-
gen and argon triple points are almost the same as 
those obtained in the past, a strong improvement 
in the realization of the triple points of hydrogen 
and neon was achieved. The overall uncertainty 
was reduced from 2.08 mK to 0.37 mK at the hy-
drogen triple point, and from 1.40 mK to 0.30 mK 
at the triple point of neon. 
 
In the temperature range between 6 K and 24 K, 
rhodium-iron resistance thermometers were cali-
brated by comparison with calibrated thermome-
ters, and the overall uncertainty obtained was of 
the order of 0.80 mK, dominated by the uncertainty 
of the reference thermometer.  
 

Cryogen free Adiabatic Calorimeter for Tem-
perature Standards studies between 6K and 

84K. 
The 1990 International Temperature Scale (ITS 
90) is based on a series of defining fixed points:  
triple points, melting points and freezing points of 
very pure substances. The evaluation and minimi-
zation of the ITS 90 fixed points uncertainties are 
currently a very active area of research and com-
petition among leading Laboratories of Tempera-
ture Standards in the world.  
In this context, the Institut National de Métrologie, 
which realizes and maintains all temperature stan-
dards in France, has shown a strong interest in the 
development of an adiabatic calorimeter free of 
cryogen use for long term studies. A collaboration 
with IPNO to develop this equipment has been set 
up, where the interest of IPNO is to maintain the 
traceability of its reference cryogenic thermome-
ters to the ITS 90 temperature scale. 
The new calorimeter, cooled by a cryogen free 
Gifford‑McMahon refrigerator, is equipped with 
three thermal shields and two separate vacuum 
chambers, to minimize the effect of parasitic heat 
fluxes. The inner adiabatic chamber can accom-
modate either a multicompartment cell - containing 
the triple points of hydrogen, neon, oxygen and 
argon, to realize the ITS‑90 between 14 K and 
84 K - or a thermometer comparison block, for the 
calibration of rhodium‑iron (RhFe) thermometers 
between 6 K and 24 K. Several control thermome-
ters and heaters, mounted on the thermal shields 
and controlled by a computer, are used to regulate 
the temperature of the whole experimental environ-
ment. The use of a cryogen-free system and the 
fully computer-controlled measurement chain allow 
long lasting experiments and a good thermal con-
trol, bringing to a substantial reduction of the 
measurement uncertainties. 
 
In the range between 14 K and 84 K, while the 

IPNO Participation: G.Rouillé, F.Galet, JP.Thermeau 

LNE-INM Collaboration: F.Sparasci, L.Pitre, D.Truong and Y.Hermier 
 

6K-300K cryogen free Adiabatic Calorimeter 
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CRYOCOUPLEUR for CRYOTRAPCRYOCOUPLEUR for CRYOTRAPCRYOCOUPLEUR for CRYOTRAP   

Dans le cadre du projet Spiral 2, le piège cryogénique ‘CRYOTRAP’ a pour fonction de limiter fortement la 
propagation des gaz radioactifs dans les lignes de transport de faisceaux, par cryocondensation ou cryo-
sorption sur du charbon actif. Seul dispositif assurant cette fonction, CRYOTRAP est considéré comme un 
équipement important pour la sûreté (EIS).  Sa conception thermique sous contrainte de télé-opération en 
milieu fortement ionisant, en zone rouge, est confiée à l’IPNO. Des considérations de sécurité nucléaire, de 
gestion de déchets radioactifs, de performances, de fiabilité ont conduit à faire le choix d’une tête froide 
directement couplée au piège, en écartant l’utilisation de fluide cryogénique tel que l’hélium liquide en zone 
rouge. Cette solution est rendue possible, grâce à un système de couplage thermo-mécanique innovant, le 
CRYOCOUPLEUR, développé à l’IPN, permettant d’accoupler simplement la tête froide au piège à l’aide 
de bras télémanipulateur et pont robotisé, tout en permettant son refroidissement jusqu’à 10K. 

CRYOCOUPLEUR for CRYOTRAP 
CRYOTRAP is a two stage radioactive gas trap 
operating at 80K and 20K, developed for the SPI-
RAL2 radioactive ion beam facility under construc-
tion at GANIL, France. IPNO is in charge of its 
cryogenic design. This equipment is crucial for the 
safety of the facility. It will operate in a heavily ra-
dioactive zone, the so called red zone, where no 
operator is allowed at any time. Because of the 
operation in a red zone and of safety constraints, 
the use of liquid helium has been rejected. Instead, 
a 10K cryogenerator cold head will be plugged di-
rectly on the 2 trapping stages, using the newly 
designed CRYOCOUPLEUR. 
The CRYOCOUPLEUR (figure1) is a thermo-
mechanical plug that will fit any type of refrigerator. 
It was designed to allow a quick and easy assem-
bling of a refrigerator cold head to the equipment 
to be cooled when the system stands at room tem-
perature. Just by switching on the cold head, the 
CRYOCOUPLEUR cools down and establishes  
strong mechanical and thermal connections by 
virtue of its thermo-mechanical contraction proper-
ties. While being extremely reliable with its simple 
design, the CRYOCOUPLEUR allows to maintain 
the fully remote-operated system using a robot and  
manipulator. It has been successfully tested on 2 
prototypes. Its thermal contact conductance 
ranges from 676 W/m

2
K at 9K up to 1804 W/m

2
K 

at 20K. A complete CRYOTRAP prototype has 
been thermally tested at GANIL (figure 2); the first 
stage operates at 40K and the second stage at 
10K, well below the specified 80K and 20K. Be-
cause the CRYOCOUPLEUR thermal coupling is 
excellent, the temperature gradient between the 
cold head and the trapping stages is low, even un-
der large heat flux. 
 
. 

IPNO participation: G.Rouillé, F.Galet, D.Grolet 

GANIL participation: P.Dolegieviez, M.Ozille, M.Souli 

Figure 2 : CRYOTRAP for SPIRAL2 

Figure 1: IPNO newly designed CRYO-
COUPLEUR  
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SPIRAL2 Project : Cryogenic InstallationSPIRAL2 Project : Cryogenic InstallationSPIRAL2 Project : Cryogenic Installation   

Le Projet Spiral2 consiste à concevoir et à réaliser une installation pour la production de noyaux exotiques 
riches en protons ou en neutrons dans une large gamme de masses. Au cœur de la future machine, un 
accélérateur linéaire supraconducteur (linac), délivrant des faisceaux d’ions parmi les plus intenses du 
monde bombardera une cible de matière. Les réactions induites (fission, transfert, fusion, etc.) permettront 
de produire en abondance ces noyaux exotiques. 
Le fonctionnement des cavités supraconductrices de ce linac nécessite la production et la distribution de 
fluides cryogéniques, helium liquide et helium gaz. Ce système comporte d’une part un réfrigérateur helium 
pour produire de l’helium liquide ainsi que l’helium gaz à 60K nécessaire aux écrans thermiques. D’autre 
part, le transfert de ces fluides entre la production et l’utilisation requiert la conception d’une ligne transfert 
spécifique qui assure aussi le contrôle du refroidissement de chaque cavité. 

The main parameters to define such equipment 
are the total thermal loads of the system (figure n°
1) and the operating modes chosen to operate the 
cavities. In our case, another important constraint 
is the needed limited variation of pressure on the 
cavities helium bath. This as an impact on the 
pressure regulation (+/- 5 mbar) of the refrigerator 
compressors. 

This refrigerator (figure n°2) and the associated 
equipments are now ordered to AIR LIQUIDE. The 
scheduled installation start, in the SPIRAL2 build-
ing, is November 2011 with a reception test in 
march 2012.  

 

Helium recovery system 

During transition modes of the SPIRAL2 linac cryo-
genic operation (cool down, heating) or from other 
cryogenic system operating in GANIL, the return 
gas must be recovered by a specific installation. 
The gas will be first send to a big “gas bag”, which 

General Layout 

The Linac is composed of two types of cryomod-
ules (A and B) for respectively low and high energy 
section. Cryomodule A contains only one cavity 
with its own liquid helium reservoir. Cryomodule B 
contains two cavities; each one is equipped with its 
proper reservoir and related to a common small 
liquid helium buffer. To keep the superconducting 
cavities in good working conditions, they must be 
continuously filled with liquid helium and the ther-
mal shield by helium gas at 60K. As the total he-
lium consumption is important, a cryogenic plant is 
needed to re-liquefy the helium gas produce in the 
baths.   

Helium refrigerator 

The helium gas, coming from a room temperature 
compressor, is cooled down through several ex-
changers in order to reach the right temperature 
and produce liquid by a Joule-Thomson valve ex-
pansion. The produced liquid is stored in a 5000 
liters dewar before to be send to the cavities cryo-
modules.  

 

IPNO Participation: P. Blache, C.Commeaux 
 
Collaboration :  SPIRAL2 project 
 

Figure 2 : Example of refrigerator 

 4K 60K Liquid 

Linac 709 W 1600 W  

LHE 116 W 320 W  

Ganil   10 l/h 

Total  need 825 W 1920 W 10 l/h 

Refrigerator 1100 W 3000 W 10 l/h 

Security 

margin 

33 % 56 %  

Figure 1 : Thermal loads for refrigerator 
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maintain a constant recovery pressure. After that 
and using a 200 bar compressor, this gas is stored 
in a high pressure gas storage system. From this 
HP storage, it can be transferred again to the li-
quefier circuit trough a cryogenic purifier to guar-
anty the very low level of impurities necessary to 
the liquefaction loop.  

This complete system is now ordered to AIR LIQ-
UIDE with the same scheduled planning than the 
refrigerator. 

Main transfer line 

To be able to transfer cryogenic fluid from the li-
quefier to the cavities with the minimum thermal 
load input, we have to use a specific transfer line 
composed of several liquid or gas tubes sur-
rounded by a vacuum barrier. For each cryomod-
ule it is also necessary to control the different fluid 
flow, in order to manage the different behavior of 
the system. This will be done by one valve for each 
circuit. 

In these conditions, it appear quickly that the best 
compromise for this main transfer line was to built 

it as a succession of valves boxes (figure n°3) con-
nected to each others by a short classical transfer 
line. One of them (the first B cryomodule) receive 
also the connection with the liquefier done by a 
classical cryogenic line. 

The "standard" valves box (see figure n°4) are now 
in fabrication to CRYODIFFUSION and the instal-
lation, in the linac cave, in scheduled to start in 
may 2011. We have yet to ordered the specific 
valve box and the transfer line to the refrigerator.  

 

 
 

Figure 3 : Main transfer line and cryomodules 

Figure 4 : Prototype valves box 
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Helium liquefierHelium liquefierHelium liquefier   

L’hélium liquide est indispensable aux développements technologiques présents et futurs des accélérateurs 
de particules de forte intensité, pour lesquels l’IPN est devenu un acteur majeur.  Son besoin annuel excè-
de plusieurs dizaines de milliers de litres, et avoisine en 2009 les 40 000 litres. Au terme d’un marché attri-
bué en juillet 2007 à la société suisse Linde Kryotechnik AG, l’IPN s’est équipé d’un liquéfacteur d’hélium 
Linde L70,  mis en service en Novembre 2008. En réduisant de plus de 90% sa dépendance aux fournis-
seurs d’hélium sur un marché très tendu, secoué à plusieurs reprises par des ruptures d’approvisionne-
ment de plusieurs mois, l’IPN s’assure, grâce à ce nouvel équipement, une autonomie précieuse pour la 
bonne marche de ses projets. 
 

ing the actual market situation and delivery short-
age, being able to save on Helium means not only 
saving costs for IPNO, but also increasing our 

autonomy. 

 
In July 2007 Linde Kryotechnik AG, was awarded a 
contract for the design, delivery, on site installation  
and commissioning of a complete helium liquefac-
tion facility based on a L70/CSD122 plant, includ-
ing a cryogenic system to purify the feed Helium, 
storage of liquid helium (LHe) as well as a system 
to fill mobile dewars. 
 
The cold box liquefaction process is based upon a 
Claude cycle with two dynamically balanced gas 
bearing turbo expanders. The cold box being fed at 
13 bars, the liquefaction plant produces 32 l/h of 
LHe at 4.2K without liquid nitrogen (LN2) pre-
cooling, and 70 l/h with LN2 pre-cooling. A cryo-
genic purifier is integrated in the cold box to enable 
the liquefier to accept recovered helium contami-
nated with up to 10 % of air impurities. Initial purifi-
cation down to a 1 % impurity level is achieved by 
air condensation, the remaining air is then frozen 
out. The regeneration of the frozen out purifier is 
fully automatic. A user friendly control system en-
ables a full remote access to the ? L70 plant con-
trol through a web server, both from inside IPNO 
and outside. 
 
The infrastructure is completed by a helium recov-
ery system. Several collection points for the He-
lium boil-off gases have been set up. These are 
then compressed to 200 bar and stored in a bat-
tery of high pressure cylinders at a maximum 
throughput of 240Nm

3
/h. Through a underground 

high pressure line, the impure He gas returns to 
the liquefaction facility. After pressure reduction to 
30 bar, and drying, the Helium is fed again to the 
purifier of the L70 cold box. The LHe storage ca-
pacity is 3000 liters, while the simultaneous filling 
of 2 mobile dewars can reach 250l/h. 
 
Since its commissioning in November 2008, the 
supply of LHe to the projects has increased from 
40 000 liters up to 50 000 liters per year. Besides, 
the L70 also guarantees the long term availability 
of liquid helium for future projects. Due to the re-
covery and re-liquefying, the consumption of He-
lium has been reduced by at least 90%. Consider-

IPNO Participation: C.Dodray, F.Galet, G.Rouillé,  
 

The Linde L70/CSD122 helium liquefier 
plant at IPNO 
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Thermoacoustic ActivitiesThermoacoustic ActivitiesThermoacoustic Activities   

L’interaction thermo-acoustique entre un fluide soumis à une onde acoustique et une paroi solide peut, de 
manière judicieuse, permettre la génération de travail mécanique à partir de chaleur ou à l’inverse une pro-
duction de frigories ou de calories à partir de travail. L’équipe étudie, conçoit et réalise des systèmes utili-
sant l’interaction thermoacoustique pour produire du froid à des températures allant du domaine cryogéni-
que à celui de la climatisation à partir de sources de chaleur diverses (solaire, électrique...). Certaines pro-
blématiques associées à la thermoacoustique et limitant les performances de tels dispositifs sont alors éga-
lement approfondies.  

goal is to provide evidences of the energetic effi-
ciency of the thermoacoustic technology for differ-
ent applications. It brings together five public part-
ners (Energy research Center of the Netherlands, 
IPNO, University of Manchester, Nuclear Research 
and consultancy Group, Universita Degli Studi di 
Messina) and two companies (Hekyom and AS-
TER Thermoakoestische Systemen). 
Two thermoacoustic prime movers and two heat 
pumps are thus under study to provide - by cou-
pling them together - two tri-thermal machines. In 
each case, a thermoacoustic prime-mover supplies 
mechanical power to drive a thermoacoustic heat 
pump. Applications here considered are: the tem-
perature rise of low temperature wasted heat for its 
energetic re-use in industrial processes and cold 
production or natural gas liquefaction through par-
tial combustion of the gas. Working temperatures 
of those sub-systems are thus very different: one 
of the two prime-movers involves a hot source con-
sisting in a burner like air heater (T> 700°C) 
whereas the hot part of the other mover is around 
80°C; one of the heat pump works as a refrigerator 
to produce cold power at -40°C and the other one 
increases heat temperature from 10 to 80°C. 
 The challenge of those studies is to get high ther-
modynamic efficiencies for each of the different 
sub-system, i.e. more than 40% of the Carnot’s 
efficiency (the ideal efficiency of a thermal machine 
which depends only on the working temperatures). 
This implies to master the thermoacoustic design, 
the mechanical conception and to avoid the limiting 
dissipative effects that may occur in those systems 
(especially acoustic streaming).  
IPNO is thus involved in four of the seven work-
packages of this project and leads two of them. 
The first task involves Hekyom and deals with the 
thermoacoustic refrigerator design (cf. Figure 1). 
The other one concerns the measurement and the 
modeling of the induced non linear acoustic flows 
(acoustic streaming) and is carried out in associa-
tion with FEMTO-ST and NRG. Each of the four 

Context 
The thermoacoustic phenomenon arises from the 
interaction between an acoustic wave propagating 
in a compressible fluid and a solid medium. It al-
lows for the conversion of heat into mechanical 
work and vice versa for the heat transfer from a 
mechanical work source. When under control, it 
can be applied as the fundamental concept of new 
thermal machines dedicated to the production of 
mechanical, refrigerating or electrical powers. 
Those systems then prevail over others by not 
having any moving part, except a working fluid 
which is usually a pressurized noble gas without 
any greenhouse effect.    
At IPNO, thermoacoustic activities started within 
the framework of the mature collaboration with the 
Laboratoire pour la Mécanique et les Sciences de 
l’Ingénieur (LIMSI), focusing on some cryogenic 
aspects. An aspiration of the team is indeed the 
development of new systems for cooling produc-
tion at temperature levels below that of liquid nitro-
gen condensation (77K at atmospheric pressure). 
Moreover, the coming-up world awareness of get-
ting a better synergy between human activities and 
the environment preservation initiated new re-
search policies in the field of sustainable develop-
ment, especially in Europe and France. Hence, the 
thermoacoustic principle having some advantages 
in the domain of sustainable energy conversion, 
the team addressed some effort on this topic. 
Thermoacoustics is indeed tackled as a generic 
technology which may be applied in many proc-
esses. Studies that are carried out for diverse ap-
plications nurture mutually, establishing a thematic 
convergence.  

Thermoacoustic technology in energetics 
Since January 2009 and by means of the 7

th
 

Framework Programme, the EU supports the THA-
TEA project : THermoAcoustic Technology for En-
ergy Applications. This project is driven by the En-
ergy Center of the Netherlands (ECN) ant its main 

IPNO Participation:  P. Duthil, S. Ogez, M. Pierens, J.-P. Thermeau ; BE : P. Dambre et Y. Ollivier, 
AE : D. Grolet, F Chatelet, F. Dubois ; SRM : P. Loquin, L. Vatrinet. 
Collaboration : Laboratoire de Thermique Energétique et Procédés ; Laboratoire PROcédés, Maté-
riaux et Energie Solaire ; Société Hekyom ; Laboratoire d’Informatique pour la Mécanique et les 
Sciences de l’Ingénieur, Energy research Center of the Netherlands ; Franche-Comté Electronique, 
Mécanique, Thermique et Optique - Sciences et Technologies University of Manchester ; Nuclear 
Research and consultancy Group, Universita Degli Studi di Messina, ASTER Thermoakoestische 
Systemen. 
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manufactured sub-systems will be tested by mid 
2010 (midterm of the project). They will afterwards 
be optimized.  
 
 

 

 

 

 

 

 

 

 

 

 

 

 

Solar powered thermoacoustics for cold produc-
tion 
TACSOL is a project which is supported by the Na-
tional Agency for Research (ANR) in the framework 
of PRECODD 2008 (PRogramme ECOtechnologies 
et développement Durable). Initiated in February 
2009 and led by IPNO, this project is carried out by 
three public laboratories (IPNO, PROMES and 
LaTEP) and one company (Hekyom) in order to build 
up a system which pumps heat from a low-
temperature source at -40°C taking benefit from the 
concentrated solar energy ?. This device consists on 
the one hand of a thermoacoustic prime-mover dedi-
cated to convert the solar energetic radiations con-
centrated via a 12kW parabola into mechanical work. 
On the other hand, a progressive wave type ther-
moacoustic refrigerator will use this mechanical work 
to remove heat. Beyond the applicative stake of cold 
production from solar energy, the time variability of 
this source involves a rigorous energetic manage-
ment in order to regulate the cold supply. Hence, a 
global energetic model is the subject of a PhD pro-
gram to assess the time constants of the system for 
different working conditions, especially induced by 
the variation of the solar lightning (clouds crossing, 
day/night or summer/winter alternations). Moreover, 
an energetic buffer at low temperature is considered 
through a phase change process. The two ther-
moacoustic sub-systems (prime-mover and heat 
pump) entail travelling waves and, for each of them, 
the targeted efficiencies are 40% of Carnot’s ideal 
efficiency. Moreover, bringing thermoacoustics into 
the concentrated solar technology involves drawing 
up a hot heat exchanger which works at about 700°
C, absorbing the radiated energy and returning it to 
the working fluid (pressurized helium, oscillating and 

compressible gas). This assignment is part of a PhD 
program that is co-directed by IPNO and supported 
by the Graduate School of Paris XI. 

Thermoacoustic cryogenerator 
The team is also developing a cryogenerator de-
voted to pumping heat at 80K with a power of 15W. 
Based on the pulse-tube principle, which is a tech-
nology that has been industrially used over the last 
twenty years, the working frequency of this device is 
nevertheless here much higher (60Hz), placing this 
system in the sphere of thermoacoustics. The acous-
tic source which is necessary to drive this system is 
a linear motor, a kind of linear alternator acting in a 
reverse manner: two pistons are moved alternatively 
by means of an alternating magnetic field producing 
pressure fluctuations. An original geometric choice 
allowed to place the elements of such a cryogenera-
tor in a coaxial configuration in order to gain com-

pactness, weight and to easily reach the cold point 
(cf. Figures 2 and 3). Helium is here again used as 
the working fluid, being pressurized at a pressure of 
about 25 bars. 

High power demonstrator  
The team also persists to develop a high power ther-
moacoustic prime-mover which may deliver several 
kW of acoustic power to drive a pulse tube. Involving 
stationary waves, its potential power placed it at the 
third place in the world. However, difficulties encoun-
tered during the tests, raised some new research 
areas which are still under study (determination of 
the quality factor of large acoustic resonators, con-
vection in a 2D cavity differentially heated and par-
tially filled with a stack of plates).  
  
During the last two years, these thermoacoustic ac-
tivities took place in the instruction of an engineer 
student who successfully graduated in 2009.  
 

Figure 1— THATEA WP2 : the thermoacoustic re-
frigerator. The expected performance is 40% of Car-
not’s efficiency at –40°C. 

Figure 2—External view of the thermoacoustic 
cryogenerator dedicated to pumping 15W of heat  
at 80K. 
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SubSubSub---kelvin refrigeration and PLTSkelvin refrigeration and PLTSkelvin refrigeration and PLTS---2000 thermometry2000 thermometry2000 thermometry   

 
Le groupe Liquéfacteur Hélium mène avec succès le développement d’un système de réfrigération très 
basses températures 20mK-30K. Il s’agit d’une première à l’IN2P3, où par ailleurs les projets nécessitant 
l’emploi de très basses températures sont récurrents: cibles polarisées (HYDILE, POLAREX), détection 
bolométrique (EDELWEIS). Notre réfrigérateur nous permet de compléter notre expertise pour l’étalonnage 
de thermomètres vers les très basses températures, en collaboration avec l’Institut National de Métrologie 
LNE-INM. Sa conception originale repose sur un insert à dilution 3He-4He refroidit par un insert gaz 4He 
pompé à température variable. Les performances obtenues démontrent une bonne maîtrise dans la  fabri-
cation très délicate des échangeurs de chaleur ainsi que des pertes de charges. 

Sub-Kelvin refrigeration: development of a 
20mK-30K variable temperature 

3
He-

4
He refrig-

erator. 
Since 2005, we have undertaken the development 
of sub-Kelvin refrigeration technologies with the 
goal of acquiring this particular known-how. Appli-
cations range from the calibration of sub-Kelvin 
thermometers in collaboration with the Institut Na-
tional de Métrologie, to the cooling of cryogenic 
targets or detectors for nuclear physic experi-
ments, and NMR studies. 
We have designed and built in house a 

3
He-

4
He 

refrigerator which combines in one system a 
3
He-

4
He dilution insert with a pumped 

4
He gas variable 

temperature unit. This particularity allows our re-
frigerator to operate in a very wide range of tem-
perature, continuously from 20mK up to 30K. Its 

cooling power ranges from 1 W at 31 mK up to 50  

W at 120 mK. The construction of a silver powder 

type heat exchanger to reach temperatures below 
10mK is our next goal. The cryostat can be fitted 
with a 8T magnet. 

Sub-Kelvin thermometry 
Introduced in 2000, the Provisional Low Tempera-
ture Scale (PLTS-2000) extends the earlier tem-
perature scale ITS-90 from 0,65K down 0,9 mK. To 
transfer the PLTS-2000 temperature scale, the 
Institut National de Métrologie has especially de-
veloped a new type of thermometer, based on the 
properties of sound propagation in dilute solutions 
of 

3
He in superfluid 

4
He: the Second Sound Ther-

mometer (SST). This instrument has been exten-
sively studied using the PLTS 

3
He melting curve 

thermometer, below 0,7K down to 20mK. An INM 
SST thermometer is being installed in our dilution 
refrigerator as a primary thermometer to provide a 
local PLTS-2000 scale, for metrological purposes. 

IPNO Participation: G.Rouillé, F.Galet 

LNE-INM Participation: F.Sparasci, L.Pitre 

IPNO made 20mK 3He/4He refrigerator 
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Development of a TE011 cavity for RF characterization Development of a TE011 cavity for RF characterization Development of a TE011 cavity for RF characterization    
of superconducting thin filmsof superconducting thin filmsof superconducting thin films   

Les cavités supraconductrices en niobium massif du type TESLA ont actuellement atteint leurs performan-
ces RF ultimes en termes de facteur de qualité et de gradient accélérateur. Les couches minces supra-
conductrices (NbTiN, Nb3Sn)  et les multicouches nanométriques déposées par la technique ALD sur un 
substrat en niobium constituent une alternative aux cavités Nb. Un banc de test dédié à la caractérisation 
de telles couches minces a été étudié et réalisé. L’objectif de notre programme expérimental est d’avancer 
dans la compréhension des propriétés des couches minces supraconductrices afin d’en améliorer les per-
formances RF et d’optimiser les procédés de réalisation et de post-traitement. Le cœur du banc de test est 
une cavité cylindrique dite TE011, à fond démontable et opérant à deux fréquences (3.9 GHz et 5.2 GHz). 
La cavité a été conçue, fabriquée puis a subi les traitements préalables aux tests cryogéniques. Le systè-
me thermométrique associé est en cours de réalisation et l’ensemble sera testé prochainement. 

tion with Saclay. The main advantages of the ther-
mometric method, as compared to the standard RF 
method, are twofold: a) it is local absolute and di-
rect, b) it is more sensitive by a factor ~20. The 
electromagnetic design of this cavity, which is simi-
lar to that developed by Saclay group, was per-
formed using CST Microwave Studio code (MWS). 
As compared to Saclay cavity, the upper flange of 
the cavity is replaced by a hemispherical dome 
which allows  to shift away the degenerate mode 
TM111 mode from the TE011 mode by 50 MHz.  
The computed surface tangential field map in the 
TE011 mode at a frequency of 3.85 GHz is illus-
trated in Fig. 1.  
 

 

 

 

 

 

 

 

Fig. 1 Computed tangential surface mag-
netic field in TE011 mode 

Moreover, the surface magnetic radial profile HS (r) 
on the test-sample, which is reduced to its radial 
component, is simply given by an analytical ex-
pression: 
 
 
 
 
Where J1 is the Bessel function of first order and 
k= p11/rcav with p11 the first root of J1(x)=0 and rcav 

the cavity radius. The RF surface magnetic field  
radial profile on the sample is maximum at the mid-
radius r= rcav/2 and is null at r=0 and r=rcav. The 
cavity was fabricated in the industry by spinning, 

Introduction  
SRF cavities  based on superconducting thin films  
are still considered as an alternative fabrication 
scheme to standard high purity bulk niobium cavi-
ties for future high energy accelerators . Thin films 
SRF cavities are economically attractive and offer 
several technical advantages, as compared to bulk 
niobium resonators (e.g., lower BCS losses, no 
quench or thermal breakdown, cost effective, much 
reduced sensitivity to Lorentz detuning). Unfortu-
nately, the poor RF performances (i.e., high 
losses) at high RF fields obtained so far with sput-
tered Nb thin films cavities hamper their use for 
high accelerating gradient Eacc applications (e.g., 
for ILC Eacc>30 MV/m is required at 800GeV en-
ergy) and/or low loss machines (e.g., C.W ma-
chines). Moreover, recent theoretical studies on 
superconducting multilayer coatings deposited 
onto Nb substrate (e.g. sandwich like alternating of 
layers superconductor-dielectric-superconductor 
with thickness smaller than the London penetration 
depth and critical parameters  higher than those of 
niobium) and preliminary experimental studies on 
multilayer samples produced by Atomic Layer 
Deposition  (ALD) technique suggested  that a fac-
tor two could be gained on the ultimate Eacc and a 
factor  three on the unloaded quality factor Q0  as 
compared to bulk niobium resonators. In order to 
understand the decrease of Q0 for sputtered super-
conducting films and to investigate the RF proper-
ties of new superconducting materials produced by 
ALD or vacuum arc deposition technique, we de-
veloped a new test stand.  

Design  and preparation of the TE011 cavity  
The heart of  this new experimental device is a 
cylindrical bulk niobium TE011 cavity with remov-
able test sample (disk of 126mm O.D). This cavity 
allows measurements of the surface resistance RS 
of superconducting films  by two methods: 1) the 
standard RF method, 2) Thermometric/Calorimetric 
method developed several years ago in collabora-

IPNO Participation: M. Fouaidy, G. Martinet, N. Hammoudi, S. Blivet 
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Fig. 3: Numerical simulation thermal 
model 

The thermometric part (Fig. 4) includes a dis-
mountable assembly of a heater and 30 ther-
mometers enclosed in a vacuum insulation jacket. 
These thermometers are maintained in good ther-
mal contact with the back-side of the test-sample 
by means of copper-beryllium springs.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4: The thermometric system 

Conclusion 
A TE011 bulk niobium cavity with removable end 
plate was fabricated, prepared, fully equipped  and 
is ready for cryogenic tests. The thermometric sys-
tem is under preparation, well in progress and will 
be tested in the near future. This test stand  will be 
used for studying the RF properties of various su-
perconducting materials (thin films, ALD deposited 
multi-layers) at two frequencies (3.85  and 5.12 
GHz). This powerful diagnostic tool will help to un-
derstand the behaviour of these new materials 
when subjected to strong RF magnetic fields and 
to progress in the development of superconducting 
cavities of higher performance than bulk niobium 
resonators which already reached their ultimate RF 
performances. 

rolling and electron beam welding: a RRR=300 
bulk niobium sheets of 4 mm thickness was used 
for this purpose. Standard Ti CF16 flanges with 
copper gaskets are used for RF coupling ports and 
pumping line, while a NbTi flange is used for 
mounting the sample on the cavity with 1 mm di-
ameter indium gasket. Finally, two magnetic RF 
couplers for incident and transmitted RF power to 
the cavity were designed and fabricated at IPNO. 
These two RF couplers were tested at room tem-
perature. The dynamic range of the external cou-
pling vary from 10

6
 to 10

11
 when the penetration of 

the coaxial line in the coupling port is varied by 21 
mm and these data are in good agreement with 
computed results (analytical and MWS code simu-
lation).  Finally the cavity and the niobium test 
sample were chemically etched by the standard 
BCP (removed thickness: cavity ~80 µm, test sam-
ple ~65 µm),  subjected to high pressure (e.g ~100 
bars) ultra-pure water rinsing, then dried in clean 
room prior to mounting with a cold valve. A photo-
graph showing the cavity equipped with the cou-
plers and ready for mounting on the insert for low 
temperature tests is presented in Fig. 2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 TE011 cavity ready for cryogenic 
tests  

Thermometric system  
The principle of the method is based on numerical 
simulation performed with a thermal code. In the 
simulation model used (Fig. 3), the test-sample 
which is cooled on the outside rim only, is either 
subjected to a static heater power or to RF losses 
induced by the surface magnetic field HS. The two 
simulated radial heating profiles, when the sample 
is subjected to a static heater power (heater di-
ameter:12mm) or to RF losses are exactly the 
same for r>40mm, if the total static power and the 
total RF power dissipated on the test-sample are 
equal. Consequently, from the very precise meas-
urement of static power (Joule heating), we can 
deduce the total dissipated RF power PRF on the 
test-sample for a given HS. Then, the surface resis-
tance RS could be calculated using the well known 
relation ship: 
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The measurement of the position and phase The measurement of the position and phase The measurement of the position and phase    
of the linac beam for SPIRAL2of the linac beam for SPIRAL2of the linac beam for SPIRAL2   

Le système de mesure de la position transverse du centre de gravité du faisceau est un élément essentiel 
de l’instrumentation faisceau d’un accélérateur de particules. L’accélération du faisceau d’ions par le Linac 
de SPIRAL2 nécessite le contrôle et le  maintien précis de cette position au plus près de l’axe central longi-
tudinal de la machine. Grâce à cette mesure les pertes de faisceau dans la machine seront également mi-
nimisées. 
Nous avons choisi un système de mesure basé sur l’utilisation d’électrodes capacitives sensibles au champ 
électrique accompagnant le faisceau le long de son parcours à l’intérieur du tube à vide de la machine. Le 
système proposé et décrit dans cet article comprend un ensemble de vingt électrodes dont la conception 
mécanique et électrique doit permettre un contrôle de la position du faisceau avec une précision meilleure 
que 0,15 mm. 

inserted in the vacuum pipe  inside the quadru-
poles which will be buried at their turn in the quad-
rupole magnet. The LINAC will be equipped with 
20 of these BPM sensors. 

The Beam Position Monitor sensor. 
A BPM sensor has four electrodes that couple to 
the beam through the image charge produced by 
the beam.  
Due to the beam characteristics, the design criteria 
of the BPM sensor were the followings: 

The extremely compact section at room tem-

perature of the LINAC leads to install the 
BPM in one arm of the « diagnostic box ». 

The BPM sensor must exhibit a high resis-

tance to baking at 125 °C and withstand the 
high activation level of the LINAC environ-
ment. Therefore few materials may be con-
sidered : stainless steel and ceramic. 

After considering several possible BPM designs, 

the best solution is the capacitive electrode (figure 
2). The four 48 mm diameter electrodes (two dia-
metrically opposite horizontal locations for the hori-

General presentation of the LINAC  
The SPIRAL2 project aims at producing exotic 
beams in a large range of masses. The driver of 
this machine is a superconducting linear accelera-
tor (Linac) . It will deliver very high intensity ion 
beams : 1 mA for Q/A= 1/3 ions at 14.5 MeV/amu 
and 20 MeV /amu for deuterons.  
The superconducting Spiral2 Linac is composed of 
two types of cryomodules A and B respectively for 
lower ( β = 0.07) and higher (β = 0.12) energy sec-
tions. There are 12 cryomodules of type A and 7 of 
type B containing one quarter wave super conduct-
ing resonator (type A) and two quarter wave super-
conducting resonators (type B) . According to 
beam dynamics calculations, all the cavities oper-
ate at 88.052 500 MHz . 
A doublet of magnetic quadrupoles is installed be-
tween the cryomodules for the transverse horizon-

tal and vertical focusing of the beam.  In order to 
save room, the Beam Position Monitors (BPM) are 

IPNO Participation: P. Ausset, Ph. Blache, Ph. Dambre, J. Lesrel, E. Marius, E. Rauly. 
Collaboration :  SPIRAL2 - GANIL  
 

Figure 1: Details of the LINAC diagnostics 
box . On the left the BPM is visible.  

Figure 2: Capacitive electrode assembly for the 
SPIRAL2 Linac .  
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the range of ± 1.5% and therefore that the 
four electrodes of the same BPM sensor are 
virtually mechanically identical. These re-
sults are quite satisfactory and lead to con-
clude that the mechanical design, the ma-
chining and the assembly ( including the 
brazing process of the electrodes on the 
feedthrough) are nearly as best as possible. 
This similitude of the electrode mechanics 
was one of our most important initial require-
ments.  

Test were also carried out in the time do-

main reflectometry to appreciate the behav-
iour of the BPM at high frequencies. These 
measurements point out several electric re-
flections which lead to focus on an inade-
quate impedance of the feedthrough. The 
analysis of the brazing process of this 
feedthrough is under evaluation at this mo-
ment in order to reset its impedance close to 
the nominal value of 50 Ω. 

Since the BPM will sense low velocity beam 

(Table 1), wire based calibration will not give 
a proper calibration curve. However a test 
bench has been designed and built at IPNO 
(Figure 3) to evaluate the harmonic fre-
quency response of the electrodes and to 
estimate the difference between the electric 
and the mechanical center of the electrodes. 

 

 

 

Conclusion 
The results obtained with the first BPM prototype 
of the SPIRAL2 Linac are promising  and we are 
now on the way to launch the fabrication, in 2010, 
two others BPM blocks to serve as pre-series. 
 
 

zontal plane and two other ones at 90° for the ver-
tical plane), are located in a small cavity flush with 
the inner wall of the chamber. In this way no per-
turbating resonance is expected. Each electrode  
is 39 mm long and covers a subtented angle of 
60°. They are brazed at their center on the end of 
the central rod of a 50 Ω feedthrough. The other 
end of this feedthrough is terminated with a re-
verse male polarity 50 Ω SMA connector so as to 
fit in the available tiny space left by the poles of the 
quadrupole. These feedthroughs have been care-
fully designed in order to avoid reflections on the 
coaxial line. 

The calculation of the BPM output signals   
The Linac accelerates deuterons, protons, heavy 
ions (Q/A = 1/3). The main characteristics of these 
beams are summarized in table 1.  
The amplitudes of the output signal of the BPM 
sensor have been calculated considering a longitu-
dinal gaussian charge distribution of the bunch the 
rms length of which is given in table 1 and the total 
charge corresponding to a 5 mA intensity beam.   
The signal induced by the bunch passing through 

the sensor and delivered by an electrode is bipolar. 
Its duration depends on the beam velocity and its 
period is the radiofrequency one. Its Fourier trans-
form exhibits four significant harmonics. Therefore 
we can contemplate an associated electronics 
working on the fundamental frequency (~ 88MHz) 
or on the first harmonic ( ~ 176MHz ). The calcu-
lated sensitivity to the displacement of the beam in 
two opposite directions was found to be equal to 
1.5 db/mm.  
Beam position monitors can also deliver informa-
tion about the phase of the beam. Calculations 
were also performed based on the vector sum of 
the four voltages delivered by the BPM sensor to 
deliver a phase signal to tune the cavity. In addi-
tion the beam energy measurement may be drawn 
from two consecutive BPM. 

Experimental results on the BPM prototype 
A first prototype of the BPM block was built and 
tested at IPNO.  

The first measurements deal with the elec-

tric capacity of each electrode and show that 
these capacities differ from one another in 

 Energy: 1,46 MeV at the 

entrance of the LINAC 

Energy:  40 MeV at the 

exit of the LINAC 

Entrance 
of the 

LINAC 

frontier be-
tween the two 

types of 

cavities 

Exit of the 

LINAC 

Energy  MeV 1.46 8.6 40 

β 0.0395 0.095 0.204 

bλ (cm) 13.46 32.37 69.52 

Bunch phase extension 

(°), 5σ,   I=5 mA 
± 30 ± 10 ± 4 

Table 1 : Example of beam characteristics for a 
deuteron beam accelerated up to 40 MeV  

Fig 3 : Test bench for the BPM Block 
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A diamond detector for beam diagnostic (SPIRAL2 PP)A diamond detector for beam diagnostic (SPIRAL2 PP)A diamond detector for beam diagnostic (SPIRAL2 PP)   

L’accélération et le transport  des faisceaux de haute puissance moyenne  nécessitent l’emploi de diagnos-
tics de faisceau adaptés permettant le réglage de l’accélérateur. Pour le LINAC de Spiral2, la maitrise de la 
forme des paquets de particules est en particulier essentielle. Il  a été décidé d’évaluer les performances 
d’un détecteur  diamant pour contrôler ce paramètre. Ce type de détecteur présente des caractéristiques 
mécaniques et électriques particulièrement intéressantes pour l’obtention des performances souhaitées. Sa 
tenue aux rayonnements est en outre bien supérieure à celle du silicium. Ce détecteur  fabriqué avec de 
nouveaux types de contacts métalliques a été caractérisé avec une source alpha puis utilisé dans une ex-
périence préliminaire au tandem d’Orsay, avec des protons de 8 MeV. L’expérience a permis d’une part de 
mesurer la longueur de paquets de faisceau, et d’autre part de valider la méthode d’analyse, basée sur les 
signaux de courant issus du détecteur diamant sous irradiation. 

irradiation (see Fig 1), with a bias voltage of 500V 
applied.  

 A preliminary experiment 
An experiment was held at Tandem, IPNO.The 
objectives were to measure the bunch length of a 8 
MeV proton beam using the time property of a dia-
mond detector. A PACI preamplifier developed for 
FAZIA project and largely described [2] was used 
to read out the detector. The diamond detector 
feeds the PACI  which provides both charge and 
current signal outputs (300 MHz bandwidth). The 
bunch length measurements have been performed 
for pulse duration of 100ns. 
The principle of the time measurement is descri-
bed as follow: the pulsation signal and current si-
gnal are respectively sent to the oscilloscope 
(Tektronix, 8 bits, 1GHz, 10 GS/s). The trigger is 
set on the current signal channel to save disk spa-

ce (no pulsation event without current signal was 
registered). For use, the pulsation signal is de-
layed. This delay time is added to the 700ns due to 
cabling and is adjusted to fit the particle energy 
(TOF). The difference between the arrival time of 
the current pulse and the delayed pulsation signal 

A diamond detector for beam diagnosis 
The tuning of high average power beam linear ac-
celerator requires to monitor carefully the characte-
ristics of the delivered beams in particular in the 
longitudinal phase space. The particle spill time 
structure is one of the relevant parameter needed 
to be analised for all kinds of accelerated ion spe-
cies. The bunch duration of these beams lies in the 
range of  few ns and therefore time resolution well 
below one ns is needed for the beam diagnostic. In 
addition to very attractive mechanical, thermic cha-
racteristics and high radiation resistance, diamond 
detectors exhibit high counting rate capability and 
may allow us to contemplate the design of very 
short rise time  response signals detectors. For this 
purpose, it has been  then decided to carry experi-
ment with diamond detector under the beam of the 
IPNO Tandem. 

Characterization of  diamond detector 
A new kind of diamond detector was characterized 
for the experiment. It is a high purity monocrystalli-
ne diamond detector fabricated by using new elec-
trical contacts [1] . Because of its radiation hard-
ness, it is preferred to silicon for high radiation en-
vironmental conditions as beam diagnostic. The 
diamond detector used in the experiment has an 
active area of 4x4 mm² and a thickness of 500 µm. 
It was characterized, by measuring an energy re-
solution of 50 keV under 5.5 MeV alpha particle 

IPNO Participation: P. Ausset, L. Lavergne, G. Martinet, E. Rauly, A. Saïd,  A. Semsoun, V. Le Ven, 
B. Waast. 
Collaboration : Huelva University ( Espagne): Jose DUENAS, Ismael MARTEL  
 

Fig 1: Alpha Spectrum with 
239

Pu,
241

Am, 
244

Cm 
FWHM(@5.5MeV) ~50 keV 

Fig 2: 10 events of acquired signals from the 
oscilloscope. Current signal (top) and pulsation 
signal (down) are saved. 
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was calculated. The delay depends on the particle 
velocity (energy) and is chosen to encode both 
pulsation and current signals in the same encoding 
window of the oscilloscope (duration nearly 400 
ns). Figure 2 shows typical acquired signals. For 
each signal, we take into account the offset time 
given by the oscilloscope. By this way we measure 
the time of flight distribution of the incoming parti-
cles.  

Conclusion 
Regarding the conditions of experiment and the 
small amount of relevant events, it highlights time 
measurements : 95±5 ns (see fig 3) for the peak at 
higher amplitude and energy (uncertainty comes 
from statistic only). The measurements are consis-
tent with time of flight calculation and energy los-
ses. With more statistic and well defined incident 
particles, the method is expected to reach better 
than 500 ps regarding the encoding resolution and 
signal processing (sampling time: 50 ps). Another 
experiment will be performed in 2010. 
 

 

 

 

 

 

 

References: 
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Fig 3: distribution of time difference for 
selected events (higher energy and higher 
amplitude). 
The bunch length is equivalent to the dis-
tribution width :  95±5 ns  
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Digital Low Level Radio Frequency system Digital Low Level Radio Frequency system Digital Low Level Radio Frequency system (DLLRF)(DLLRF)(DLLRF)   

Dans le cadre des projets de recherche européens EUROTRANS et EURISOL sur les accélérateurs de 
protons à haute intensité et plus particulièrement pour la R&D sur les cavités supraconductrices SPOKE, 
un système dit « RF bas niveau digital » a été développé à l'IPN  en collaboration avec le LPNHE. Les prin-
cipales options de conception et certains résultats préliminaires ont été présentés dans le précédent rap-
port d’activité. Depuis, plusieurs tests ont été effectués à faible puissance (jusqu'à 300W) permettant de 
développer le banc d'essai, l'acquisition et le système de supervision. Nous avons aussi effectué un  test 
sur une cavité intégrée dans un cryomodule avec l’amplificateur de puissance de 10KW  associé, pour les 
besoins du projet SPIRAL2 . En parallèle, un second prototype de carte numérique a été développé et testé 
à température ambiante. Les premiers prototypes de cartes RF (down converters) @88MHz, 352MHz et 
700MHz sont en cours de câblage et  de test. 

(Field Programmable Gate Array), one for the com-
munication with the PXI bus and the other one 
dedicated to the IQ demodulation, digital signal 
processing and memorization of data in a 100ms 
depth circular buffer (figure 2) .  

The second prototype is composed of a mother 
board for communicating and processing associ-
ated to an analog daughter board for adapting and 
digitalizing signals (figure 3).  

In fact, this whole system is always composed of 
two FPGAs (PXI interface and processing unit) but 
there are five different ADC and  three DAC (14 

Context 
Within the framework of the current European re-
search programs EUROTRANS [1] and EURISOL
[2] on High Intensity Proton Accelerators, and par-
ticularly for the R&D on superconducting SPOKE 
cavities, a Digital Low Level Radio Frequency sys-
tem is developed at IPN Orsay in collaboration with 
LPNHE Paris, both IN2P3-CNRS laboratories. The 
main design options and some preliminary results 
were presented in the previous activity report [3] .  
Since this report, several tests at ambient tempera-
ture and 4.2 Kelvin have been performed at low 
power (up to 300W) allowing to develop the test 
bench and  the acquisition and supervision system. 
The work presented focuses on the test results of 
the second version of the digital board with its ac-
quisition and supervision system. Concurrently, we 
will present the tests of the complete system at 
high power (up to 10kW) in cryomodule conditions 
for the SPIRAL2 cavities (@ 88MHz) and the de-
velopment of the RF boards in progress. 

Digital boards 
The prototypes of the digital board have been de-
veloped by the LPNHE lab with a LABVIEW® 
driver for each of them. (figures 1 and 3) 
 
 
 
 
 
 
 
 
 
 

The first prototype is composed of 4 Analog to 
Digital Converters and 2 Digital to Analog Convert-
ers (14 bits @ 80 MHz). There are also two FPGA 

IPNO Participation: C. Joly, J-L. Biarrotte, S. Bousson, J. Lesrel, S. Berthelot, J-F. Yaniche  
Collaboration : O. Le Dortz, H. Lebbolo, D. Martin (LPNHE) 
 

Figure 3: V2 board with analog mezzanine  Figure 1: V1 digital board   

Figure 2: V1 board block diagram 
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Since the dedicated 88MHz RF Boards were not 
yet achieved, it was necessary to modify the down 
converter system to operate at 88MHz . 
The cavity was subject to disturbances in ampli-
tude (3%) and phase (±4°). The Cold Tuning Sys-
tem guaranteed a frequency regulation of ±5 Hz 
with the phase error data provided by the DLLRF 
system.  

This test has allowed to validate the DLLRF sys-
tem operating at 88MHz, the new supervision inter-
face and several processes and finally to test the  
class C amplifier in regulation (figure 7).  

Radio Frequency down converter system 
Our down converter [3] is composed of RF coaxial 
modules integrated in a 19’’rack and operating at 
352MHz or 88MHz with minor modifications.  

We are developing the same system in PCB for-
mat except for the 80MHz clock. We mainly use  
Surface Mount Devices (SMD) which have the 
same style case at 88MHz, 352MHz and 704MHz.  
The difficulties consist in the realization of con-
trolled impedance PCB with reduced cross-talk 
and RF spurious. 

bits @ 80MHz) for one basic additional regulation 

loop (figure 4). The FPGA processing add-ons are 
Finite Impulsion Response (FIR) filters, and em-
bedded NIOS II softcore processor ALTERA® for 
slow control operations.   

Comparison results at 300K 

The digital measurements as shown on figure 5 
suggest that the results are very close to the re-
quirements for the V2 system. The improvements 
are mainly due to the 1MHz low pass band FIR 
filters  to the detriment of the latency. 

Test of the V1 DLLRF system at 88MHz  
Regulation with the V1 board was evaluated in re-
alistic conditions on SPIRAL2 B cryomodules[4,5] .  

Figure 9: RF PCB prototypes 

Figure 4: V2 digital board Block Diagram   

Figure 5: Comparison of both version systems 

Figure 6:  B Cryomodules test setup at IPNO 

Figure 7: Relative errors vs the accelerating field 

Figure 8: Down converter system (19’’rack) 
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The TEKTRONICS  CSA 803C equipment allowed 
us to measure the impedance of our PCB, which  

is around 49  between the SMA connectors 

(figure 12). We will try in our next boards to mini-
mize the impedance mismatch caused by the con-
nectors.  

Conclusion 
In the near future, a second prototype of the mez-
zanine board will be tested and three RF down 
converter prototypes will be available. Simultane-
ously, we will develop a RF station allowing to test 
several scenarios of fault tolerance with 2 DLLRF 
systems. 
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Some calculations and simulations have been real-
ized to determinate the 50 Ohm controlled imped-
ance PCB design. We have used ANSOFT De-
signer®  (figure 10) for a first approximation before 
using POLAR INSTRUMENTS Si8000® and AN-
SOFT HFSS®  for a better accuracy and compari-
sons.   

The POLAR INSTRUMENTS Si8000® (figure 11) 
and ANSOFT HFSS® softwares give similar re-
sults for our PCB configuration . 

The preliminary tests of two RF board prototypes 
realized in December 2009 demonstrate a ±2% 

controlled impedance at 50  and the expected 

operation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 10: GCW design Calculator 

Figure 11: trace width vs. dielectric constant  r 

Figure 12: Impedance measurement 

SMA Connector effects 
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Development of a computer code for 3D simulation Development of a computer code for 3D simulation Development of a computer code for 3D simulation    
of multipacting in RF cavitiesof multipacting in RF cavitiesof multipacting in RF cavities   

Dans le cadre d’études du multipacting dans les cavités supraconductrices développées au pôle Supratech 
de l’IPNO et dans les coupleurs développés au LAL, un code de simulation est en développement. Les for-
mes des cavités étant de plus en plus complexes, l’écriture d’un code simulant le phénomène physique en 
3 dimensions est nécessaire. Le multipacting est un accroissement  du nombre d’électrons générés par 
émission secondaire. Lorsque les trajectoires sont résonnantes, il peut y avoir création de décharge ou d’u-
ne avalanche électronique causant une perte de puissance et un échauffement des parois. Dans les struc-
tures supraconductrices, une forte hausse de la température peut conduire à une rupture thermique. On 
comprend donc l’intérêt du développement d’un tel code. Pour avoir une certaine convivialité dans l’utilisa-
tion du code, celui-ci est écrit avec ADA, langage orienté objet .  

 
 
 
 
 
 
 
 
 
 

 
If the answer is yes, the impact location, the elec-
tron velocity and the phase angle of the RF field 
are registered. The electron velocity and the angle 
of incidence on the surface determine the electron 

multiplying factor To calculate a semi empirical 

law [1] is used. Two possibilities are offered for the 
modeling of the secondary electron emission. In 
the first one, “the single electron emission”, there is 
only one virtual electron before and after the im-
pact. The charge on this virtual electron is calcu-
lated with this formulae : 
 

 
 
 

 

is the total charge after n impacts and i is the 

electron multiplying factor at the impact i. 
In the second case, a “multiple electron releasing” 
scheme is adopted. When an electron impacts a 
surface, multiple electrons  are generated. The 

Introduction 
The electron multiplication due to the secondary 
electron emission on surfaces exposed to an elec-
tromagnetic field causes the phenomenon of multi-
pacting. This physical process can degrade signifi-
cantly  the performances of superconducting RF 
cavities or waveguide couplers. 
Multipacting is a well-known phenomenon but diffi-
cult to predict because it depends on the distribu-
tion, the phase and amplitude of the electromag-
netic field. So, the geometry and the surface condi-
tion of the cavity are  important parameters. 
A numerical simulation is mostly the only way to 
investigate the multipacting possibility in a given 
accelerating cavity and to develop such cavity 
modifications that eliminate this effect. 

Field distribution and cavity geometry 
To obtain the field distribution, two solutions are 
possible. The first is to define the geometry and  
calculate the field distribution with the developed 
code and the second is to use another code.  
In a first attempt, a field map obtained with the 
code « Microwave Studio » was used. The mesh is 
parallelipedic and constant. The surface definition 
is not good enough and an evolution to a tetraedric 
mesh is necessary. Figure 1 shows a cylindrical 
cavity section and the mean emission surface. 

The different algorithms used 
The initial electron and all the secondaries were 
launched at an energy less than 2 eV with an 
emission angle. Electron trajectories were com-
puted  by comparison between the fourth and the 
fifth order runge kutta solution of the 3D lorentz 
force equations. The electromagnetic forces are 
defined at nodes and calculated by linear interpola-
tion. 
At each integration step, a control is made to 
check if the electron strikes a surface. If the an-
swer is no, the integration goes on to the next step.  
 

IPNO Participation: J. L. Coacolo 
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Figure 1: interface to define the emission zones 
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file, there are all the nodes and tetrahedral defini-
tion of the volume but no definition of the surface.  
To study the multipacting, all the triangles of the 
surface must be extracted.  
In order to do so, a dedicated procedure has been 
elaborated and the result  for an elliptic cavity, for 
example, is shown in figure 4.  
 
 
 
 
 

 

 

 

 

 

 

 

Future developments 
For the moment, this multipacting code is under 
development and the different  procedures are un-
der test. 
Procedures using the tetrahedral meshing will be 
rewritten to take into account certain changes. 
To analyze the electron multipacting, functions 
such as  counter function, enhanced counter func-
tion and distance function are defined. The first 
and the second show respectively the electron 
number without and with secondary electrons after 
n impacts  in the cavity. The third function calcu-
lates d, the  distance between the first and the last 
impact in the phase space. The minima of  d  point 
out the starting points and phases of the resonant 
trajectories that survive n impacts and are able to 
multipact. 
The different procedures to analyze and show evo-
lution of those functions are to be written. 

number is defined by . It is clear that the second 

method is more realistic but needs more memory 
and time for computations. In these two cases, the 
computation is stopped after n impacts on the sur-
face, n being defined by users. 

The interface 
Figures 2 and 3 show the code interface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The possibility to investigate the multipacting as a  
function of the variation of parameters is intro-
duced. The RF phase and amplitude of the electro-
magnetic field can be scanned over a range de-
fined by users. 

Evolution to tetraedric meshes 
We have seen that parallelipedic meshes are not 
well adapted. With tetraedric meshes, surfaces are 
smoother but  the Microwave Studio code does not 
give the possibility to create a file with this kind of 
mesh. This is the reason why the code Soprano  
has been prefered. The file format is .unv. In this 

Figure 2 : secondary electron emission and 
electron trajectories in a cylindrical cavity 

Figure 3 : Parameters used to calculate the sec-
ondary emission 

Figure 4 : surface meshing of an elliptic cavity 
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Mechanical design and optimization of 352 MHz beta=0.3 tripleMechanical design and optimization of 352 MHz beta=0.3 tripleMechanical design and optimization of 352 MHz beta=0.3 triple---
Spoke superconducting cavity for the Eurisol project Spoke superconducting cavity for the Eurisol project Spoke superconducting cavity for the Eurisol project    

IPNO Participation:  H. Gassot G. Olry, S. Rousselot, S. Bilvet, H. Saugnac 
 
Collaboration : SDMS La chaudronnerie blanche 

 Dans le cadre du projet Européen EURISOL (European Isotope-Separation-On-Line facility),  un prototype 
de cavité supraconductrice multi-Spoke (352 MHz, β = 0.3) a été conçu et optimisé par l’IPN Orsay. La 
conception mécanique doit d’abord prendre en compte les forces mécaniques auxquelles est soumise la 
structure afin de déterminer une épaisseur de paroi optimale répondant à la fois aux critères de résistance 
des matériaux et aux critères de minimisation du coût de matière première (le niobium). Le compromis à 
faire entre la robustesse et le gain en coût du métal supraconducteur conduit à une solution qui consiste à 
privilégier une cavité à épaisseur minimale mais supportée par des renforts supplémentaires. De plus, la 
conception d’une cavité supraconductrice doit tenir compte d’un certain nombre de problèmes interdiscipli-
naires qui nécessitent des calculs couplés électromagnétiques-mécaniques. L’élaboration du concept final 
a tenu compte à la fois des calculs et des conditions de mise en œuvre industrielles.   

 
INTRODUCTION 
   Superconducting (SC) RF cavities have a much 
larger efficiency accelerating gradient and bore 
aperture than normal conducting (NC) structures. 
This technology is also expected to be advanta-
geous in a linear accelerator in terms of power 
consumption, construction cost and beam loss. 
Although this conclusion is well accepted for the 
high energy part of the accelerator, it is still chal-
lenging at low energy. A 352 MHz triple Spoke 
cavity (triple Spoke cavity) has been proposed by 
IPN Orsay for the low beta (β =0.3) sections of the 
proton linac in the Eurisol project [1]. Meanwhile, 
the study of a 352 MHz (β = 0.48) triple Spoke cav-
ity for the HIPPI project [2] has been achieved and 
also referenced for Eurisol triple Spoke cavity de-
sign. The classical mechanical design uses CAD 
computer design (Catia at IPN Orsay). The original  
platform [3] [4] which links Catia to the electromag-
netic optimization code Opera-3d and the me-
chanical code Cast3m has been used to couple 3D 
simulations.  

1. From RF design to mechanical design 
   The RF design of the 352 MHz (β=0.3) multi-
Spoke superconducting cavity takes into account 
physics requirements (beam energy and accep-
tance…) in order to reach the highest accelerating 
efficiency (minimum ratio Epic/Eacc, Bpic/Eacc). 

  The inner shape of the cavity has been optimized 
in order to get a best ratio between maximal elec-
tromagnetic field and accelerating field [5] on the 
cavity surface. Finally, the mechanical design 
takes charge of the cavity wall thickness optimisa-
tion along with the required stiffeners and all the 
supports of the cavity, especially the cavity integra-
tion with its cold tuner into the helium vessel.    
  Since another important criterion of the mechani-
cal design is the high cost of niobium: minimization 
of the thickness is required. Starting from a 3 mm 
wall, mechanical simulations using Cast3m [6]  
showed critical stress level under 1 Bar pressure. 
   In order to reduce the stress level at the front 
part of the cavity, the solution consists, on one 
hand, in increasing the thickness of cavity wall up 
to 5mm in this region keeping the thickness to 

3mm elsewhere and, on the other hand, in adding 
a stiffener on each conical end cell has been 
added. Figure 2 shows the final Van Mises stress 
distribution, the stiffeners smoothing the stress of 
front part of cavity and reducing consequently its 
peak value. 

2. The stabilibity of the cavity and its intergra-
tion to the helium tank 
      On the cylindrical outer conductor of Spoke 
cavity, two niobium rings are welded to the helium 
tank in order to stabilize the cavity. This solution 
has big advantage to increase the first mechanical  

Figure 2: design of stiffeners aided by 

Figure 1: electromagnetic fields computed with 
Opera-3d/Soprano and imported to Cast3m via 
the plateform_COC. 
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3. Prototype 

   After the mechanical optimization, the engineer-
ing drawings have been achieved with Catia. The 
output of CAD describes not only the dimensioning 

for manufacturing but also all information such as 
materials, tolerances, processes and some specific 
conventions. 

  The final engineering drawings were elaborated 
in collaboration between IPNO and the industrial 
company SDMS, figure 5. The prototype is now 
being manufactured. The tests of this prototype are 
expected to take place in some months. The future 
RF tests have to check up both RF performance 
and mechanical behaviours 

CONCLUSION 

  The low beta (β = 0.3) triple Spoke superconduct-
ing cavity is practically the first one for this beta 
and frequency. The original shape of this triple 
Spoke gives more mechanical constraints com-
pared to the beta 0.65 triple Spoke cavity working 
at the same resonance frequency. As a conse-
quence, the mechanical design includes original 
solutions for this challenging cavity concept. 
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vibration mode of this cavity. In table 1, the impor-
tance of using fixing rings is shown: it eliminates a 
large range of low vibrations modes. The mechani-
cal deformation of the first mode (amplified) is illus-
trated on figure 3. 

  The principle of cavity cold tuning is based on 
micrometric longitudinal deformations of the cavity 
wall, made by a mechanical tuner. Such deforma-
tions allow to correct the frequency shift. For this 
purpose, one end of the beam tube is not attached 
to the tank and the tuner system pushes the out-
side of the tank on this side. Thanks to the ring 
which links the cavity to the tank, the deformations 
take place mainly on the conical end cell, (figure 4 
right side). In order to integrate an existing tuner, 
some adaptations were necessary. Four intermedi-
ary blocks, (figure 4 left side), have been optimized 
in order to minimize the displacements of the front 
part of the tank.   

 

mode  Beam tube fixed  
Rings fixing the ca-

vity to the tank  

1  5,02 Hz  296,50 Hz  

2  14,91 Hz  361,12 Hz  

3  14,97 Hz  497,28 Hz  

4  16,01 Hz  505,33 Hz  

5  16,16 Hz  541,68 Hz  

Table 1: mechanical modes depending fixations   

Figure 3: first vibration mode (f = 297 Hz) of 

Figure 5: engineering drawings for manufacturing   

Figure 4: cold tuner interfaces with the triple-
Spoke cavity integrated into its helium tank    
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HEBT design For The Spiral2 Facility HEBT design For The Spiral2 Facility HEBT design For The Spiral2 Facility    

Résumé : L’installation SPIRAL2 au GANIL à Caen est maintenant en construction. Elle est structurée au-
tour d’un groupe projet incluant la participation de divers laboratoires français (CNRS, CEA) et des collabo-
rateurs internationaux. SPIRAL2 doit être capable de produire des faisceaux accélérés à haute intensité: 
deutons à 40MeV, protons à 33MeV d’intensité maximale de 5mA et ions lourds de rapport A/Q=3 d’éner-
gie jusqu’à 14.5MeV/u d’intensité maximale 1mA. Nous présenterons ici les études des lignes hautes éner-
gie de l’accélérateur. De nombreuses études ont été menées sur le dispositif d’arrêt faisceau principal en 
termes de dynamique faisceau, sûreté et de thermomécanique. Nous présenterons les nouvelles aires ex-
périmentales employant les faisceaux stables et la ligne de faisceau dédié à la production ions radioactifs. 

RAL2, a heavy ions source with q/A=1/6 will be 
built with its associated injector. The LINAC will 
accelerate these ions up to 8.5MeV/u. This point 
must be taken into account for the design of the 

HEBT lines. 

SPIRAL2 HEBT lines 
This report will only focus on the beam transport 
description after the superconducting LINAC. In a 
first subsection we will give the structure of the 
HEBT. In a second subsection, we will summarize 
the physics case and beam production at target 
locations. 
The well known TRACEWIN code was used for all 
beam dynamics calculations [7]. 

HEBT Structure 
Since the preliminary design study phase, various 
designs have been studied, according to the evolu-
tion of physics requirements. In addition, a lot of 
parameters have to be taken into account: beam 
dynamics of the various ion species at various en-
ergies, measurements (beam profiles, position, 
energy, phase, emittance, current, power loss) us-
ing different techniques, quadrupole, dipole, and 
steerer characteristics and locations, valves, vac-
uum pumps... The transport lines cost and the 
building implantation are also some crucial as-
pects. Finally, a major pressure on the HEBT de-
sign comes from the safety and radioprotection 
issues. 

INTRODUCTION 
The construction phase of SPIRAL2 is already 
launched [1,2]. The facility will deliver high intensity 
rare isotope beams for fundamental research in 
nuclear physics, high intensity stable heavy ion 
beams and high neutron flux for multidisciplinary 
applications. SPIRAL 2 will give access to a wide 
range of experiments on exotic nuclei which have 
been impossible up to now. In particular it will pro-
vide intense beams of neutron-rich exotic nuclei 
(10

6
–10

10
pps) created by the isotope separator on-

line (ISOL) production method. The extracted ion 
beams will subsequently be accelerated to higher 
energies (up to 20 MeV/u) by the existing CIME 
cyclotron, typically 6–7 MeV/u for fission frag-
ments. High intensity stable isotope beams and 
high power fast neutrons are other major goals of 
the facility. After two years of preliminary study and 
following the decision to launch the construction 
phase, a complete design of the driver accelerator 
is presently under way [3]. This paper describes 
the studies performed on the high energy beam 
transport lines which deliver stable beams to ex-
perimental areas, radioactive production cave and 
beam dump. 

General Layout of the Driver Accelerator 
The driver accelerator delivers CW beams of deu-
terons (40 MeV, 5 mA) and heavy ions (q/A=1/3, 
15 MeV/A, 1 mA). The injector is composed of two 
ion sources (deuterons and heavy ions) and a 
common RFQ cavity (88 MHz) [4]. The supercon-
ducting LINAC is composed of two sections of 
quarter-wave resonators (QWR), beta 0.07 and 
0.12 at the frequency of 88 MHz, with room tem-
perature focusing devices [5,6]. After the LINAC, 
ions are transported using various high energy 
beam transport (HEBT) lines according to the ex-
perimental programs. Beams can be transported to 
the beam-dump, to experimental areas like the 
Neutrons For Science (NFS) area, the Super 
Separator Spectrometer (S3) or to the converter of 
the radioactive ions production area (cf. Fig. 1). 
It must be noticed that in a second phase of SPI-

IPNO Participation: L. Perrot, J.L. Biarrotte 
 
Collaboration : GANIL-Caen, SACM/IRFU/DSM/CEA-Saclay 
 

Fig. 1: General Scheme of the SPIRAL2 facility 
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and Y directions, the maximum beam power must 
be identical at the center for 50kW and for 200kW. 
For the full Deuteron beam power, the size at 
±3RMS will be 40mm. Therefore, the beam size for 
50kW will be 10mm at ±3RMS.  

SAFARI 
The LINAC beam dump (BD) named SAFARI 
(Système d’Arrêt Faisceau Adapté aux Rayons 
Intenses) is almost dedicated to the commissioning 
of the facility. It will be used during beam tuning, 
for beam control and qualifications. It must be able 
to accept 200 kW beam power (40MeV, 5mA Deu-
terons) on the thermo-mechanical point of view. To 
restrict activation, the actual beam power is limited 
to 10 kW for 1 hour per day in normal operation. 
SAFARI is located at 21m down in straight line 
from the LINAC. BD entrance is located 6m from 
the last quadrupole which is imposed by a dedi-
cated room. An optimized BD geometry profile has 
been defined: 20 copper blocs of 50mm long and 
130mm external diameter. Each bloc is drilled with 
an internal cone shape to accept 10kW beam 
power in normal operation (cf. Fig. 3). Starting from 
this basic structure, many improvements were 
been done.  

The transverse beam characteristics at the BD en-
trance must be independent of the species and 
their energy. Using last 4 quadrupoles, we match 
the beam to obtain transverse beam distributions 
at the BD entrance near 14mm and 2.5mrad RMS. 
For this condition, no deposited beam power is 
observed before the beam-dump. 

Neutrons For Science (NFS) 
The deuteron and proton beams delivered by the 
SPIRAL2 LINAC are particularly well suited to pro-
duce high energy neutrons in the 1 MeV – 40 MeV 
energy range. The NFS area will be composed of 
mainly two rooms: a converter room where neu-
trons are produced by the interaction of deuteron 
or proton beams with thick or thin converters, and 
an experimental area with a well collimated pulsed 
neutron beam. A white neutron source with an en-
ergy range from 1 up to 40 MeV energy range and 
a quasi mono-energetic neutron beam will be avail-
able. This facility is of first importance for academic 
research and applied physics. Several research 
areas will be covered by NFS like the study of the 

The HEBT beam dynamics scheme is such that we 
have always the same radial envelopes, up to an 
homothetic, according to the type of beam and the 
final energy. 
An important feature will be the measurement pre-
cision and reproducibility provided by secondary 
emission profilers at low intensity for beam tuning. 
The impact of these uncertainties on the HEBT 
lines is presently under study. 
We can now present beam characteristics require-
ments for the heavy ions experimental areas, 
beam dump and radioactive ions production area. 

RIB Production 
As we have already seen, the SPIRAL 2 facility will 
deliver a high intensity, 40 MeV Deuteron beam as 
well as a variety of heavy-ion beams with mass 
over charge ratio equal to 3 and energy up to 14.5 
MeV/u. Using a carbon converter, fast Neutrons 
from the breakup of the 5 mA of Deuterons imping-
ing on a uranium carbide target will induce a rate 
of up to 10

14
 fissions/s. The RIB intensities in the 

mass range from A=60 to A=140 will be of the or-
der of 10

6
 to 10

11
pps surpassing by one or two or-

ders of magnitude any existing facilities in the 
world [8]. A direct irradiation of the UC2 target with 
beams of deuterons, 

3,4
He, 

6,7
Li, or 

12
C may also be 

used if higher excitation energy leads to a higher 
production rate for a nucleus of interest. 
SPIRAL 2 would allow to perform experiments on a 
wide range of neutron- and proton-rich nuclei far 
from the line of stability (cf. Fig. 2) using different 
production mechanisms and techniques to create 
the beams. 

Because of the technical risk for the project to start 
with a 200kW Deuterons beam on the converter, it 
has been decided to increase progressively the 
beam current. That is why, in a first step of opera-
tion, the beam power will be limited to 50kW. Ob-
jectives are in particular the validation of the car-
bon converter, the target system, safety … 
In addition, for thermo-mechanical constraints, the 
converter at 50kW must be representative of the 
conditions at 200kW. It is only in a second step 
that the beam power will increase up to 200kW 
nominal value. 
In this context, considering a Gaussian beam in X 

Fig. 2: Regions of the chart of nuclei accessible for 
research on nuclei far from stability at SPIRAL2. 

Fig. 3: Beam-dump SAFARI design (Thanks to E. 
Schibler, IPNL) 
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fission process, the transmutation of nuclear 
waste, the design of future fission and fusion reac-
tors, nuclear medicine or the test and development 
of new detectors, etc. In addition, cross-section 
measurements of neutron- and deuteron- induced 
reactions could be realized by activation tech-
niques in a dedicated irradiation station [9]. This 
experimental area will be also used to study mate-
rials under irradiation (dpa, neutron damage) in 
atomics physics fields. 
Only light particle beam will concern the NFS area: 
Deuterons, Protons, Helium. For safety reasons, 
the maximum current will be limited to 50mA for D-
beam at 40MeV. Neutrons ToF experiments im-
pose a fast chopper able to select 1/100 beam 
pulses. The fast chopper is under study, and will 
be installed in the Medium Energy Beam Transport 
(MEBT) line of SPIRAL2. Beam sizes on targets or 
converters are 4mm RMS in X and Y with a vari-
able focal point. Neutrons ToF experiments require 

a short time pulse length ( T~1ns at ±3RMS) 

which is almost realized using a =0.07 cavity 

placed along the HEBT line (cf. Fig. 4). 

Additional studies have been done on the dynamic 
of the primary beam (slow down in the converter, 
deviation using a dipole and stop with a dedicated 
system). Complementary calculations will be done 
to take into account all the processes in the NFS 
target area.  

Super separator Spectrometer 
S3 is a device designed for experiments using the 
very high intensity stable beams of the LINAC. 
These beams, which will be provided in a first 
phase of SPIRAL2 ions with A/q=3, can reach in-
tensities exceeding 100pμA for lighter ions A<40-
50. These unprecedented intensities open new 
opportunities in several physics domains, e.g. su-
per-heavy and very-heavy nuclei, spectroscopy at 
and beyond the drip-line, isomers and ground state 
properties, multi-nucleon transfer and deep-
inelastic reactions. All of these experiments have 
the common feature of requiring the separation of 
very rare events from intense backgrounds. S3 will 
have a large acceptance and clearly must have 
excellent primary beam suppression. 
Primary beam requirements on target are : 

0.2ns time pulse length at ±3RMS (in a second 

phase of operation). This feature imposes to 

use a =0.07 cavity. 

E/E<0.5% at ±3RMS. This feature will be al-

most fixed by the LINAC characteristics. 

Transverse flat beam, ±1mm in X , ±10mm in Y. 

Transverse beam requirements have been care-
fully studied. We proposed to use also a beam 
raster magnet only in the vertical plane placed af-
ter the last quadrupole of the matching line and at 
2.7m before the S3 target. 2mm beam spot at 
3RMS in X and Y directions can be provided. In 
this configuration, the field gradient in the raster 
magnet with a magnetic length of 0.2m will be less 
than 500G, fixed by the heavy ions with A/q=6 at 
8.5MeV/u. The technical design of  the beam 
raster magnet is under study. 

Conclusion 
In this paper, we introduced the status of the High 
Energy Beam Transport Lines of the SPIRAL2 fa-
cility in connection with the target location of the 
experimental areas NFS and S3. The beam dump 
has also been presented. RIB production line 
beam optics has been described. In each case, 
careful attention is taken to provide the beam char-
acteristics required by each line end. 
Various beam dynamics studies have been done in 
connection with safety aspects. The project objec-
tives in this field is to have less than 1W/m beam 
power loss. Up to now, new precise error calcula-
tions of the whole machine must be done. 
Precise mechanical design of the HEBT lines will 
be available at the end of 2009 which will coincide 
with the grant of the construction permit. The first 
beams will be produced at the beginning of 2012 
for stable beams and experimental areas (NFS or 
S3). RIB production will start for physics experi-
ments at the end of 2013. 
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Fig. 4: Transverse and longitudinal beam envelops 
at ±5RMS for a 5mA 40MeV Deuteron beam from 
the LINAC exit up to the NFS area.  
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Collaboration SCollaboration SCollaboration S---LHC (2008LHC (2008LHC (2008---2012) 2012) 2012) ---   Technical Agreement N°3Technical Agreement N°3Technical Agreement N°3   

Après 10 ans de collaboration avec le CERN sur les études de conception et le suivi de réalisation des 
Sections Droites-Courtes pour la construction du LHC (1996-2006), le bureau d’études mécaniques de la 
division accélérateurs de l’IPNO a de nouveau été sollicité, au sein d’une nouvelle contribution exception-
nelle CERN-CEA-CNRS, pour l’upgrade de cet accélérateur. Ce Super LHC (S-LHC) est prévu à l’horizon 
2014. 

Signed a few days before the first injection 
of particles and almost one year before the first 
collisions at an energy of 1.18 TeV (LHC became 
the particle accelerator reaching the highest en-
ergy in the world), the technical agreement N°3 
includes the participation and the realization of 
new quadrupole magnets in niobium-titanium as 
well as the participation in the developments of 
niobium-tin high field magnets. This project, named 
"Triplet upgrade " concerns the modification of the 
last 6 magnets on both sides  of the experimental 
points 1 (ATLAS) and 5 (CMS) with the aim of in-
creasing the rate of particle collisions and thus the 
number of experimental data. 
 The 3 work packages of the contribution of 
IPNO include the study and the realization of a 
cryostat prototype ( WP3.1), the study of the cry-
ostat mounting tools ( WP3.2) as well as the study 
and the supply of a series of 24 cryostats for the 
end 2012 ( WP3.3). Taking advantage of his ex-
perience in the conception of the various SSS cry-
ostats for the LHC, the design group developed a 
strategy of 3D modeling by modules for the con-
ception of the vacuum vessel prototype, in order to 
quickly develop the file of drawings associated dur-
ing the requests of modifications of the CERN 
(involved by the R&D phase of this project).  

IPNO Participation: S. Brault, P. Dambre, B. Launé, G. Olivier, O. Pochon, V. Poux, D. Reynet, 
S. Rousselot 
 
Collaboration : CERN/CEA 

 These cryostats must meet CERN assur-
ance quality plan. Calculation notes were drafted 
according the rules of the CODAP (Code of pres-
sure devices) and the finite elements analysis 
method, to validate the thickness of the vacuum 
vessel subjected to the outside atmospheric pres-
sure. According to the procedure, these notes are 
at present subjected to the approval of the CERN 
TIS division committee  (Technical Inspection and 
Safety).  
 In parallel, the group realizes the study and 
the design of the cryostating equipments. To re-
duce the cost, we decided to adapt the existing 
equipments (that had been developed at the time 
of the LHC). The final goal remains the same and 
consists in introducing a  15 m long magnet, 

weighing 20 tons, into a vacuum vessel  and to 
ensure its position within a tenths of mm. The 
safety, the ergonomic, the precision and the quality 
of this equipment are guaranted by the design 
group via calculations notes, numeric models, files 
of drawings, as well as detailed assembly proce-
dures. This assembly bench must be operational 
for the cryostating of the first prototype in 2011. 
 

 
 

Figure 2: 3D view of cryostating tooling 

Figure 1: 3D view of cryostat prototype 
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INSTRUMENTATION DIVISION 
An Instrumentation Division (DI) was created at IPN Orsay on March 2008. The main objective which 

led to this creation is to increase the technical organization for better answering the implications of the 
laboratory in the instrumentation for experimental setups whose size and complexity have largely 
increased. This trend leads to a request for a diversity of qualifications not only to cope with 
technological changes in the work done in the laboratory but also to ensure a fruitful dialogue with other 
laboratories and companies. This evolution leads also to the necessity of long phases of R&D which 
could imply different knowledge and various technologies. As for example, one can mention the need 
for simulations not only to evaluate the sensitivity to the physical parameters but also to consider the 
performances of real detectors with their mechanical and electronic constraints. One can also think of 
the thermal problems coming from the increase of the number and density of the electronic channels 
which require compromises between detection, electronics, mechanics and cooling. The regrouping in a 
same division makes easier the collaboration of personnel of complementary competences and allows 
to take in charge projects asking for several technical aspects. 

The Instrumentation Division includes a Detector Department (19 persons) integrating the former 
R&D Detector Department and Semiconductor Group, a Department of Electronics (19 persons) and a 
Mechanical Construction Department (5 persons). A strong connection is established with the Data 
Acquisition Group of the Software Department of the Institute (SII). The main activities, the organization 
and resources of the three Departments are presented below. They are followed by more detailed 
presentations of particular projects on which the engineers and technicians of the Instrumentation 
Division worked during the last two years. 
 
 

DIVISION INSTRUMENTATION 
En mars 2008, une Division Instrumentation (DI) a été créé à l'IPN Orsay. L’objectif essentiel qui a 

conduit à cette création est d'accroître la cohérence et l'organisation des services techniques pour 
mieux répondre aux implications du laboratoire dans l'instrumentation liées aux dispositifs 
expérimentaux dont la taille et la complexité se sont beaucoup accrues. Cette tendance conduit à une 
demande de diversité dans les qualifications non seulement pour faire face aux changements 
technologiques dans les travaux à réaliser au sein du laboratoire mais aussi pour assurer un dialogue 
fructueux avec les autres laboratoires ou les industriels. Cette évolution conduit aussi à la nécessité de 
phases parfois longues de R & D qui peuvent impliquer des connaissances et des technologies 
diverses. A titre d'exemple, on peut mentionner la nécessité de simulations non seulement pour évaluer 
la sensibilité aux paramètres physiques mais aussi pour estimer les performances des détecteurs réels 
avec leurs contraintes mécaniques et électroniques. On peut aussi penser à des aspects thermiques de 
plus en plus contraignants avec l’accroissement en nombre et densité des voies électroniques qui 
nécessitent des compromis entre détection, électronique, mécanique et refroidissement. Le 
regroupement dans une même division facilite la collaboration entre personnes aux compétences 
complémentaires et permet de prendre en charge des projets nécessitant divers aspects techniques.  

La Division Instrumentation comprend un Service Détecteurs (19 personnes) intégrant le Service 
R&D Détecteurs et le Groupe Détecteurs Semiconducteurs, un Service d’Electronique (19 personnes) 
et un Service de Réalisations Mécaniques (5 personnes). Une relation forte est aussi établie avec le 
Groupe Acquisition du Service Informatique de l’Institut (SII). Les principales activités, l'organisation et 
les ressources des trois Départements sont présentées ci-dessous. Elles sont suivies de présentations 
plus détaillées de projets particuliers sur lesquels les ingénieurs et techniciens de la Division 
Instrumentation ont travaillé ces deux dernières années. 
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Detector DepartmentDetector DepartmentDetector Department   

Le Service Détecteurs regroupe des compétences complémentaires dans les domaines de la détection, de 
la mécanique et de l’électronique. Il est composé de 5 responsables de projet, d’un bureau d’études en 
mécanique (4 projeteurs), d’un bureau d’études en électronique (2 techniciens), d'un groupe métier semi-
conducteurs (2 techniciens) et d’un atelier de construction de détecteurs (4 personnes). Les principales 
réalisations concernent la photo détection (scintillateurs, photomultiplicateurs), les détecteurs gazeux et les 
détecteurs à semi-conducteurs . Le Service dispose de plusieurs salles propres climatisées pour la cons-
truction et le contrôle de détecteurs ainsi que de salles de tests dédiées aux études et mesures. 

In 2006, the Detector Department has also started 
studies and tests for the EXL calorimeter at FAIR. 
This calorimeter will be composed of Cesium Io-

dide crystals associated with photomultipliers or 
avalanche photodiodes. Following completion of 
simulation studies and mechanical engineering,  a 
prototype of 18 crystals equipped with photomulti-
pliers has been built. The radioactive source tests 
show the correctness of choice and further tests on 
accelerator at higher energy will help to fully vali-
date the design of the detector. 

R&D on Large photomultipliers   
The large hemispherical photomultiplier (PMT) is 
one component crucial for astroparticules and neu-
trinos experiments. The detector Department has a 
long tradition of R & D in this field in connection 
with PHOTONIS company and it is naturally that 
the department is involved since 2007 in the ANR 
PMm2 project. We have in charge the studies of 
waterproof bases (10 bars) and the construction of 
a demonstrator composed of 16 PMTs. For the 
Auger North project, a very high dynamic is re-
quired for PMT and the studies now lead to the 
realisation of prototypes for the equipment of sev-

The Detector Department comprises skills in de-
tectors, mechanics and electronics. Emphasis is 
placed  on mechanics (feasibility studies, structural 
analyses, manufacturing drawings, assembly, test-
ing) with integration and implementation of elec-
tronic circuits. Detector studies (simulation and 
tests) are also undertaken along with the associ-
ated analog electronics : high voltage bias, pream-
plifiers, signal processing. The works are related to 
photo detection, gaseous detectors and silicon de-
tectors .  

Calorimeters 
As part of future developments of the FAIR project  
at GSI-Darmstadt, the Detector Department works 
since 2004 on the electromagnetic calorimeter  of 
the PANDA detector. This calorimeter uses 11300 
lead tungstate crystals. The Detector Department 
achieves mechanical and cooling studies (-25°C 

with a stabilization of 0.1C°) as well as electronics 
integration. After the construction of a prototype of 
60 crystals, a 480 crystals demonstrator is about to 
be completed. Extensive studies and tests will be 
performed on the cooling and its stability. 

IPNO-Participation: J.L. Cercus, A. Fercoq, B. Genolini, N. Hauchecorne, M. Imre, M. Josselin, L. 
Lavergne, C. Le Galliard, J.P. Lenormand, V. Le Ven, A. Maroni, T. Nguyen Trung, J. Peyré, E. 
Rindel, P. Rosier, L. Seminor, C. Theneau, T. Zerguerras  
 

GEANT4 simulations, mechanical engineering, 
prototyping and testing for the EXL project 

CATIA design for the PANDA demonstrator 
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gration, it also brings its expertise where it is often 
required many different technologies to coexist, 
especially electronics associated with sensors and 
their mechanical supports as in MUST2 project. In 
close collaboration with the Engineering depart-
ment , the workshop team is in charge of the con-
struction of detectors. This workshop is equipped 
with three clean rooms, a large scale three-
dimensional control system and a winding machine 
devoted to wire chamber construction. 
The Detection/Electronics Activity  (8 persons) is 
shared between simulations, studies and testing of 
gaseous detectors (wire chambers, MPGD detec-
tors), light detectors (photomultipliers, APD or 
SiPM possibly associated with scintillators ) and 
semiconductor detectors (silicon and germanium 
detectors). Simulations of detectors improve the 
understanding of detection mechanisms and con-
tribute to optimize operation and geometric pa-
rameters (GEANT4, LITRANI, GARFIELD). Stud-
ies on analog front-end electronics, high voltage 
bias and signal processing are conducted jointly 
with that of detection modules to achieve a real 
improvement. Finally to validate the simulations & 
studies, several rooms are dedicated to testing 
detectors: they come with an environmental cabi-
net, vacuum chambers, electronics and data acqui-
sition (digital oscilloscopes, signal generators, NIM 
modules, CAMAC and VME-driven applications 
developed in the department in LABVIEW and Vis-
ual C++). At least, a semiconductor workshop is 
equipped to manufacture prototypes such as Lith-
ium-Drifted Silicon diodes and Surface Barrier De-
tectors. It has also the ability to maintain and re-
process Germanium detectors. 

Complementary information 
More details can be found on our web site:  
http://ipnweb.in2p3.fr/~detect/ 

eral Cherenkov water tanks in the U.S (Colorado). 

R&D on Gaseous detectors  
In the field of gaseous detectors, the Detector De-
partment has started a R&D program focused on 
Micro-Pattern Gaseous Detectors (MPGD). The 
main contribution is the development of a test 
bench based on nitrogen laser where a variable 
number of electrons (from 1 to more than 10

4
) in a 

well defined place (less than 100 µm diameter 
spot) can be produced. This test bench has re-
cently allowed the study of fluctuations in gain of 
such a detector and the preparation of initial stud-
ies for the ACTAR project beginning in 2010. 

Organisation and equipment 
The Department is composed of a staff of five 
team leaders of different fields (detection physics, 
mechanics and electronics), an engineering and 
design group in mechanics (four designers), an 
engineering and design group in electronics (two 
technicians), a semiconductor group (two techni-
cians) and an assembly workshop for building de-
tectors (four persons) . 
The mechanical activity (9 persons) includes an 
Engineering department and an assembly work-
shop. The Engineering department responds to 
requests by mechanical, thermal and integration 
studies. In mechanics, it focuses on defining speci-
fications, structure calculations (SAMCEF-CATIA), 
design (CATIA), outsourcing, assembly and test-
ing. For thermal design, he leads numerous simu-
lations (propagation of heat, air flow) before the 
realisation of prototypes (many detectors require a 
stable operating temperature). For studies of inte-

Integration studies and installation of the MUST2 
Silicon detectors 

Mechanical design of a new 12” PMt that fully re-
sists to 10 atm pressure for the PMm2 project. 
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Department of ElectronicsDepartment of ElectronicsDepartment of Electronics      

Les missions du Service Electronique Physique (SEP) sont l’étude, le développement, la production et l’in-
tégration de l’instrumentation électronique spécifique qui est associée aux détecteurs de Physique Nucléai-
re. L’activité principale concerne l’électronique analogique d’interface avec les détecteurs, essentiellement 
les préamplificateurs, et les ensembles numériques de conditionnement du signal. Le service comprend 19 
personnes dont   9 ingénieurs intégrés à des équipes projets. Un groupe est chargé du développement des 
circuits imprimés. Un atelier doté d’une structure d’achat est chargé de la construction des prototypes et de 
la sous-traitance. Le service est impliqué dans de nombreux projets et dans des actions de R&D . Pour les 
projets on peut citer l’électronique de la totalité du Bras Dimuon d’ALICE  (CERN, 1,01M voies) en prise de 
données depuis le démarrage du LHC, MUST 2 en fonctionnement au GANIL, MUSETT en développement 
avec le CEA SACLAY, la phase 2 du projet FAZIA avec un test en faisceau réussi à Catane en juillet 2009, 
une participation au projet AGATA, une nouvelle version PAC09 du préamplificateur de charge utilisé dans 
de nombreux projets. Pour la R&D on note la participation à la préamplification bas bruit pour l’expérience 
AUGER  Nord, et le travail sur la transmission des données de la R&D PMm

2
. 

making manufacturing and repairing easy and 
safe. A workshop of four persons is in charge of 
hardware manufacturing and maintenance. Most of 
the prototypes without Ball Grid Array packages 
(BGA) components are assembled at the work-
shop. Two persons are especially skilled in Sur-
face Mount Device assembling (Fig1) and repair 
and one in dedicated cables production and me-
chanical integration. The team also deals with the 
management of external fabrication when quanti-
ties are large or when a special technology is re-
quired. In the later case, they select the manufac-
turer, place the order and provide a total follow up. 
 
 

 

 

 
 

 
 

 
 

 

 
Figure 1 : semi automatic components place ma-
chine 

 
ASIC Design 
Two engineers are specialized in silicon integrated 
circuits design. They designed an analogue pipe-
line circuit aimed to high speed signal sampling 
integrated in FAZIA project. The group has also 
provided the design of the analogue section of the 
MUST II front-end chip (MATE3) built in collabora-
tion with CEA. In 2007, the laboratory decided to 
join the OMEGA Microelectronics group located at 
LAL Orsay. Within this group, the most recent SEP 

Mission of the Group 
The Electronics Group is composed of 19 persons, 
including 9 electronics engineers. Its mission is the 
design and the development of electronic equip-
ments associated with nuclear physics detectors. 
The activities are centered on front-end electronics 
(preamplifying stages and shaping) and signal con-
ditioning. The tasks range for spectroscopy, calo-
rimetry and tracking, using charge, current or time 
measurements for different kinds of detectors (gas, 
semiconductors, scintillators, PMT..). The group 
designs and manufactures complex digital inter-
faces between the detector and the data acquisi-
tion systems. From a manufacturing point of view, 
the group is in charge of the delivery of parts of 
systems or full systems. This is achieved either 
using the internal workshop or subcontracting the 
manufacturing tasks to industrial companies. Due 
to the increase of the number of channels and their 
complexity, instrumentation often requires the use 
of custom designed integrated circuits. A special 
team with the appropriate design tools exists for 
this purpose.  
 

Teams & Organization 
The department has two permanent entities work-
ing for all the projects : Purchasing and Workshop. 
The rest of the staff is organized in project teams, 
usually led by an engineer in close relationship 
with a physicist. This organization can change over 
time, according to the projects requierements. The 
printed-board design is included within the pro-
jects. Four persons are trained to Cadence CAD 
tools and EMC concerns, while one of them is spe-
cialized in up-to-date printed board technology. 
Five Cadence Allegro Licences are available 
thanks to IN2P3 Cadence agreement. This group 
also pays attention to the internal components data 
base and footprints, with a permanent worry of 

Electronics department team : V. Chambert, F. Dorangeville, S. Drouet, P. Edelbruck, G. Guérin, J-L. 
Hildenbrand, B-Y Ky, D. Lalande, I. Levrat, A. Lermitage, J. Maltese, G.Noël, C. Oziol, E. Rauly, F. 
Salomon, S. Tanguy, K-MM. Tun, E. Wanlin. 
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FAZIA aims to reach 8000 channels and a 4Π 
solid angle detector. The challenge here is to per-
form Charge/Mass identification at high energy, 
with high Z nuclei by Time of Flight, ΔE/E meas-
urements and Pulse Shape Analysis. The energy 
channel is processed through a PACI preamplifier 
(SEP) followed by a fully digital filtering stage. The 
PSA is performed with 14bits 100MHz and 12 bits 
250 MHz ADC. A fruitful test beam took place in 
July 2009 in Catane. In parallel, the FAZIA phase 2 
front-end board feasibility including 6 fast ADC and 
a Virtex4 FPGA was demonstrated. 
AGATA is a project to design a gamma rays de-
tector for high resolution spectroscopy with exotic 
beams. The detector will be made of 180 seg-
mented Ge crystals. A part of the electronics is 
currently developed by IPNO, CSNSM and INFN 
PADOVA. The SEP is involved in the design of the 
CARRIER board with the INFN Padova. It de-
signed and tested a first feasibility version, and it 
proposed to use the ATCA standard. In 2008 the 
SEP participated to the CARRIER software and 
test design (Fig 5), and in 2009 it produced and 
tested 33 boards for a 15 crystals demonstrator. 
 
 
 
 

 
 
 
 
 
 

Figure 5: CARRIER board and its test bench 
  
AUGER Nord will be the second site in Colorado 
of the AUGER experiment in Argentina for the de-
tection of high energy showers . It would use the 
same principle of  Cerenkov light detection in a 
water tank by PMT. SEP design the PMT readout 
front-end board in collaboration with APC Paris. It 
includes a 3_gains preamplifier to deal with a large 
dynamic range and the PMT HV power supply. A 
first prototype was sucessfully tested in 2009. 
PMm

2 
is an ANR supported project. It is a collabo-

ration between IPNO, LAPP, APC and LAL to de-
sign the readout electronics of large PMTs arrays 
in pure water for neutrinos experiments. PMTs si-
gnals are processed by OMEGA PARISROC cir-
cuits. SEP is in charge of the mother board design 
and the communication protocols with the long dis-
tance (100m) DAQ system.  
 
 
 
 
 
 
 
 
 

 
Figure 6: PMm2 FE electronics and  16 PMTs  

development is the TDC function of the PARIS-
ROC2 circuit (Fig 2) (SiGe 0.35µm AMS technol-
ogy) designed in 2009.  

Figure 2: PARISROC2 TDC layout  

 
Projects  
The SEP is responsible for the design and  the 
production  of the ALICE Dimuon Arm electronics 
at CERN (1.1M channels). The delivery of elec-
tronics was completed at the end of 2007. Novem-
ber 2007-October 2009 was a commissioning and 
maintenance period for Station 1 (Fig 3) with very 
good cosmic runs results. The first data were suc-
cessfully taken with to the first LHC beams colli-
sions in December 2009.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: ST1 chamber and readout crate at CERN 
 
MUST II is an experiment dedicated to ΔE/E mea-
surement. It is composed with Si/Li detectors and 
CsI crystals. The SEP was in charge of the Front-
End electronics design based on MUFEE boards 
where a MATE3 ASIC (SEP DAPNIA) is imple-
mented. The experiment runs at GANIL and the 
SEP is in charge of its maintenance. In 2009 addi-
tional MUFEE boards were produced to prepare a 
2010 test beam at Riken (Japan). MUSETT is also 
based on Si detectors. It is a DAPNIA/GANIL col-
laboration. SEP is in charge of the Front-End elec-
tronics which is very closed to one used in MUST 
II. The COFEE front-end board (Fig 4) is equipped 
with an ATHED IC design by the DAPNIA. It is an 
upgrade of the MATE3 circuit. Twenty-four COFEE 
boards were produced tested and delivered in 
2009.  
 
 
 
 
 

 
Figure 4 : COFEE board 
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MechanicalMechanicalMechanical   Construction DepartmentConstruction DepartmentConstruction Department   

Le Service des Réalisations Mécaniques (SRM) assure l’élaboration et la mise au point des parties mécani-
ques de l'appareillage scientifique construit par le laboratoire pour les expériences de physique nucléaire. 
Les prestations vont du soutien à la prise en charge de réalisations complexes, incluant la gestion de la 
sous-traitance. Nos moyens permettent la réalisation d’ensembles de chaudronnerie et de mécanique gé-
nérale. 

Figure 2. Support for the ISIS experiment at the 
LEMHE laboratory 

Figure 3.  Support and mechanics for the E569 
experiment at Ganil 

SRM presentation  : 
 
The Mechanical Construction Department (SRM) 
of the laboratory is involved in two kinds of activi-
ties for mechanical manufacturing: 
- mechanical machining . 
- welding and boilermaking. 
Several machines are use in the SRM : lathes, 
milling machines, drilling machines, arc and TIG 
welding. The Department has also two high tech-
nology Numerical Command (NC) machines with 
digital control : a milling center with  4 axes allow-
ing to generate complex 3D-forms and a numerical 
lathe, controlled by CAD/CAM/CIM softwares. 
Thanks to A 3D test bench, it is possible to check 
the specifications of the produced mechanical 
parts. 
The SRM buys and distributes the raw materials 
needed by IPN Orsay. 
 
Some achievements : 
 
The figures 1 to 6 shows examples of realizations. 

Figure 1. Support and alveoli of Orgam detector at 
Alto-Phy 

IPNO-Participation: T. Bastien, A. Chaboche, C. Domagalik, A. Fercoq, P. Loquin, L. Vatrinet 
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Figure 4. Tof, GSI : Sledge like support for the 
TOF experiment at GSI 
 

Figure 5. Generator of waves and exchangers for 
the THATEA setup 
 
 

Figure 6. Beam collimator for the LDIAS setup 
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FAZIA:  Silicon detectors and Front End ElectronicsFAZIA:  Silicon detectors and Front End ElectronicsFAZIA:  Silicon detectors and Front End Electronics   

FAZIA est un détecteur destiné à l’identification en masse et en charge de particules chargées. Sa couver-
ture angulaire est de 4 π et il comprend 10000 télescopes, chacun  constituée de 2 détecteurs Silicium et 
d’un scintillateur CsI. Le projet s’appuie sur les techniques d’analyse des signaux issus des détecteurs Sili-
cium. L’instrumentation est entièrement numérique et repose sur des convertisseurs FLASH à grande vites-
se et à haute résolution (100/250 MHz—14 bits). Les télescopes sont regroupés par blocs de 16, chacun 
incorporant la totalité de l’électronique de front-end et communicant avec le système d’acquisition par une 
fibre optique. L’intégration de cette instrumentation sur un détecteur fonctionnant sous vide constitue l’un 
des challenges technologiques du projet. Le développement est mené par une collaboration internationale 
regroupant cinq pays. La phase de R&D se termine et le projet entre aujourd’hui dans la phase de réalisa-
tion d’un démonstrateur comprenant 12 blocs de 16 télescopes dans leur géométrie définitive. 

development of the particle recognition methods. 

Phase II 
With the completion of the R&D phase I, the pro-
ject has entered in 2008/2009 in the development 
phase of a detector with full features and fitting the 
final geometry. This so called demonstrator will be 
implemented using the final detector technology. 
The major features of this new design are: 

Increased sampling rate (250 Msample/s) 

Increased energy resolution (2 ranges: 250 

MeV and 4 GeV full scale) 

High compactness (6 detectors per board) 

Suited for operation under vacuum 

System architecture (fig. 2) 
The detector is tailored in three hierarchical levels: 
at the top of the tree, located outside of the vac-
uum chamber, the “regional level” tightly con-
nected to the DAQ. It has a complete view of the 
whole detector in real time and has two important 
roles: 1) Gather requests from the detectors, make 

Introduction 
The multidetector FAZIA is aimed to detect and 
identify products issued from heavy-ion reactions 
within the Fermi energy domain. The instrument 
will cover the full angular space (4 π) with 10000 
tiles composed of each 3 individual detectors (Si + 
Si + CsI) (fig. 1). The objective is to obtain unit 
identification for charge up to Z=70 and mass up to 
A=50. This goal will be reached using novel pulse 
shape analysis techniques making an intensive 
use of high speed flash ADCs with rates up to 250 
Ms/s (Megasample/second) and 14 bits resolution. 
The high channel count involved in this instrument 
has led to a new concept where the whole instru-
mentation will be integrated in the vicinity of the 
detector and embedded inside the vacuum cham-
ber. 

Eight telescopes have been built and instrumented 
during the first phase of the project. The front end 
electronics, including the preamplifiers and the 
digital board have been built at IPN/SEP in col-
laboration with INFN/Florence. Three complete 
physics experiments have been conducted be-
tween 2007 and 2009 and a rich data base of sig-
nals has been collected, allowing for the further 

IPNO Participation: S. Barbey, B. Borderie, F. Dorangeville, P. Edelbruck, G. Guerin, L. Lavergne, A. 
Lermitage, G. Noel, E. Rauly, M.F. Rivet, F. Salomon, S. Tanguy 
Collaboration : INFN Florence (Italy), INFN and LNL Legnaro (Italy), INFN Bologna (Italy), INFN Na-
poli (Italy), LPC Caen, IPN Lyon, GANIL, Universidad de Huelva (Spain), University Cracow (Poland), 
NIPNE Bucharest (Romania)  

Figure1: A possible detector configura-

Figure 2: System architecture 
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signal. 
3- Current detector 1: 250 Ms/s 14 bits. This   
channel offers the most important feature of the 
FAZIA detector. The signal acquired here repre-
sents an accurate image of the charge collection 
process within the detector and allows for the 
charge and mass identification of the particles 
leaving all their energy in the first stage of the tele-
scope 
4- Large scale energy detector 2: 4 GeV full scale 
at 100 Mbit/s 14 bits 
5- Current detector 2: 250 Ms/s 14 bits 
6- Large scale energy detector 3: 4 GeV full scale 
at 100 Mbit/s 14 bits. This channel reads the signal 
issued from the photodiode attached to the CsI 
scintillator. A special online data processing for 
particle identification is performed, based on the 
analysis of the slow / fast components of the light 

emission of the CsI crystal. 

Digital processing 
Each board holds a total of 3 large FPGA (field 
programmable gate array): 
One for each telescope provides : 

Read out of the 6 high speed analog-to-

digital converters and waveform recording 

High resolution energy calculation through 

digital filtering 

Local trigger generation 

Data packing and transmission to the acqui-

sition system 

Interface to various services (power supply, 

generators) 
A third FPGA serves as a communication node 
between the two others and the motherboard of 
the block which in turn communicates with the cen-
tral trigger and acquisition system of the instru-
ment. 

Towards phase III 
A total of 12 blocks, i.e. 196 telescopes will be built 
in 2010/2011– and tested in beam. An industriali-
zation and cost reduction operation will be con-
ducted at the same time, leading to a final design 
ready for the production of the 4 π instrument. 

and dispatch global trigger decisions and 2) Collect 
acquisition data, build events and upload the data 
to the DAQ system. 
The second level corresponds to the basic building 

block of FAZIA from a geometrical point of view.  It 
comprises a total of 16 telescopes. The total sys-
tem is made of 640 of these blocks, of identical 
shape, each with a  square section in approxi-
mately 80x80 mm² (fig. 3). The blocks communi-
cate with the regional level with a high speed opti-
cal fiber. 
The third and last level corresponds to the tele-
scope itself. Each telescope comprises two silicon 
detectors (thickness 300 and 500 µm) and a CsI 
scintillator (length 50 to 100 mm) with an associ-
ated photodiode. All preamplifiers, analog-to-digital 
converters and read-out logic are mounted on 8 
electronic boards located immediately on the back 
of the detectors. An additional electronic system 
serving as motherboard will provide the power sup-
plies and the high speed digital communication link 
with the external world through a 3 Gbit/s optical 
fiber. The front end boards have been designed at 
IPN/SEP and a first prototype will be built and 
tested in 2010 

The front-end board 
Each front-end board deserves two telescopes 
with a total of 6 channels: 4 silicon detectors and 2 
photodiodes. The board provides for each detector 
an individual high voltage supply and a precision 
generator for calibration and testing purposes. The 
high voltage unit provides the individual bias volt-
age of each detector, adjustable from 0 to 600 V 
with a resolution of 0.5 V. The bias current can be 
monitored with a resolution of 20 nA. 
Each telescope comprises a total of 3 preamplifiers 
(one per detector) connected to a total of 6 data 
channels: (fig. 4) 
1- High speed/high resolution energy detector 1: 
250 Ms/s 14 bits with 250 MeV full scale: 
This channel is dedicated to measuring low mass 
particles like protons, leaving  little energy in the 
first member of the telescope. It will also provide a 
high accuracy mean for timing determination 
2- Large scale energy detector 1: 4 GeV full scale 
at 100 Mbit/s 14 bits. This is the main channel 
where energy is acquired with a high dynamic 
range. This channel also issues the trigger request 

Figure 4: Data processing in the telesco-

Figure 3: The fully intrumented block of 16 detec-
tors. 
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MUST 2: Mechanical engineering and integration of detectorsMUST 2: Mechanical engineering and integration of detectorsMUST 2: Mechanical engineering and integration of detectors   
   

Les télescopes MUST 2, mis en service en 2005, contribuent grandement à la recherche en physique nu-
cléaire. Le service Détecteurs a pris en charge la conception et l’intégration mécanique de ces détecteurs 
sur près de 8 expériences. Il s ‘agit notamment des supports de télescopes et des équipements associés 
pour l ’expérience (profileur de faisceau, chambre à vide, etc …). Mais c’est aussi le couplage de MUST 2 à 
d’autres détecteurs comme des siliciums annulaires, EXOGAM, TIARA, sur les lignes de faisceau du GA-
NIL comme VAMOS et LISE. La dernière étude en date va emmener MUST2 sur le site de RIKEN au Ja-
pon. 

increased and a new electronics was developed in 
collaboration with the CEA/SPhN Saclay. For each 
experiment, the position of the telescopes must be 
adapted to the physics requirements , such as the 
type and energy of the detected light particles, the 
angular acceptance and the solid angle. Up to 
now, 8 experiments were successfully performed 
at GANIL and the modules are moving to RIKEN, 
Japan in 2010 for a new campaign. 

 

Mechanical supports for MUST2 experiments 
The Detector department took in charge the me-
chanical design and the integration of these experi-
ments according to the physics requirements. The 
telescopes supports are made of aluminum metal 
and use a simple concept. Its advantages are com-
pactness, rigidity and precise positioning. Besides, 
it reduces the machining costs, as we need many 
of these supports, about one different for each ex-
periment. We worked in collaboration with the 
SRM group which machined it with their CNC ma-
chine. They have also contributed to the construc-
tion of all the support tubular frames, which are 
needed to fix the set-up on the environment and 
designed during the integration study. The figure 2 
shows the example of the RIKEN configuration 

Physics 

The MUST2 array consists in a set of innovative 
multi-layer telescopes designed for the optimal 
study of direct reactions induced by beams of un-
stable nuclei. Direct reactions allow to investigate a 

broad range of physics issues, such as shell struc-
ture evolution, new collective modes, pairing far 
from stability, astrophysics,… These reactions are 
currently studied in inverse kinematics experiments 
in which the light target-like charged particles are 
detected.  By implementing most recent  technolo-
gies for detectors and electronics, the MUST2 tele-
scopes allow  the detection of light particles emit-
ted in direct reactions with high energy and angular 
resolutions, as well as large solid angle coverage.  
As an ensemble of detectors, MUST2 offers a 
modularity well adapted to the study of reactions 
with various kinematical characteristics.  

 

The MUST2 telescope 
The MUST2 detector, illustrated in figure 1, is a 
three-layer telescope, composed of a large size 
(10x10cm

2
) double-sided strip silicon detector, fol-

lowed by thick (4.5mm) segmented Si(Li) detector, 
and CsI(Tl) crystals. Compared to the first version 
of the MUST telescopes, the detector granularity is 

Figure 1: The MUST2 telescope is a multi detec-
tor, comprising silicon and CSi crystals detectors 
and a new electronics. 

IPNO Participation: T. Bastien, D.Beaumel, A. Chaboche, N. De Sereville, C. Domagalik, S.Giron, F. 
Hammache, M. Imre, M. Josselin, D. Lalande, L. Lavergne, A. Lermitage, V. Le Ven, A. Maroni, E. 
Rindel, P. Rosier, L. Seminor, S. Tanguy, C. Théneau. L. Vatrinet, E. Wanlin 
 
Collaboration : GANIL Caen, CEA/SPhN Saclay 
 

Figure 2:  Example of a CAD support 
design with the RIKEN configuration 
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µm thick, 16 annular strips per quadrant, and 16 
sectors rear side, then 80 channels total) has to fit 
the standard MUST2 electronic boards and con-
nectors. Then the flex kapton cables have been 
cautiously cut without damaging the strips. One 
complete electronic module was dedicated to the 
read out of the 80 channels. 

which uses 5 telescopes. In this set-up, the focal 
distance from the target is of 160mm and the spac-
ing between each telescope is reduced as much 
as possible to minimize the dead zone. Moreover, 

the MUST 2 telescopes are placed inside a vac-
uum chambers (SPEG, MC2), adding constraints 
for the mechanics and are coupled with the SPEG, 
VAMOS or LISE facilities in the GANIL laboratory. 

Set-up including MUST2 and other detectors  
The coupling of MUST 2 with other detectors to 
perform coincidence measurements is of great in-
terest for physics studies. The Detector Depart-
ment took in charge the global integration, in col-
laboration with GANIL technical staff, and the labo-
ratories, which originally designed the detectors 
mounted together with MUST 2 on the different set

-ups.  
The set-up including the MUST 2, TIARA and EX-
OGAM detectors is the most relevant configuration 
and is shown on Figure 3. 
An extension of the TIARA chamber was needed 
to allow the insertion of the MUST 2 telescopes, 
together with their mechanical support and 3D ad-
justing system. A tubular support frame holds the 
set-up with the VAMOS magnet spectrometer. The 
EXOGAM surrounds the TIARA central part.  

One example of configuration : “TIARA back” 
Figure 4 shows such a configuration, where the 4 
MUST 2 telescopes are mounted at backwards 
angles to increase the angular acceptance. The 
CsI crystals are removed to reduce the telescope 
depth. New shorter flex kapton cables have been 
re-designed to optimize the available room for the 
telescopes. The target holder has been modified, 
in order to remove the target out of the shadow of 
TIARA central barrel detectors. A new annular 
double-sided silicon strip detector has been devel-
oped, using the commercially S1 design (Micron 
Semiconductor). A new frame (PCB) was designed 
at IPN and made by the supplier in order to fit both 
the compactness of the chamber and the detector 
geometry. Compared to usual S1 detectors, the 
silicon chip was 45° rotated . This detector (500 

Figure 3: CAD view of the MUST 2 / TIARA /
EXOGAM integration.  Figure 4: 4 MUST 2 + an annular silicon detectors 

used in the TIARA backward configuration 
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Panda R&D : Construction and test of the 60 and 480 crystals Panda R&D : Construction and test of the 60 and 480 crystals Panda R&D : Construction and test of the 60 and 480 crystals 
prototypes for the electromagnetic calorimeter prototypes for the electromagnetic calorimeter prototypes for the electromagnetic calorimeter    

Dans le cadre du projet PANDA, l’IPN Orsay est engagé dans la R&D sur le calorimètre électromagnétique.  
Le premier prototype de 60 cristaux a été testé sous faisceau et les résultats sont présentés dans cet arti-
cle. En parallèle, une importante contribution technique a permis d’entamer la phase de définition du ton-
neau du calorimètre et de lancer la production des cristaux de PbWO4. La définition du circuit de refroidis-
sement est en cours et le prototype de 480 faux cristaux dédié aux tests thermiques valide les différents 
concepts utilisés. L’adaptation du « leakless cooling system » développé par le CERN a démarré afin de 
sécuriser le circuit. 

For each of the tagged energy, the total energy 
deposit was fitted by a Gabler-type function: peak 
position values as well as widths were determined 
and compared to the tagged photon energy values.  
Figure 2 shows the good agreement between the 
two values. 
The resolution against the tagged photon energy is 
shown in figure 3 for the 4 beam options. For the 
case 1, the energy dependence resolution was  
fitted as: 
 

Introduction 
During the last two years, the R&D performed at 
IPN Orsay in the framework of the PANDA project  
was focused on the electromagnetic calorimeter 
(EMC). A prototype made of 60 PbWO4 tapered 
crystals cooled at -25 C was  built and tested in 
this purpose. After cosmic ray tests at IPN, the de-
vice was installed on the tagged photon beam fa-
cility at MAMI (Mainz/Germany) to measure energy 
and time resolutions. In parallel, further R & D 
studies have been undertaken on the global cool-
ing concept  for the barrel  part of the calorimeter.  
 

Test of the 60 crystals prototype  
After a precalibration with cosmic rays going per-
pendicularly through the crystals, the prototype 
was installed on the MAMI tagged photon facility in 
February 2009, the direction of the beam being 
normal to the crystal entrance face. Beam energies 
ranging from 0.158 up to 1.441 GeV were used.  
 Different beam options were run: 
1. Beam centered on the innermost crystal 35 
2. Beam shifted horizontally by 5 mm 
3. Beam shifted horizontally by 10 mm 
4. Beam centered on crystal 35, with an addi-

tional 2 mm thick Lead absorber in front of 
the prototype. 

The readout APD gain was set to 150.  
The calibration of each individual crystal was made 
by selecting cosmic rays impinging perpendicularly 
to the crystal. A most probable energy loss value 
of 23.9 MeV was used, corresponding to a mean 
crystal thickness of 2.42 cm. This value was ob-
tained using the Bichsel model.   
Figure 1 shows the line shapes of the deposited 
energy corresponding to a photon energy of 1.057 
GeV in the first beam option. While the red curve 
represents the energy deposit in the crystal 35, the 
green shows the energy deposit summed over the 
59 other crystals. The total is displayed in the black 
curve. 

IPNO Participation: T. Bastien, J. Boucher, C. Domagalik, T. Hennino, M. Imre, R. Kunne, C. Le Galli-
ard, J.-P. Le Normand, A. Maroni, T. Nguyen Trung, P. Rosier, L. Séminor, M. Sudol, C. Théneau, T. 
Zerguerras. 
Collaboration : Basel University, II. Physikalisches Institut Giessen, KVI Groningen, GSI Darmstadt 

Figure 1: Response of the prototype to a  
1.057 GeV photon beam. 

 Figure 2: Recontructed energy in the calori-
meter against the tagged energy. 
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In this device the crystals are replaced by stainless 
steel blocks, which have comparable thermal prop-
erties such as the thermal inertia. The first results 
are in agreement with the simulation. It helps also 
to check the cooling efficiency and the temperature 
stability when some electronics components stop 
working or when some thermal shielding is turned 

off. In particular, studies on the humidity impact 

and on the air tightness are performed. 
Besides, R&D on the cooling machine started.  
Futher studies to adapt the LHC leakless system 
for the PANDA experiment are underway to in-
crease the safety in case of  leakage .  
 
 

 
 
 

yielding a resolution of 2.47% at 1 GeV.  
The resolution is degraded when the center of the 
b e a m spot is shifted to 
the edge between the two 
crystals 35 and 36 (see purple triangles on figure 
3). When an absorber with a thickness equivalent 
to the Cerenkov detector, which will be placed in 
front of the PANDA electromagnetic calorimeter, is 
inserted in front of the crystals, the energy resolu-
tion is worsened at low threshold values (see 
green inverted triangles on figure 3). 

R&D for the EMC barrel 
The Detector Department is involved in both the 
R&D and the conception of the PANDA electro-
magnetic calorimeter. It contributed to the writing 
of the EMC Technical Design Report for this pur-
pose by proposing several solutions for the me-
chanical structure, the cooling system and the 
global integration. Presently, the barrel crystal 
shapes are fixed and the production has started at 
the Russian plant BTCP in Bogoroditsk. Up to now, 
about 3500 PbWO4 crystals have been completed. 

Definition of the cooling system 
Figure 4 presents a spreadsheet of one slice of the 
barrel (1/16).  
The definition is under detail and we are focusing 
on the cooling circuit design to achieve the low 
temperature of –25°C. Pressure drops are mini-
mized and the heat transfer is calculated to opti-
mize the cooling serpentines paths.  

Each concept, as shown in figures 5 and 6, is vali-
dated with the 480 crystals prototype. 
 

Figure 4: Spreadsheet of one slice of the elec-
tromagnetic calorimeter. Definition of the crys-
tal shapes and of the cooling system.  

Figure 5: Spreadsheet of one half of the 480 crys-
tals prototype.  

Figure 6: View of the thermal prototype. 

Figure 3: Resolution of the  60 crystal prototype 
for the 4 beam options.  
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The The The electronics of ALICE Dimuon tracking electronics of ALICE Dimuon tracking electronics of ALICE Dimuon tracking chamberschamberschambers      

Le bras Dimuon de l’expérience Alice du Cern comprend entre autres un système de reconstruction de tra-
ces des particules composé de 10 chambres à fils reparties dans 5 stations. L’IPNO a en charge la coordi-
nation de l’électronique pour tout le bras Dimuon, ainsi que la construction de la station 1 et la production 
du logiciel de lecture. Le système de lecture des chambres comprend des cartes frontales de lecture et de 
numérisation des données, des bus de transmission vers les châssis CROCUS de lecture et un châssis de 
transmission et de mise en forme du signal de trigger. A la fin 2007, la station 1 était installée au CERN et 
toute l’électronique à la charge du SEP livrée (1.01M voies frontales et numériques concentratrices). A par-
tir de 2008 jusqu’à l’automne 2009, s’est déroulée la recette du bras Dimuon avec de nombreux tests en 
rayons cosmiques, la maintenance de la station 1 et la création d’outils nécessaires à celle-ci, et l’installa-
tion des premières améliorations de l’électronique. Fin 2009, le bras Dimuon a enregistré les premières 
données avec le démarrage du LHC. 

For IPNO electronicians this period corresponded 
to 3 different types of activities :  
 
ST1 commissionning  
From December 07 to October 09, many cosmic 
rays runs were performed by the ALICE experi-
ment, and the Dimuon arm was strongly associ-
ated to these runs. Besides physics activities as 
tracks reconstructing or resolution measurements, 
many pedestals and noise cartographies were per-
formed (See on Fig2).  

  

 

 

 

 

 

 

 

 

 

 

Figure 2 : Pedestals levels for the 10 Dimuon arm 
chambers 

On the upper part of the figure wires layers are 
displayed from 1 (upper left) to 10 (lower right). 
The pedestals are displayed with a color code. 
These measurements allowed us to sort the dead 
channels, the failures in the front-end buses read-
out, and to tune the power supplies.  

ST1 and Dimuon electronics maintenance 

In strong interaction with the cosmic rays runs, we 
could begin the ST1 maintenance. We replaced 

Dimuon Arm electronics architecture 
The ALICE dimuon arm is composed of several 
absorbers, a trigger system, a dipole and a track-
ing system. The tracking system is composed of 
five stations with two wire chambers for each of 
them.  IPN Orsay was in charge of the electronics 
design and production for the whole tracking sys-
tem. It is also responsible for the ST1 design and 
building and for the Dimuon Arm readout software. 
The readout system is described in the IPNO ac-
tivities report 2006-2007. This system represents a 
large amount of various boards and crates for the 
processing of more than 1 million channels.  
At the end of 2007, Dimuon arm was installed for a 
2 years period of commissioning (Fig1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

IPNO Participation : V. Chambert, S. Drouet, B.-Y. Ky, G. Noël. 
 
Collaboration : Saha Institute of Nuclear Physics, Istituto Nazionale di Fisica Nucleare Sezione di 
Cagliari, Subatech Nantes, CEA Saclay 

Figure 1: ST1 first chamber installed at CERN 
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In 2009, we produced the last electronics spare 
parts : 5 readout CROCUS boards and 1000 MA-
NU boards. Thanks to these spare boards and by 
repairing the boards mounted on the detector, the 
SEP will insure the maintenance of the dimuon 
arm electronics in the future. 

the MANU front-end boards out of order. We de-
signed an ACCESS data base of the ST1 including 
an history of each MANU board at each location on 
the chamber. With this tool we can observe the 
behavior of the MANU boards even when they are 
repaired  and reused on the station. We can also 
observe the station behavior, specially some loca-
tions with a high rate of MANU boards failures with 
consequences on their neighbourhood, and try to 
solve this type of problems generally due to bad 
soldering on the power supplies connectors pins. 
As a tool to maintain the electronics, SEP is devel-
oping a portable test bench to debug  MANU 
buses without using the full CROCUS readout 
chain.  
 
Electronics Upgrades 
During this period, the third part of the activity was 
electronics upgrades. It included FPGA software 
upgrades according to the requirements of real 
data acquisition. We also added and tested hard-
ware connections to change on line, via JTAG 
links, the FPGA software on the CROCUS crates 
(See Fig 3) 

Figure 3: CROCUS crate for the chambers readout 

  
 First data 
New LHC runs began in November 09, and the 
first data with the Dimuon arm put on were col-
lected at the beginning of december. First, some 
muons events were observed (See Fig4) and then 
some dimuons trajectories were reconstructed 
(See Fig5). 

Figure 4: One muon with the dipole magnetic field 
on  
 

Figure 5: First dimuon without dipole magnetic field 
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R&D for the ORGAM project: mechanical frame, antiR&D for the ORGAM project: mechanical frame, antiR&D for the ORGAM project: mechanical frame, anti---Compton Compton Compton 
simulations and demonstrator design simulations and demonstrator design simulations and demonstrator design    

L’exploitation du multidétecteur gamma ORGAM se déroulera en 2 phases. Phase 1 : installation en ligne 
420 du Tandem en géométrie EUROGAM ; Phase 2 : installation auprès du spectromètre Split-Pole. Pour 
la phase 1, un nouveau support mécanique a été fabriqué et monté en ligne 420. Pour la phase 2 le nom-
bre de détecteurs est restreint à 15, disposés en hémisphère. Pour cette géométrie, de nouvelles enceintes 
anti-Compton en cristaux de BGO doivent être réalisées. Cette étape a initié une R&D profonde sur la mo-
dernisation des enceintes. Des simulations utilisant le logiciel  GEANT4, ont permis de tester différentes 
configurations géométriques d’un ensemble Ge + BGO, afin d’optimiser le taux de réjection Compton.  La 
phase de design mécanique guidée par ces analyses, définit plus en détail les nouvelles enceintes faites 
d’alvéoles en fibre de carbone et une mécanique support qui devra s’intégrer dans le futur avec le Split-
Pole du Tandem. Un module démonstrateur BGO+Ge est en cours de fabrication pour valider ces études. 

an hemisphere.  To fit space between the Ge caps  
with a minimal number of simple geometrical 
shapes, 10 hexagon shaped and 5 pentagon 
shaped anti-Compton shields have to be con-

Introduction : the ORGAM project at IPN 
The ORGAM project (the ORsay GAMma array) is 
based on the use of part of the 45 EUROGAM ta-
pered coaxial germanium detectors. The EURO-
GAM resources management is shared between 
the France-UK Loan Pool  and the European 
Gamma Pool collaborations. The ORGAM project 
could start when a significant number (23) of the 
detectors were released in year 2008 from the JU-
ROGAM1 array installed at Jyvaskyla. The project 
is phased in two steps : Phase 1 (2009-2011) use 
of up to 30 Compton suppressed Ge detectors on 
line 420 of the Orsay Tandem accelerator and 
phase 2 (2011-2013) use of 15 detectors on line 
320 of the Tandem to work in coincidence with the 
Split-Pole spectrometer. 

Phase 1 : Setup on line 420 in EUROGAM ge-
ometry 
The ORGAM Phase 1 array, shown on Figure 1, 
has been assembled in the initial EUROGAM ge-
ometry and can host up to 45 modules 
(Germanium detectors + BGO anti-Compton ves-
sel). Before the first experiment, about 30 BGO 
shields were reprocessed, old optical grease was 
removed and renewed, 10 aluminium alveoli sup-
port were machined in the SRM workshop and the 
support mainframe of this structure was designed 
and built by the Instrumentation Division. This sup-
port consists in 2 opposite karts rail-guided in order 
to open the ball and improve the internal accessi-
bility. The set-up was aligned in April 2009 and is 
running on the Tandem line 420. 

Phase 2 : Design of the compact ORGAM ge-
ometry  
For phase 2 it has been decided to favour effi-
ciency instead of granularity which is not critical for 
the study of exotic nuclei. In that way, fewer detec-
tors can be used and placed closer to the target. 
An optimum for the covering of the solid angle by 
the Ge crystals is found by placing 15 detectors in 

IPNO Participation: J.L. Cercus, A. Chaboche, N. Hauchecorne, M. Imre, M. Josselin, L. Lavergne, A. 
Maroni, T. Nguyen Trung, J. Peyré, P. Rosier, L. Séminor, C. Théneau, L. Vatrinet, D. Verney, T. 
Zerguerras 
 

Figure 1: The ORGAM-Phase 1 array in EU-
ROGAM configuration on line 420 of the Tan-
dem. 

Figure 2 : The ORGAM-Phase 2 array 
made of 15 modules. 
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tagonal faces. Figure 3a shows simulation results 
for the pentagon case. For all these simulations, 
the Germanium is a tube of  70mm diameter and 
70mm length and its position inside the BGO de-
pends on the BGO shape and length. The set-up 
made of the Germanium and the BGO crystal is 
located at a focal distance of 117mm, referring to 
the target. The simulations were performed with 
gammas of energies from 20keV up to 5MeV, emit-
ted from the target in a random direction, by using 
the Low Electromagnetic Physics List for an im-
proved accuracy. The energies measured event by 
event in both the Germanium and the BGO can be 
extracted and the rejection rate, which is defined 
as the rate of events where energy above 50keV is 
measured in the BGO, is deduced. Figure 3b 
shows the energy measured in Germanium for a 
2MeV random-incident gamma , without and with 
the Compton rejection performed through a 
150mm length BGO . Figure 4 shows the rejection 
rate as a function of the incident gamma energy, 
for several geometries of a set-up made by the 
Germanium and the BGO. The rejection rate in-
creases from 100keV because the Compton scat-
tering becomes the dominant gamma interaction 
process. Moreover, the rejection rate is higher for 
the configurations where the BGO is hexagonal, 
because the whole Germanium is located inside 
the BGO. The choice of a BGO with a length of 
150mm is a good compromise between the re-
quirements for the rejection rate and the costs. 

Construction of the demonstrator module  

Whereas previous BGO anti-Compton vessels 
were done by metal complex shaping, the new de-
sign uses carbon fiber moulded envelop, home 
produced in a precise aluminium mould. The small 
wall thickness of 400 µm reduces the dead zone 
between crystals (~2 mm). This new concept al-
lows the Germanium detectors removal without 
dismounting the anti-Compton vessels. A demon-
strator, shown on Figure 5,  is ready in spring 2010 
to check the whole integration and the detection 
behaviour with a radioactive source. 5 BGO crys-
tals, 10 PMTs have been respectively purchased 
to Crismatec, Scionix and Hamamatsu photonics. 
The crystals are wrapped in some VM2000 reflec-
tive foil.    

structed as shown on Figure 2. The whole setup 
must fit with the Split-Pole spectrometer and the 
study will be made in collaboration with the office 
design of the Accelerator Division for integration of 
the detection setup on line 320 of the Tandem. The 
final design will continue until 2011. The R&D for 
the new anti-Compton shields has been under-
taken in parallel by the Instrumentation Division. 

Simulation for the ORGAM2 new BGO shields 
Simulations using the GEANT4 software were per-
formed to check the Compton rejection rate for 
several geometries of the set composed by a Ger-
manium detector and BGO crystals.  GEANT4 al-
lows defining the complex BGO geometrical struc-
tures which are Polyhedra with hexagonal or pen-

Figure 5: The demonstrator module composed of 
5 BGO and 1 Germanium crystals. 

Figure 4: Rejection rate given by GEANT4 simu-
lations for several geometries of the set-up made 
of a Germanium and a BGO. The gammas are 
emitted event by event in a random direction and 
their energies go from 20 keV up to 5MeV. 

Figure 3: (a) View of 100 superimposed interac-
tions of 2 MeV gammas inside a set-up made of a 
Germanium (red) and a 150 mm length BGO 
(gray) with pentagonal forward and backward 
faces. (b) Energy measured in Germanium, with-
out (black histogram) and with (red histogram) 
Compton rejection using the BGO crystal.  
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Activities of the IPNO Germanium LaboratoryActivities of the IPNO Germanium LaboratoryActivities of the IPNO Germanium Laboratory   

Le Laboratoire Germanium de l’IPN, créé à l’origine pour tester, maintenir et préparer une vingtaine de dé-
tecteurs germanium coaxiaux gérés par le Ge Loan Pool Franco-Britannique (ex collaboration EUROGAM), 
s’est considérablement développé au cours des deux dernières années. Il a vu ses activités étendues à 
d’autres détecteurs du laboratoire ainsi qu’à un nombre conséquent de détecteurs parmi ceux issus du parc 
de la collaboration European Gamma Pool, intégrés jusqu’en 2011 dans le multidétecteur ORGAM en ligne 
420 du Tandem. Pour optimiser l’ensemble des opérations de maintenance, des développements et procé-
dures ont été mis en place: mise en œuvre d’un système de remplissage automatique en azote liquide, 
optimisation des retraitements et des tests, traçabilité (suivi de chaque détecteur, de chaque opérations, 
archivage sur edms….). Des contacts réguliers avec les utilisateurs et les fournisseurs  permettent au La-
boratoire Germanium de jouer un rôle d’interface essentiel pour les expériences. 

inside the dewar).   
Figure 1 shows the quantity of detectors processed  
during the 2008-2009 period. It is worth noting the 
evolution in sharing of the operation time devoted 
to each of the 3 detector sets (Loan Pool, Gamma 
Pool, others) for the pumping/thermal treatment :  
- 38% for Loan Pool, the largest contribution since 
the detectors were originally handled by IPNO as 

home base ; 
- 28% for Gamma Pool, the detectors arrived late 
2008 with the new loan for ORGAM ; 
- 33% for miscellaneous Ge, essentially EXOGAM 
clovers (OSCAR). The other Ge detectors come 
from IPNO ( education or experiments) or collabo-
rators (CEA). 
Electronic problems commonly occurring on these 
Ge detectors concern the charge preamplifier and 
are of two types : either FET breakdown or dys-
functional electronic board (tuning or components). 
FET repair consists in removing and replacing this 
component which belongs to the cold part of the 
preamplifier, close to the crystal, by opening the 
cryostat with great care (generally in a clean room) 
and applying a subsequent thermal treatment. 
Dysfunction in the electronic board  is essentially 
due to the components of the preamplifier board 

The Germanium Laboratory   
IPNO has been acting as Home Base for the 
French-UK Germanium Loan Pool (former EURO-
GAM collaboration) since July 2007. Replacing 
IPHC in that task, it has taken in charge more than 
20 Ge detectors and assumed maintenance, moni-
toring and repair operations. Beside, IPN hosts the 
4 EXOGAM first clover prototypes which form the 
OSCAR array. 
Then, in the framework of the ORGAM project, an 
equivalent quantity of Ge detectors have been bor-
rowed from the European Gamma Pool (former 
EUROBALL collaboration) for a 2 years loan. 
Those detectors are mounted in the ORGAM Ger-
manium array operating at the Tandem/ALTO ac-
celerator complex. 
In addition, the Ge Laboratory has been entrusted 
with other Ge detectors from IPNO and other ori-
gins for tests, monitoring of the characteristics and 
repairs. In that way, the expertise of the Ge Labo-
ratory has strongly increased and now encom-
passes a large variety of Ge detectors : LEPS, 
large volume coaxial tapered and non tapered, 
small volumes, clovers etc. This had a positive im-
pact on the operation rate and efficiency of the in-
stallation allowing an optimized use of the facility 
resources.    
  

Activities 
The different operations of maintenance and repair 
consist first in pumping and thermal annealing. 
Two benches are now available for these opera-
tions, and can process up to three detectors at the 
same time, depending on the opening system of 
the cryostat. This operation can restore the vac-
uum level inside the cryostat, the thermal operation 
leading to outgasing of the very sensitive surfaces 
of germanium crystals. By warming up the crystals 
during days, it is possible to reduce the defects 
caused by neutrons emitted during experiments. 
For that purpose, new temperature regulators were 
developed, fitting warming systems of each detec-
tor, either internal resistor or external (rod inserted 

IPNO Participation: J.L.Cercus, M.Ferraton, L.Lavergne, D.Verney 

Figure 1 : distribution on the pumping/warming 
up operations on Ge detectors for 2008-2009.  
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(at room temperature)  which get aged or break. In 
2008-2009, more than 70 tests were performed to 
check the detector behaviour, in order to diagnose 
or to validate the repair operation.  
Only 10% have lead to FET changes. 
The last type of problem generally encountered in 
the detector operation is directly due to the crystal, 
and in that case, the detector has to be re-
processed by the supplier. Only 13% of tapered 
coaxial Ge detectors of both Loan Pool and 
Gamma Pool (43 total)  were sent to Canberra for 
repair.  

Equipement and data base 
The Ge lab has improved the equipment to opti-
mize the maintenance operations. An automatic 
filling device has been developed to fill up to 8 de-
tectors with liquid nitrogen, keeping them cold for 
the test (see figure 2). The protocols for each op-
eration have been written including safe LN2 filling 
of the large reservoir connected  to the autofill sys-
tem, pumping procedure, warm up procedure, test 
and diagnostic. 
Each operation is recorded : follow up, logbooks, 
and protocols in order to optimize and coordinate 
the different laboratory operations. Data sheets are 
recorded using edms tool. 
 

Figure 2 : LN2 transfer line and detectors wait-
ing for LN2 filling or repair 
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Fluo X: Construction of the Germanium detector supportsFluo X: Construction of the Germanium detector supportsFluo X: Construction of the Germanium detector supports   

Dans le cadre de l’expérience FLUO-X, 3 détecteurs germanium sont utilisés pour la détection gamma. Ces 
modules ont été adaptés pour fonctionner sous vide grâce à l’ajout d’une bride tournante. Une plaque équi-
pée d’une demi-sphère et de 4 piquages sert de support à l’ensemble et de connexion avec le tube fais-
ceau. Cette plaque sert également de fermeture pour la chambre contenant tous les autres détecteurs utili-
sés pour l’expérience. Chaque module est monté sur une mécanique mobile afin de régler la distance du 
cristal par rapport à la cible. Des soufflets permettent leur libre mouvement sans perturber le vide. 

the Ge detectors were operated under vacuum. 
Such a set up  prevented from strong Xray absorp-
tion in the walls of the vacuum chamber hosting 
the charged fragment detectors, working in coinci-
dence with the X detectors and allowing a selec-
tion of the reaction mechanisms. All this ensemble 
was used in coincidence with the VAMOS spec-
trometer in the GANIL laboratory. The 3 Germa-
nium crystals point the target and are placed at 
120 degrees from each other, as shown on Figure 
1. The extremity of the vessel enclosing the crystal 
was specially adapted by the manufacturer CAN-
BERRA in order to get a better resolution and bring 
it closer to the target. For that, it added one vac-
uum flange between the dewar and the crystal to 
allow to work under vacuum. It used also a carbon 
window in the front face to minimize the low energy 
X-rays absorption.  
 

A mobile mechanics for the germanium detec-
tors 
The Instrumentation Division (Detector Department 
in collaboration with the SRM group) took in 
charge the realization of the gamma detectors sup-
port. It is fixed on a plate which gets one half-
hemisphere and 4 flanges welded on it. The ger-
manium detectors go through the 3 first flanges 
and are linked to three support arms. The fourth 
flange is central, aligned with the beam line and 
gets an adjusting bellow. The plate is made of 
stainless steel of 10 mm thick and is showed on 
Figure 2. Besides it closes the vacuum chamber 
built by the GANIL where all the others FLUO-X 
detector take place.   
The distance between a Germanium crystal and 
the target is adjustable from 40 up to 90mm and 
the vacuum is kept thanks to a bellow, whatever 
the detectors positions are. A mobile mechanics 
was designed to achieve the precise positioning 
and was integrated in the support arm. It consists 
in a kart sliding on two rails and translating with a 

The FLUO-X experiment 
Following the blocking-type fission time measure-
ments performed recently at GANIL, a new pro-
gram has been undertaken at Ganil to measure 
fission times of short-lived “super-heavy elements” 
in the Z=120 region  as well as evaporation times 
of medium mass exotic nuclei exploiting the 
“Atomic Clock” method. This technique allows to 
derive lifetimes of compound nuclei following fu-
sion processes by  measuring  their characteristic 
X-rays arising from the decay of atomic inner shell 
vacancies created  during the collision, knowing 
the atomic lifetimes of these  vacancies. Two ex-
periments have thus been realized in 2009 using a 
very similar apparatus in which the detection of X-
rays is of course a key point.  
 

The gamma detection 
In order to get a large detection efficiency, needed 
by the exotic character of the studied nuclei, as 
well as good energy resolution, HPGe Xray detec-
tors have been used, in a very close geometry in 
order to sustain a large solid angle. As the detec-
tion of L Xrays as well as K X-rays was needed, 

Figure 1: The 3 germanium detectors 
around the VAMOS target loader. 

IPNO Participation: M. Imre, D. Jacquet, J.-P. Le Normand, P. Loquin, A. Maroni, P. Rosier, 
L. Séminor, C. Théneau, L. Tassan Got, L. Vatrinet  
 
Collaboration : GANIL Caen 
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hand wheel clamped on a ball screw. A measuring 
device helps to set manually the desired distance 
which is then locked by stoppers on the rails. The 
Figure 3 shows the mounting of the modules and 
the alignment of the mechanics. After that each 
module is mounted one by one on the support 
plate.  

 
 

Figure 3: Mounting and alignment of a 
germanium detector on its mechanics 

Figure 2: View of the stainless steel plate 
used as the gamma detection support 
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The PreThe PreThe Pre---Processing and the Production of the Electronics Boards Processing and the Production of the Electronics Boards Processing and the Production of the Electronics Boards 
for the AGATA Detectorfor the AGATA Detectorfor the AGATA Detector   

AGATA est un projet de développement d’un spectromètre gamma destiné aux expériences de physique 
des noyaux exotiques. Le détecteur comprendra 180 cristaux de germanium de gros volume fonctionnant à 
basse température. Chaque cristal est segmenté en 36 sections dont les électrodes sont lues par des pré-
amplificateurs embarqués à faible bruit. Ce détecteur bénéficiera, au niveau de son électronique de deux 
innovations techniques majeures: un traitement entièrement numérique des signaux associé à une métho-
de de localisation des interactions basée sur l’analyse des impulsions de collection de charge. Chacune 
des 7000 voies d’électronique sera munie d’un convertisseur Analogique-Numérique à grande vitesse et 
grande résolution (Flash 14 bit 100MHz ADC) associé à une électronique d’acquisition fortement intégrée. 
Le SEP a participé à la conception du système de concentration et de synchronisation des données du pro-
jet. Il a développé une partie importante du code VHDL de la logique programmable de ce système . Il a 
aussi assuré la production de cartes mères (CARRIER) et la responsabilité des cartes fond de panier 
(TCLK). Le SEP a également conçu le banc de test JTAG et a mis en place plusieurs protocoles de tests 
pour les cartes CARRIER. 

Each crystal needs two Carrier boards (Master and 
Slave) holding six “segment” mezzanine boards, 
one central contact “core” mezzanine board and one 
Global Trigger System board (Fig.2).  

Hardware Design Development 
The Electronics Department (SEP) has been work-
ing  on the AGATA project since 2006. The SEP has 
developed in VHDL code the substantial part of the 
FPGA (Field Programmable Gate Away) for the Car-
rier board : the trigger system management code, a 
part of the DPRAM (Dual Port Random Access 
Memory) management code and the data acquisi-
tion code of the main FPGA. 

Design and Production 

1)  Carrier Board 
The collaboration decided to build a demonstrator of 
5 clusters, each of them including 3 germanium de-
tectors, requiring then a total of 30 Carrier boards. 
The SEP produced 33 of such cards (Fig.3), includ-
ing 3 for spares. 

Fig.3 Carrier Board 

Introduction 
AGATA : Advanced Gamma Tracking Away 
 (http://www-wnt.gsi.de/agata/) 

Fig.1 The Whole AGATA Detector 

AGATA is a project to design a gamma rays detec-
tor aimed to high resolution γ-ray spectroscopy 
with exotic beams. The detector will be made of 
180 crystals of high purity germanium (Fig.1). Each 
crystal is segmented into 36 volumes, each of 
them carrying one electrode, called segment, read 
by a high resolution preamplifier. 

Fig.2 One AGATA Detector Electronics 

IPNO Participation: X. Grave, B.Y. Ky, A. Lermitage, J. Maltese, C. Oziol, S. Royer, F. Salomon,  
S. Tanguy, K.M.M. Tun-Lanoë 
 
Collaboration : CCLRC Rutherford Appleton Laboratory (United Kingdom), CSNSM Orsay (France), 
INFN Padova (Italy), IPHC Strasbourg (France) 
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2)  Front Panel of the Carrier Board 
The SEP has designed the drawing of the front 
panel of the Carrier board (Fig.6) and followed up 
the production of the 39 panels. It completes the 
ATCA (Advanced Telecom Computing Architec-
ture) standard of the Carrier board and is the best 
fixation of the mezzanine boards on the Carrier 
board.  

 Fig.6(a) Front Panel           Fig.6(b) Front Panel  

3)  TCLK Board 
The SEP has also designed, produced and tested 
a backplane board (TCLK, Fig.7) which is con-
nected to the two Carrier boards used for a crystal. 
It allows to synchronize the distribution of the trig-
ger and clock signals between these two Carrier 
boards. Twenty items (15 for the demonstrator and 
5 for spares) were produced and used on the dem-
onstrator.  

Fig. 7 TCLK Board 

 

The INFN (Padova, Italy) laboratory provides the 
plain PCB (Printed Circuit Board) for the Carrier 
boards. The SEP purchased of all the needed 
components and followed up the wiring on the 
PCB performed by the Emelec company (http://
www.ncf.fr/emelec/).  
The Carrier boards are made in accordance with 
the Restriction Of Hazardous Substances directive 
(ROHS) process. To validate finally these boards, 
the SEP developed and implemented the various 
procedures and test programs: power supplies 
test, Power PC test (in collaboration with INFN Pa-
dova) and also the design of the JTAG test bench 
(Fig.4). 

Fig. 4 JTAG Test Bench 

The Carrier board wiring is difficult because of 
many reasons. There are thousands of compo-
nents on the board; some of them need a specific 
heat drying before wiring; so we had to face to a 
significant amount of imperfect components and to 
many connection problems because of wiring de-
faults. These defaults were showed by using a X-
ray machine.  
Thanks to the JTAG test bench, we could verify all 
the signal transmission lines and solve the connec-
tion problems between the components.  
Some Carrier boards were returned several times 
to the wiring company for repairs. The historical 
record file of each Carrier’s test is noted and pur-
posed to send to the experiment.  
In collaboration with the CSNSM Orsay, the SEP 
has developed a test bench for the data acquisition 
system of one Carrier board, used as Master, to-
gether with one GTS, 3 mezzanines boards and 
one TCLK. This bench (Fig.5) allows to validate 
the full set of the Carrier board and its daughter 
boards. 

Fig. 5 Acquisition Test 
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AGATAAGATAAGATA---Cryo Project : new developmentsCryo Project : new developmentsCryo Project : new developments   

Le projet AGATA-Cryo  consiste à développer un mode de refroidissement original de détecteurs germa-
nium. La première phase s’est concrétisée par la construction de la boucle hélium dimensionnée à l’origine 
pour refroidir plusieurs triple clusters AGATA. Il s’agit de faire circuler un flux d’hélium gazeux en boucle 
fermée, refroidi dans un bain d’azote liquide pour remplacer les remplissages en azote liquide des dewars 
des détecteurs germanium. La phase 2 se poursuit avec la construction d’une interface remplaçant le de-
war, couplé à un dispositif  permettant de désolidariser le détecteur de la boucle sans le réchauffer. Ce dis-
positif appelé shunt thermique a été réalisé et testé avec la boucle fermée et un détecteur Ge encapsulé. 
Ce détecteur a été caractérisé avant intégration dans le cryostat, puis avec la nouvelle interface et la bou-
cle hélium. Les résultats, encourageants, sont prometteurs et l’issue de ce projet approche moyennant la 
résolution des problèmes mécaniques rencontrés sur le shunt et la boucle. 

The further tests have consisted in thermal experi-
ments, without any detector, but using the interface 
coupled to a specific flange  (virtual charge) equip-
ped with several temperature sensors. The tests  
were performed in  2 steps : 
- First, with liquid nitrogen flowing inside the ther-
mal shunt. Some temperature sensors provided 
the cooling diagram at different location of the de-
vice. The preliminary results showed that the cold 
finger is cooled down after 5 hours. This is in 
agreement with the supplier requirements, assu-
ming that cooling down (or warming up) has to ta-
ke 10K per hour at maximum. 
- Second, the thermal shunt was tested with helium 

Agata-Cryo : reminder of phase 1 
The He loop was developed, manufactured and  
tested some years ago, in collaboration with the 
CEA-IRFU. It was a part of the AGATA R&D pro-
gram, the European project for a new gamma de-
tector array composed of 60 triple clusters (3 hig-
hly segmented coaxial Ge detectors into one 
cryostat). In order to improve the duty cycle of 
each triple cluster by a continuous cooling, an al-
ternative solution with a forced loop of He was pro-
posed. The latest results showed that the tempera-
tures reached with He loop were satisfying while 
the energy resolutions measured on a small Ge 
detector remained comparable but sligthly worse. 
In fact, the surfaces of the crystal were very sensi-
tive to the handle of the detector (required to as-
semble into the test cryostat). 
In parallel, a new connection/disconnection system 
was studied to allow the removal of a detector from 
the He loop  without reheating the detector, to al-
low maintenance operations for example.. 

Phase 2 : detector, interface and  thermal shunt  
A new detector has been used for this experiment : 
an encapsulated Ge detector coming from RISING 
collaboration. Some standard tests were perfor-
med in Saclay and Orsay with a dewar filled of li-
quid nitrogen, to be furtherly compared with the 
new helium loop cooling. An energy resolution of 
2.3 keV was obtained at 1.33 MeV with both acqui-
sition systems (IPN et CEA). 
The interface between the cold finger and the ther-
mal shunt was developed in Saclay in collaboration 
with the CTT company, which provided the cryos-
tat. The interface has been manufactured and as-
sembled to the cryostat.  
The thermal shunt is a thermal junction, which can 
be dismantled, inserted between the cooling circuit 
and the finger connected to the germanium detec-
tor, see figure 1. The He pressure in the thermal 
shunt is tuned according to the connection/
disconnection of the detector to the loop. 

IPNO Participation: J.L.Cercus, C.Commeaux, L.Lavergne, R.Skowron 
 
Collaboration : CEA - IRFU/SPhN-SIS-SACM 
 

Fig 1 : The initial description of the He loop for 
the cooling of 3 detectors at the same time. A 
zoom shows the new system of connection/
disconnection. 

Fig 2 : The thermal shunt at 45° 
position during thermal tests. 
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gress and another test is expected soon. loop device : using gaseous helium (GHe) to cool 
the cold finger,  when the shunt was positionned in 
different configurations (45° see figure 2, vertical, 
horizontal). 
The He pressure inside the thermal shunt has to 
be tuned in order to get the same kind of cooling.  
Results showed that the temperature are similar 
(see figure 3) whatever the position. 

Then the cryostat with the Ge capsule, has been 
integrated, replacing the test flange, see figure 4. 

Promising results 

The following step consisted in measuring the 
energy resolution of the Ge detector in real condi-
tions in order to get the similar values as with stan-
dard dewar filled of LN2. 
Figure 5 shows the energy resolutions measured 
at different steps of cooling with He loop. The best 
values obtained  is 2.6 keV at 1.33 MeV compared 
to original 2.3 keV with LN2 dewar. Unfortunately, 
some problems occured, as leaks on the thermal 
shunt and cryostat and unexpected stops of the 
compressor of the loop, leading to warm the detec-
tor up. It appears clear after performing some extra 
tests with LN2 again that the thermal instabilities 
due to these stops degrade energy resolution. 

Next step 
The repair of shunt, compressor are under pro-

Fig 5 : Energy resolution as a function of time 
(red line). The thin blue line refers to the tem-
perature variation of the GHe, the sharp 
peaks corresponding to the stops of the com-
pressor. The other lines referred to the other 
temperature sensors. 

Fig 4 : The detector has been 
integrated into the He loop 

Comparaison entre refroidissements LN2 et gHe sur le Shunt Agata
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Fig 3 : The temperature evolution for LN2 (thin 
lines) and  GHe (thick line) cooling modes. 
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R&D on calorimeter for the EXL projectR&D on calorimeter for the EXL projectR&D on calorimeter for the EXL project   

Le Service Détecteurs de l’IPN Orsay est engagé dans la R&D pour le calorimètre du détecteur EXL à 
NUSTAR (GSI). Un premier prototype, constitué de 18 cristaux CsI(Tl) et de photomultiplicateurs rectangu-
laires associés, a été construit et monté sur un banc de test pour réaliser des mesures à l’aide de diverses 
sources radioactives (

137
Cs, 

60
Co, 

56
Co). L’objet principal de ces études expérimentales est de vérifier si le 

prototype satisfait aux exigences du cahier des charges, notamment sur la résolution en énergie totale re-
construite  (5.5% FWHM à 1MeV). Pour cela, il a été nécessaire de mettre au point une procédure d’analy-
se des données hors-ligne, en utilisant les outils d’analyse fournis par le logiciel ROOT.  

position is adjusted for each channel, after pedes-
tal subtraction. However, a direct sum of all the 
channels is not yet possible at this stage as shows 
the black curve on figure 2: the 662 keV peak  is 
shifted upwards by 15% and the resolution on the 
total energy is rather poor (8.9% FWHM). This is a 
consequence of the light cross-talk between two 
crystals inside a duo: when a gamma interacts in a 
crystal, part of the light produced is detected by the 
partner and the first peak adjustment performed on 
each detector is consequently distorted. The cross-
talk ratio can be quantified by selecting the events 

The Detector Department of IPN Orsay is involved 
in the R&D for the EXL experiment calorimeter. 
This calorimeter is dedicated to the measurements 
of both charged particles and gamma rays. A first 
prototype made of CsI(Tl) crystals, associated with 
rectangular photomultipliers, has been built and 
mounted on a experimental test bench to study the 
response to gamma rays of various energies.   

Prototype of 18 crystals 
The prototype is made of 18 CsI(Tl) crystals, pur-
chased at the AMCRYS company, coupled with 9 
two-channels Photonis XP14D5 square photomulti-
pliers, read by Cremat CR113 charge preamplifiers 
as shown on Figure 1. The CsI(Tl) crystals are tra-
pezoids, truncated on the backward face, following 
an angle of 2.81

o
. The crystal length is of 110 mm, 

the surface of the forward and the backward faces 
are respectively of 415 and 718 mm

2
. Two 16-

channel CAEN N568B programmable low-noise 
spectroscopy amplifiers convert each preamplified 
pulse in a semi-Gaussian shape signal, which is 
then digitized  by  a VME CAEN V785 32 channels 
multi-event peak sensing ADC. The ADC gate is 
the OR signal of the 18 fast output signals provi-
ded by the spectroscopy amplifiers. The on-line 
spectra vizualisation together with the data storage 
is performed through a PC, equipped with a Lab-
view software. Measurements were performed 
using three kind of gamma radioactive sources: 
137

Cs (662 keV), 
60

Co (1.17 and 1.33 MeV) and 
multipeaks 

56
Co (peaks up to 3.25 MeV). Another 

set of measurements was performed after inserting 
10 carbon foils (total thickness of 2 mm) between 
each group of two crystals to check the additionnal 
effects due to dead zones on the total energy reso-
lution. 

Data analysis method validation 
The data binary files are converted by program into 
a file, readable with the physics analysis software 
ROOT [1]. The data analysis method is validated 
using runs with the 

137
Cs source. First, the peak 

IPNO Participation: J.L. Cercus, B. Génolini, M. Imré, M. Josselin, I. Mattea, A. Maroni, M. Niikura, J. 
Peyré, J. Pouthas, E. Rindel, J.A. Scarpaci, C. Théneau, T. Zerguerras 
 
Collaboration : USC Santiago de Compostella (Spain), Lund University (Sweden) 

Figure 1: (a) View of two crystals, with the dual 
XP14D5 photomultiplier. (b) The complete detec-
tor, with its 18 crystals, wrapped in VM 2000 and 
equipped with their photomultipliers. 
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Conclusions 
A EXL calorimeter prototype, made of 18 CsI(Tl) 
equipped with dual XP14D5 photomultipliers, has 
been built and tested with gamma energies up to 
3.2 MeV. Despite the light cross-talk between crys-
tals of the same duo,  which can be corrected by 
the off-line analysis, the resolution on the total 
energy is less than 5.5% FWHM at 1 MeV and fol-
lows the specifications. However, additionnal expe-
rimental data with energy gammas higher than 5 
MeV are needed to completely characterize the 
detector. 
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[3] G. Erdtmann, and W. Soyka, The Gamma Rays 
of the Radionuclides (Volume 7), Weinheim 
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where the gamma energy is completely absorbed 
in one crystal and by measuring the signal induced 
in the partner. After correcting for the light cross-

talk, the energies can be summed, giving the red 
curve of figure 2. Thanks to this procedure the 
peak position is reconstructed with a systematical 
error less than 1% and with an improved resolution 
(7.5% FWHM). 

Results with multipeak sources 
Further tests were performed with a double-peak 
60

Co (1170 and 1330 keV gamma peaks) source 
using the same reconstruction method. The light 
cross-talk was investigated by selecting events in 
the full-absorption peaks of each crystal and simi-
lar results than for 

137
Cs were found. To analyze 

energy spectra which exhibit more than one peak, 
ROOT provides a powerful package through the 
TSpectrum class [2], which includes functions for 
peaks research and background subtraction. Figu-
re 3 shows the total energy histograms obtained 
with 

60
Co, before and after background subtraction. 

The total energy is reconstructed with a resolution 
of 4.8% FWHM at 1330 keV, thus following the 
specifications. The data analysis of the 

56
Co run 

was performed after determining calibration coeffi-
cients from a 

137
Cs run performed in the same ex-

perimental conditions (photomultipliers high volta-
ges, amplifier gains). The reconstructed energy 
spectrum is shown on figure 4. The peak with a 
fitted energy of 3384 keV is a weighted sum of two 
gamma peaks, whose values given by the tables 
are  3200 and 3250 keV and relative intensities of 
3.1 and 7.6 respectively [3]. The energy resolution 
deduced after deconvolution is of 3.6% FWHM. 
The same set of measurements is performed after 
introducing a set of 10 carbon foils between each 
duo of crystals, providing a total thickness of 2 
mm. No  degradation of the energy resolution was 
observed.  

Figure 2: Energy reconstructed without (black his-
togram) and with light cross-talk correction (red 
histogram). The radioactive source used is 

137
Cs. 

A function, which is the sum of an exponential and 
a gaussian, is adjusted on each experimental 
spectrum (thick lines on the figure).   

Figure 3: Energy spectrum of a 
60

Co source 
(black). The red histograms is obtained after back-
ground subtraction. A function, which is the sum of 
two gaussians, is adjusted on the two characteris-
tic peaks (red dotted line). 

Figure 4: Energy spectrum of a 
56

Co source 
(black). The histogram in red is obtained after 
background subtraction. A gaussian is adjusted 
on the peak whose mean value is of 3384 keV, 
which is a weighted sum of two peaks (see text). 
The deconvoluted energy resolution deduced is 
of 3.6% FWHM. 
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R&D on the Central Neutron Detector of CLAS12R&D on the Central Neutron Detector of CLAS12R&D on the Central Neutron Detector of CLAS12   

La diffusion Compton profondément virtuelle -DVCS- (ep->ep  et en->en ) permet d'accéder aux Distribu-

tions de Partons Généralisées du nucléon -GPDs. Comme le DVCS sur le neutron est peu exploré, il est 
prévu d'installer une cible de deutérium au sein du détecteur CLAS12, associé à la prochaine montée en 
énergie de JLab à 12 GeV, et un détecteur de neutrons. Nous proposons pour cela un détecteur constitué 
de barreaux de scintillateurs plastiques détectant la position des impacts par temps de vol, dont la difficulté 
de réalisation est la présence d’un champ magnétique de 5 T. Nous avons montré que nous pouvons at-
teindre des résolutions intrinsèques satisfaisantes par des simulations et des mesures sur un barreau de 
scintillateur. Cependant, les composants silicium, qui peuvent tenir le champ magnétique, donnent des ré-
sultats insuffisants car ils ne collectent pas assez de lumière. Quant aux tubes à galettes de micro-canaux, 
nous avons mesuré qu’ils ne tiennent pas jusqu’à 5 T. L’expérience doit donc déporter les photodétecteurs. 

tween neutrons 
and photons, and 
its angular and 
momentum reso-
lutions. Neutrons 
of momenta vary-
ing between 0.1 
and 1 GeV/c and 
having polar an-

gles  varying be-

tween 50° and 90° 
have been gener-
ated at fixed azi-
muthal  ang le 

(  = 0°), pointing 

to the center of 
one of the scintillator bars. We determined that the 
photodetectors need a resolution less than 200 ps 

( ) within a 5-T magnetic field. 

Simulations of light collection 
Several proposals of shapes and the number of 
layers of scintillators were made by the mechanical 

Physics motivation: neutron Generalized Par-
ton Distribution 
Measuring Deeply Virtual Compton Scattering 
(DVCS) on a neutron target is one of the neces-
sary steps to complete our understanding of the 
structure of the nucleon in terms of Generalized 
Parton Distributions (GPD) [1]. Neutron targets 
play a complementary role to transversely polar-
ized proton targets in the determination of the GPD 
E, the least known and constrained GPD that en-
ters in Ji’s angular momentum sum rule. We intend 
to measure beam-spin asymmetries for neutron 
DVCS with the upgraded 11-GeV CEBAF polar-
ized-electron beam and the CLAS12 detector. For 
the detection of the recoil neutron, necessary to 
ensure the exclusivity of the reaction, we propose 
to construct a scintillator-barrel detector to be 
placed in the Central Detector. The main technical 
challenge is to achieve the photodetection in a 
short volume and in the presence of a 5-Tesla 
magnetic field created by the solenoid magnet in 
order to reject charged background particles. We 
carried out simulations and tests to validate our 
first proposals. 

The Central Neutron Detector 
After considering various possible solutions, the 
design for the detector (CND, for Central Neutron 
Detector) that has been retained consists of a bar-
rel of standard plastic scintillator bars of trapezoi-
dal shape (Figure 1), all with their long sides paral-
lel to the beam direction. Each bar is about 60 cm 
long and 3 cm thick. The position of neutrons will 
be measured by time of flight methods, using a 
light readout at each of the two sides of the scintil-
lators. 
In order to study the performance of this detector, 
its geometry has been added to the CLAS12 GE-
ANT4-based simulation package, Gemc. We ran 
simulations, which included all the components of 
the Central Detector, to evaluate the efficiency of 
the CND for neutrons, its ability to discriminate be-
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Collaboration : INFN-Genova, INFN Roma 

Figure 1: Layout of the cen-
tral neutron detector scintil-
lators for CLAS12. 

Figure 2: Time resolution as a function of 
the position, obtained from simulation. 
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wavelength of the scintillator. Though the surface 
is smaller than that of the XP20D0, we obtained a 
resolution of 130 ps RMS. 
We placed this device in magnetic field at the CEA
-Saclay facility. The results, presented in Figure 4, 
show that this device performs well up to 1.5 T but 
does not sustain the required 5 T. 

We also tried an extruded scintillator with a wave-
length shifting fiber, that we thought could have 
been more suitable for MPPCs. However, we ob-
tained a resolution of 1.4 ns, that we explained be-
cause of the width of the light production (we 
measured 20 ns at half maximum) and because 
we collected 10 photoelectrons in average. We 
would have needed 10

4
 more photoelectrons more 

to fulfill our requirements, which seems impossible 
with this technique. 

Perspectives 
All these results were very instructive but unfortu-
nately negative: we could not find a photodetector 
able to achieve our time resolution requirements 
within a strong magnetic field. We have therefore 
turned to another option, currently under study, 
which consists in giving up installing photodetec-
tors at both ends of the scintillators. Rather, we 
keep photodetectors on only one end (which can, 
through straight light guides, be set up in a low 
magnetic field region) and equip the second end of 
the scintillators by a reflector which return the light 
in the adjacent scintillator. The left-right timing dif-
ference in a bar is then transformed into a timing 
difference between two adjacent bars. Light losses 
due to the reflector and the increased scintillator 
length need to be measured, which is currently un-
der progress. 
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engineers. We compared their performance by 
simulating the light propagation with Litrani [2], a li-
brary that implements a Monte-Carlo algorithm for 
this purpose. The simulations were calibrated from 
the measurements on the BC408 scintillators. The 
results, presented in Figure 2, show that the best 
results are obtained with the 3-layer configuration. 
Since those calculations are time and resource 
consuming, we have started to implement them on 
the computer grid of the laboratory. 

Test Bench 
Measurements 
were performed 
with a 60-cm 
long scintillator 
bars: a NE102 
one with a sec-
tion of 3×4 cm

2
 

and a BC408 [3] 
one with a sec-
tion of 3×4 cm

2
. 

The bar is 
equipped at both 

ends with photodetectors (see Figure 3). A pho-
tomultiplier tube remains at one end as a refer-
ence. It is a 2-in Photonis XP20D0 [4], designed 
for fast timing measurements. We placed the 
photodetectors to be tested at the other end: sili-
con photomultipliers, avalanche photodiodes 
(APDs), multichannel plate photomultiplier tubes 
(MCP-PMT), all supposedly insensitive to some 
extent to the magnetic field. Both detectors can be 
calibrated by LEDs placed close to them. 
The light was generated from cosmic rays. The se-
lection of events at a given position along the scin-
tillator bar was achieved by the coincidence of two 
small scintillators placed above and under the bar. 
In order to have a good time reference with more 
photons, a thicker scintillator was aligned with the 
two other ones. 

Results 
We first used another XP20D0 photomultiplier tube 
to check our system. We obtained an intrinsic 
resolution of 90 ps RMS, due to the 1600 photo-
electrons collected. However, since this device 
does not work in the high magnetic field, we tested 
other devices. 
The multi pixel photon counter (MPPC) of 
Hamamatsu [5] had the advantage of a good 
wavelength match with the scintillator. However, 
the small collection surface achievable with those 
detectors give a poor resolution: we measured a 
resolution of 1.8 ns RMS with the 1×1-mm

2
 device. 

The 3×3-mm
2
 device had a rise time of 5 ns and a 

noise rate that were not compatible with our ex-
periment. 
We obtained a resolution of 1.4 ns RMS with the 
3×3-mm

2
 APD of Hamamatsu, due to the noise 

and the rise time of this device. 
We tested a prototype of two-stage multi-channel 
plate photomultiplier tube (MCP-PMT) developed 
by Photonis-DEP. Its photocathode has a diameter 
of 22 mm and a quantum efficiency of 30 % at the 

Figure 4: Influence of the magnetic field 
on the signal amplitude, for the same 
quantity of injected photons. 

Figure 3: The test bench. 



230 

R&D on Large Photomultiplier TubesR&D on Large Photomultiplier TubesR&D on Large Photomultiplier Tubes   

Un programme de recherche-développement sur les grands tubes photomultiplicateurs a été réalisé avec la 
société Photonis. Le travail au sein du Service Détecteurs de l’IPN a porté sur l’amélioration de la réponse 
en électron unique. Plusieurs méthodes ont été testées sur un nombre réduit de tubes. Une solution se prê-
tant à l’industrialisation a été retenue : il s’agit d’améliorer l’homogénéité de la première dynode et de rédui-
re l’accumulation de charges dans le multiplicateur. Ensuite, des tests systématiques ont été réalisés sur 
cinq prototypes de tubes photomultiplicateurs de diamètre de 10 pouces validant l’efficacité de ces amélio-
rations.  

In order to improve this value, Photonis made a 
prototype with a better first dynode homogeneity 
and with a manufacturing process that reduces the 
charge accumulation on the dynodes. The results 
on this first prototype were encouraging, and there-
fore we decided to make systematic tests. 
Five PMTs produced with this new process were 
tested. The results and the comparison with tubes 
made with the previous process are shown in Fig-
ure 2: the typical new value for the peak-to-valley 
ratio obtained from the noise is greater than 2. 
At the same time, a significant reduction on the 
noise rate was obtained: the typical value changed 
from 7 kHz to 2.5 kHz (noise measured at room 
temperature with a dead time of 30 µs). 
The goal of this study was to extend the methods 
to the 12-in PMTs. However, Photonis halted its 
tube production. Anyway, the Detector Department 
gained a lot of expertise on PMTs from this 6-year 
R&D. 
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The Detector Department has carried out a pro-
gram with the Photonis Company [1], the former 
French photomultiplier tube (PMT) producer, in 
order to study and improve the tube response, the 
tube efficiency, the noise and afterpulse rate of 
large photomultipliers tubes (PMT), one of which is 
shown in Figure 1. They are currently used in as-
troparticle and neutrino experiments, where the 
light level and event rate are so low that those pa-
rameters are critical. The last part of this program 
concerned the improvement of the single electron 
response resolution of 10-in PMTs. 

The single electron response peak resolution is a 
key parameter for the neutrino experiments which 
need to discriminate the signal from the noise. The 
peak-to-valley ratio is one of the best indications 
on this resolution. 
The 10-in PMTs of Photonis have always had a 
good peak-to-valley ratio for single electron re-
sponse obtained with a pulsed source of light: the 
typical value is 3.2. For this measurement, we 
used a pulsed light emitting diode (LED) close to 
the photocathode, so as to illuminate only a small 
point of the photocathode, at the center. For this 
reason, we call those spectra “LED spectra”. 
However, when triggering the data acquisition on 
the self emission noise, the typical value is 1.5. 
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Figure 1: A 10-in diameter PMT. 

Figure 2: Effect of the improvement on the 
peak-to-valley ratio (P/V). Comparison made 
on several tubes identified by their serial 
number. 
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Large dynamic range photomultiplier tube readoutLarge dynamic range photomultiplier tube readoutLarge dynamic range photomultiplier tube readout   
for Auger Northfor Auger Northfor Auger North   

Le projet « AUGER nord » à Lamar (Colorado, USA) est en cours d'évaluation. Il devrait être constitué de 
4000 cuves Cerenkov pour la mesure des rayons cosmiques de ultra-haute énergie. Leur lumière est dé-
tectée par un tube photomultiplicateur sur une grande gamme dynamique dépassant de plus d’un ordre de 
grandeur celle d’Auger Sud. Le Service Détecteur a donc mené une étude pour le faire avec un seul tube. Il 
en découle qu’il est possible d’étendre la gamme dynamique d’Auger Sud d’un facteur 20 à partir de l’ano-
de et de la cinquième dynode du tube photomultiplicateur.  
Ensuite, le Service Electronique Physique a conçu et produit des prototypes d’une carte front-end corres-
pondante, comprenant l'alimentation haute tension des tubes photomultiplicateurs et l’électronique de 
conditionnement du signal pour sa numérisation à 100 Méga échantillons par seconde. 

of Auger South is limited by the saturation of the 
PMT anode. 

Charge measurement over 6 orders of magni-
tude 
The Detector Department studied a solution to 
cover this large dynamic range with a single tube 
on the 9-in Photonis XP1805 tube [2], which 
equips the 1,500 tanks of Auger South. 14 of those 
PMTs were purchased to equip the RDA and to 
perform systematic tests. 

The principle of the solution consists in reading out 
at the same time the signals of the anode and of 
dynodes, in association with an appropriate front-
end electronics. By using several high voltage 
power supplies and measuring the signals of the 
sixth and fourth dynodes, the Auger North require-
ments can be reached.  
The dynamic range was measured by injecting 
light with a pulsed LED, diffused by a Teflon plate 
on the XP1805 and controlled with four small addi-

The Northern site of the Pierre Auger Observatory 
[1] (also called Auger North) designed to complete 
and extend the measurements on ultra high energy 
cosmic rays begun in the Southern site (also called 
Auger South) is being evaluated by the US govern-
ment. It will be located at Lamar, Colorado, USA 
(see Figure 1). The experiment consists of 4,000 
tanks filled with pure water, uniformly spaced on a 
20,000 km

2
 area. 

The major step in the evaluation process is the 
assembly of an R&D array on this site, called RDA, 
which comprises ten of those tanks. IPN Orsay 
took in charge the production of the front-end elec-
tronics, from the photomultiplier tube (PMT) base 
up to the input of the digitization. 
The main change for this new site is the extension 
of the dynamic range: more than one order of mag-
nitude greater than the Auger South limit. The 
challenge of our study was to implement a solution 
with a single PMT, knowing that the dynamic range 
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Figure 1 : The Auger-North experiment 
area (gray zone). 

Figure 2: Test bench for the linearity. 
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ensure the cross-calibration between the ADC 
channels. Those four channels have a  3 dB band-
width of 50 MHz since the ADCs have a sampling 
rate of 100 MHz. 
The highest gain output on the anode has a low 
noise (less than 50 µV RMS) in order to detect sin-
gle photoelectrons at the working gain of the PMT 
(2×10

5
). 

Four samples of the first prototype of front-end 
board and 3 samples of test boards have been 
produced in February 2009. The 10 samples that 
will equip the RDA will be produced in 2010, with 2 
additional spare samples. They are scheduled to 
be implemented on site in Summer 2010.  
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tional photomultiplier tubes (Photonis XP5212) 
covering separately the Auger North dynamic 
range (see the setup on Figure 2). A typical result 
obtained with the fourth and sixth dynodes is 
shown in Figure 3. 
The calibration with those reference tubes and the 
cross-calibration of anode and dynode differ by 
less than 2.4 %. The dispersion of the secondary 
emission coefficients of the dynodes, estimated by 
testing 14 XP1805 tubes, is large: after removal of 
4 off-centered samples, at a gain of 3×10

5
, the an-

ode to fifth dynode gain ratio is 144 with a RMS of 
13. We measured an extension of the Auger South 
linear dynamic range by a factor of at least 20. 
However, those studies have to be performed for 
other tubes, not only because of the halt of the 
photomultiplier tube production at Photonis but 
also because the specific architecture of the first 
stages of the XP1805 might be responsible for the 
observed gain dispersion. 
More details on this study can be found in Ref. [3]. 

Prototypes for the front-end electronics 
A simpler base biased with the Auger South high 
voltage power supply reading the anode and the 
fifth dynode was implemented in order to simplify 
the design and reduce the power absorption. With 
this configuration, we can extend the Auger South 
by a factor of 20 with 10 of the purchased tubes. 
The Electronics Department designed and vali-
dated a prototype of front-end board (shown in Fig-
ure 4) that comprises a module that generates the 
high voltage to bias the PMT and analogue elec-
tronics conditioning the signals before the digitiza-
tion. It is a daughter board that will be plugged on 
the board performing the signal digitization, the 
data pre-processing and transmission. 
The front-end electronics splits the anode in 3 
channels gains (30, 1 and 0.1) and amplifies the 
dynode by a factor 10 in order to match the ana-
logue to digital converters’ (ADC) input ranges and 

         
Anode 

D6 
D4 

Gain = 2.5×10
5 

HV = 1336 V
 

Figure 3: Typical peak current on the outputs 
as a function of the photocathode current. The 
plots correspond to a linearity better than 5 %. 
The Auger South and North requirements are 
represented by vertical dashed lines. 

Figure 4 : The front-end board developped 
by the electronics department. 

http://www.auger.org/technical_info/pdfs/icrc2007/0706.3940v1.pdf
http://www.auger.org/technical_info/pdfs/icrc2007/0706.3940v1.pdf
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Underwater pressure tests of photomultiplier tubesUnderwater pressure tests of photomultiplier tubesUnderwater pressure tests of photomultiplier tubes   
and assembly of a demonstrator for PMmand assembly of a demonstrator for PMmand assembly of a demonstrator for PMm222   

PMm
2
 est un projet de recherche-développement destiné à répondre aux besoins des futures expériences 

sur les neutrinos de type « Mégatonne ». Il s’agit de placer dans l’eau sous une pression pouvant aller jus-
que 7 bars des tubes photomultiplicateurs, leur polarisation et l’électronique. Le Service Détecteurs a conçu 
une embase et une connexion à l’électronique, étanche jusqu’à une pression de 10 bars, qui a été vérifiée 
avec des petits tubes photomultiplicateurs. Le dialogue avec la société Photonis a permis d’aboutir à pro-
duire des verreries de tubes photomultiplicateurs de 12 pouces tenant plus de 20 bars de pression. La mé-
canique d’un démonstrateur d’un module constitué de 16 photomultiplicateurs de 8 pouces de diamètre a 
été réalisée. Ce projet a permis à l’IPN d’acquérir des compétences pour d’autres futurs projets aux condi-
tions environnementales sévères. Il est financé par le contrat ANR-06-BLAN-0186. 

say has discussed the requirements on the new 
PMTs with Photonis, studied the water tightness of 
the PMT, its base circuit and the front-end enclo-
sure. It has also assembled a demonstrator for 16 
large PMTs 

A single high voltage for 16 PMTs 
In the proposed design, the PMTs are biased by a 
resistive voltage divider. In order to reduce the 
connection costs, the same coaxial cable carries 
the high voltage and the signal. The high voltage is 
common for the 16 PMTs. The bases are to be put 
underwater and therefore need to be potted. The 
first tests were made with the Photonis XP3102 
PMT, which diameter is one inch. The base was 
potted at the detector department (see Figure 2). 

The signals are readout with an ASIC achieving 
amplification, shaping, discrimination, time stamp-
ing and charge digitization. This ASIC is developed 
at LAL [4] and tested at IPN Orsay with PMTs. 
A prototype of front-end electronics was success-
fully tested at Orsay with 16 1-in PMTs supplied by 
a single high voltage, with the analog board devel-

The next generation of neutrino experiments [1], 
the post-SuperKamiokande detectors will need 
megaton size water tanks. Therefore they will re-
quire very large surfaces of photodetection and will 
produce a large volume of data. Even with large 
hemispherical photomultiplier tubes (PMT), the 
expected number of channels should reach hun-
dreds of thousands. As a consequence, the costs 
are a major issue, and the design must take into 
account the production processes and the reliabil-
ity. Those photodetectors will be directly in contact 
with water, and will therefore have to sustain pres-
sure of several bars. The requirement has been 
put to 10 bars. 

The PMm
2
 proposal 

A R&D program called PMm
2
 [2, 3] was set-up by 

the LAL, the IPN, the LAPP and the Photonis com-
pany to implement a solution. It consists in seg-
menting the large photodection surface in macro 
pixels made of 16 hemispherical (12 inches) PMTs 
connected to an autonomous front-end electronics. 
Only the relevant data will be sent out by cable to 
the central data storage unit in a triggerless mode. 
The LAPP carried out this study in order to trans-
mit data at a rate of 5 Mb/s per cable. This allows 
then to reduce considerably the cost of these de-
tectors and facilitate their industrialization. 

The main goal of 
this project is the 
study, imple-
mentation and 
test of a demon-
strator made of 
16 PMTs, the 
front-end elec-
tronics, a cable 
and its readout. 
Within  this col-
laboration, the 
Detector depart-
ment of IPN Or-

IPNO Participation: B. Genolini, M. Imre, N. Hauchecorne, A. Maroni, T. Nguyen Trung, J. Peyré, J. 
Pouthas, E. Rindel, P. Rosier, L. Séminor, C. Théneau 
 
Collaboration : LAL Orsay, LAPP Annecy, Photonis Brive, Université Libre de Bruxelles (ULB) 

Figure 1: Principle of the 
modular architecture. 

Figure 2: Potting of 1-in PMTs. The PMT base 
can be seen on the right side of the picture. The 
potted circuits are on the left side. 
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Since the Photonis company halted its production 
of PMTs, we bought 16 8-in PMTs from 
Hamamatsu (R5912) after a compromise between 
the costs and the specifications. The design of the 
demonstrator was adapted to those tubes, and 
completed in November 2009. The bases of those 
tubes will be potted in 2010, and then they will be 
tested under water with the front-end electronics in 
this tank. 
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oped at the IPN Orsay electronics department, the 
water-tight cables and connections validated by 
the Detector Department, the digital readout elec-
tronics developed by the LAPP and the data acqui-
sition software developed at ULB. The analysis of 
the data is performed by the Detector Department 
by monitoring the charge of the single electron ob-
tained from the PMT noise and estimating the 
noise and the cross-talk between the channels 
from the time stamp analysis. 

Water tightness and resistance to pressure 
The water tightness and the resistance to the pres-
sure was tested with a pressure vessel designed to 
sustain pressures up to 100 bars, which is shown 
in Figure 3. This type of tank has already been 
used for equivalent tests at Brookhaven National 
Laboratory (BNL, USA) by M. Diwan and cowork-
ers, and one of them was sent to Orsay in 2008. 
This tank is equipped with feed-through for instru-
mentation. 
The potted 1-in tubes and the front-end electronics 
are planned to be tested with this tank, which is 
large enough to contain 16 1-in tubes, the front-
end enclosure and the rolled 100-m cable of data 
transmission. 

Design and test of a new 12-in PMT envelope 
The first calculations made at Orsay on the glass 
envelope of existing PMTs showed they could not 
sustain the 10 bar pressure required for the experi-
ment because of weaknesses due to sharp bend-
ing of curvature at the bulb level and close to the 
pins. We validated the calculations by testing 20 
tubes from Photonis and Hamamatsu with stress 
gauges in the pressure vessel (see Figure 4). We 
found a good agreement with our model and the 
experience, especially to predict where the tube 
would break. Photonis designed a new glass enve-
lope of 12-inch PMT which was simulated and 
tested on two samples, which sustained more than 
20 bars. 

Implementation of a demonstrator 
A demonstrator was designed to test 16 hemi-
spherical PMTs and the front-end electronics un-
der water over a long period of time. Its sketch is 
shown in Figure 5. 

Figure 3: Closing the pressure vessel before a 
test. 

Figure 4: Left: PMT equipped with stress 
gauges. Right: PMT cracked after a pressure 
test. 

Figure 5: Drawing of the demonstrator for the 
test of 16 large PMTs under water with the 
front-end electronics. 
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Underwater front end electronics for PMm2Underwater front end electronics for PMm2Underwater front end electronics for PMm2   
   

La couverture de très grandes surfaces de photodétection est un élément essentiel des dispositifs expéri-
mentaux dévolus aux études des gerbes atmosphériques de grande énergie, des neutrinos de différentes 
sources (soleil, atmosphérique, supernova) et de la désintégration du nucléon. La génération suivante d’ex-
périences ne pourra plus être le simple agrandissement de celles existantes utilisant des photomultiplica-
teurs (PM) connectés à un système centralisé de déclenchement et d’acquisition. Elle devra faire appel à 
des capteurs intelligents distribués; les partenaires de ce projet ANR se proposent de segmenter de très 
grandes surfaces en macro-cellules de 4*4 PM connectés à une électronique innovante autonome. Le ser-
vice électronique de l’institut a conçu une carte sous marine hébergeant un Asic, réalisé par le pôle Ome-
ga/LAL ,et assurant la transmission des données vers une carte de surface développée au LAPP. Le SEP 
a également proposé un nouveau principe de TDC à 100ps pour la deuxième version de l’Asic. 

Figure 1: 4*4 PMTs square meter photodetection     
      unit 
 
The detection relies on a Cerenkov cone that will 
produce a large circle much greater than a 16 
PMTs cell; therefore it is impossible to provide a 
local trigger to the 16 channels electronics module, 
so charge and arrival time of all the pulses of each 
PMT is necessary. This triggerless mode implies a 
100ns timestamp and a fine 1ns resolution TDC, in 
order to perform time coincidence and to obtain a 
good resolution for the reconstruction of the direc-
tion of the incident particle. This is achieved by 
transmitting a 10 MHz clock synchronized by GPS 
from the surface board through the 100 m data 
cable to the submarine board. A time calibration is 
then necessary. 

Front end submarine electronics 
The SEP took in charge the design of the submari-
ne board in september 2008. The synoptic of the 
submarine board is showed in figure 2. The board 
hosts 2 main components: the Parisroc ASIC and 
an Altera Cyclone 3 FPGA. The submarine board 
is supplied in 48 V 30 W through the Ethernet link, 
Power Over Ethernet Plus. A DC/DC converter 
then realizes the translation 48 V / 5 V, and finaly 
different linear regulators create the 3.3 V, 2.5 V 
and 1.2 V  necessary on board. A single high volta-

Introduction 
The next generation of neutrino experiments will 
be extensions by 10 or 20 times of the Super-
Kamiokande detector. The photodetection will rely 
on hundreds of thousand of hemispherical photo-
multiplier tubes (PMTs) covering the surface of the 
tanks. As a consequence, the design was to be 
driven by the costs and integrate industrial assem-
bly procedures. It has been showed that important 
savings could be obtained by using 12 inches dia-
meter PMTs instead of the 20 inches ones used in 
Super-Kamiokande. However, the increase in the 
number of electronics channels has to be compen-
sated by using front-end integrated circuits and 
new data acquisition architecture. 
For instance, the MEMPHYS project aims at cons-
tructing 3 or 4 Cerenkov water tanks, comprising 
about 80 000 PMTs each. The expected water 
height may be as important as 65 m, which creates 
a maximum pressure of 7.5 bar.Therefore, the re-
quirement in the PMm2 project is set to 10 bars for 
safety. 
The project name PMm2 summarizes the idea of 
paving the detector surface with square meter pho-
todetection units.This R&D program is carried out 
by four laboratories (LAL/OMEGA, IPN, LAPP and 
ULB) and the Photonis company; it is funded by 
the french National Agency for Research (ref ANR-
06-BLAN-0186) for 3.5 years, ending in June 2010. 

Architecture 
The 16 PMTs are grouped in a unit, shown in figu-
re 1, and share a common submarine waterproof 
electronics and high voltage bias located close to 
the PMTs. A data cable for the connection with the 
surface electronics also carries  the power voltage 
for the submarine electronics. The front end elec-
tronics consists in a ASIC, designed by LAL/
Omega group for the first version, coupled to a 
FPGA that manages the dialog with the surface 
controller through the data cable. 
 

IPNO Participation: S. Drouet, B. Ky, J. Maltese, S. Tanguy, E. Wanlin 
 
Collaboration : LAL/Omega Orsay, LAPP Annecy, Université Libre de Bruxelles 
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chitecture of the ASIC and 5 kHz noise pulses rate 
of PMTs, a second version of the ASIC has been 
designed. A second version of the daughter board 
hosting the ASIC has been realized and includes 
improvements in supplies filtering and distribution. 
The VHDL code is already modified to meet the 
new speed of 40 MHz serial output rate and new 
registers to slow control.   

 
Figure 3: Waterproof enclosure  

 
Figure 4: Submarine board 

 
Figure 5: Complete set of test with 1 inch PMTs  
 
 

ge converter produces the high voltage (up to 2 
kV) to bias the PMTs, tunable from the surface. A 
12 bits DAC ensures this functionnality. 

 
 Figure 2: Synoptic of the submarine board 
 
The ASIC achieves the compensation of the PMTs 
gain dispersion due to this common high voltage, 
the charge digitization on 12 bits, time stamping on 
24 bits and fine time digitization on 12  bits also, 
for the 16 channels of PMTs. All the output data 
are read out in serial mode at  a rate of 10 MHz. 
The FPGA ensures the slow control of the ASIC 
from the surface, the data collection and the data 
transmission towards the surface, respecting a 
protocol made by LAPP (data are sent in Man-
chester code format). All the code is written in 
VHDL language. The 100 m data cable hosts 3 
differential pairs: the first one is used for the unidi-
rectionnal 10 MHz clock coming from the surface, 
the second one is bidirectionnal for the data (RS 
485 format) and the third one is not used. 
A temperature sensor allows a surface monitoring 
of the electronics temperature inside the water-
proof enclosure. 
A USB1 interface is embedded  to allow the stand 
alone debugging of the board and the validation of 
the different functionnalities. 
A local acquisition software has been designed 
and allows us to slow control the ASIC, to visualize 
energy spectra and collect time data. 
The ASIC is hosted on a daughter board, including 
its own regulators and supply filters to avoid mo-
ther board digital noise pollution . 
Special cares were taken in the design of the Prin-
ting Circuit Board (PCB) to meet rules of isolation 
due to the high voltage, rules of filtering, cooling 
and Electro Magnetic Compatibility (EMC). The 
board is a 8 layers one and obey to class 5 specifi-
cations. 
The geometry of the enclosure of the electronics 
board was designed with the LAL to meet all the 
requirements due to pressure, EMC, cooling and 
waterproofing constraints. Under pressure tests  
up to 13 bars have been done to meet the final 
design (see Figures 3 and 4). 
A first complete set of test with 1 inch PMTs is ac-
tually under ambiant air tests to allow to calibrate 
the different charge gains on each channel (see 
Figure 5 for the test set-up). Next step will be un-
der pressure water tests. 
Because of problems concerning the analog part of 
the TDC (see the article PARISROC_V2 TDC im-
provement) and  loss of events due to intrinsic ar-
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PARISROC_V2: TDC improvementPARISROC_V2: TDC improvementPARISROC_V2: TDC improvement   

Le SEP a collaboré avec le pôle OMEGA (LAL) sur la deuxième version du circuit intégré PARISROC desti-
né au programme de R&D PMm², financé par l’ANR sous la référence ANR-06-BLAN-0186. Le SEP a pris 
en charge les tests du bloc de codage en temps (TDC). Les résultats obtenus avec la première version de 
ce circuit ont permis de proposer un nouveau concept pour une seconde version de TDC afin d’atteindre 
une précision de 100ps. Le SEP a pris en charge la conception, les simulations et le routage (layout) de ce 
nouveau schéma. Le circuit arrivera fin mars 2010 et il s’en suivra une série de tests permettant de vérifier 
le fonctionnement et de caractériser cette deuxième version. 

 
Some problems concerning the analog part of TDC 
were discovered, such as the voltage shift and es-
pecially the unusable zone. This last makes the 
TDC unusable with signals coming from physics 
which are random signals. If an event happens in 
this unusable area, the time measurement would 
be wrong. The usable zones are linear parts noted 
“Ramp1” and “Ramp2”. 
Despite these problems, we succeeded in measur-
ing the TDC precision using synchronous signals, 
so that our events always fall in the linear zone. 
The precision measured was about 620ps in the 
linear zones. 

New principle for next version 

Figure1: TDC-ramp reconstruction by software Introduction 
The SEP is working with the LAL/OMEGA group 
on the second version of PARISROC circuit. This 
chip integrates 16 channels totally independent, a 
Time to Digita Converter (TDC) for the fine time 
measurement, two 10-bits DAC, a digital part 
which manages all the acquisition, the conversion 
and the readout, and provides by a 24-bits counter 
the coarse time measurement. Each channel is 
made of two low noise preamplifiers with adjust-
able gain, two shapers (low and high gain) with an 
analog memory (depth=2), a second analog mem-
ory (depth=2) to sample the TDC value (fine time 
measurement), a 10-bits ADC and a fast shaper 
followed by 2 low-offset discriminators. 
Our contribution to this second version 
(PARISROC_V2) is limited to the improvement of 
the analog part of the TDC (time-to-digital con-
verter). 
This work is divided into four parts: 

Tests of PARISROC_V1 
 The first part was the test of the PARIS-
ROC_V1 fully designed by the LAL/OMEGA group. 
These tests were performed with the front-end 
electronics board (see the article “Underwater front
-end electronics for PMm²”). Thanks to software 
programs, we reconstructed the TDC ramp (see 
figure 1) seen by the analog memory.  
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This final layout was submitted to CMP on 27

th
 No-

vember 2009 and the ASIC is expected for delivery  
at IPNO at the end of March 2010. 
This integrated circuit will be fabricated in AMS 
0.35μm SiGe CMOS technology. 

Tests of the new version 
 Once the PARISROC_V2 is received, the 
fourth and last part will be the tests of the TDC and 
check its features like 100ps precision. All tests will 
be made with the PMm² frond-end electronics 
board (see the article “Underwater front-end elec-
tronics for PMm²”)  
After the data acquisition, the offline data process-
ing will be made with Matlab

®
-MathWorks

TM
. All 

Matlab
®
 scripts are in progress and will be ready 

when  the ASIC arrives. 
 
 

Figure 4: Final layout made by OMEGA 

 The second part was to find a new TDC 
principle to correct the problem of unusable zones 
and to realize the improved schematic for the next 
version (see figure 2 ). 
This new principle is to have two entirely separated 
ramp generators with an analog memory cell on 
the output of each one. The two generated ramps 
work with a phase shift of an half period and the 
duration of the linear zone is more than half a pe-
riod. Like this, at any time, one of the two memory 
cells is tracking a ramp in its linear zone. The 
switch of memory cells opens when an incoming 
event happens. A digital system allows in real time 
to know which memory cell tracks a ramp in its 
linear zone.Then, a multiplexor controlled by this 
digital system is able to send the “correct” analog 
voltage to the ADC. Once converted and proc-
essed, this information will give us the fine arrival 
time of the event. 
Once the new architecture has been found, a 
phase of simulation and optimization started. 
Three issues were simulated and improved: the 
ramp generator linearity, the charge injections in 
memory cell caused by its own switch, and the 
memory cells immunity relative to neighbouring 
cells during switching. All these improvements al-
lowed us to reach a 100ps precision in simulation. 

Layout 
 The third part was the realization of the TDC 
layout (see figure 3). This part was made with spe-
cial cares like centroid layout for amplifiers input 
pairs, mirroring the 2-ramps TDC, separated power 
supplies. 

 
 
This global TDC layout was integrated in the      
PARISROC_V2 layout made by OMEGA group.
(see figure 4). 
 

Figure 3: 2-ramps TDC layout 
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R&D on Micro Pattern Gaseous DetectorsR&D on Micro Pattern Gaseous DetectorsR&D on Micro Pattern Gaseous Detectors   

D’importants progrès et innovations ont été réalisés ces dernières anneées dans le domaine des détec-
teurs gazeux, avec le développement des détecteurs « Micropatterns », tels que Micromegas et GEM. 
Dans le cadre de la  R&D sur le détecteur ACTAR (ACtive TARget), un détecteur dans lequel le gaz joue à 
la fois le rôle de milieu de détection et de cible pour des réactions nucléaires utilisant des faisceaux d’ions 
lourds de type SPIRAL , le service Détecteurs a construit un premier prototype dans lequel l’amplification 
des charges primaires est réalisé en utilisant un MPGD (Micro-Pattern Gaseous Detector), le Micromegas 
(Micromesh Gaseous Detector). Ce prototype a été monté sur un banc de test utilisant un laser UV et son 
optique de focalisation pour mesurer séparément les contributions des fluctuations en gain et des fluctua-
tions de l’ionisation primaire, qui contribuent aux résolutions en énergie et en position du détecteur. 

ers, with a thickness of 160µm, defining the ampli-
fication gap. The anode consists of strips and pads 
of size from 100µm to 8mm. Pads and strips are  

connected to Gassiplex chips [5]. A 
55

Fe source is 
located inside the vessel to provide absolute gain 
calibration. The detector is moved in the three di-
rections of space by 1-µm accuracy motors. Meas-
urements were performed with a Ne-Isobutane 95-
5 gas mixture at atmospheric pressure and a drift 
field of 1kV/cm,  to characterize the detector ‘s fun-
damental properties. 

 Single-electron response 
The multiplication of primary electrons in a gas is a 
statistical process whose variance is a crucial pa-
rameter for the energy resolution. The measure-
ment of the Single-Electron Response (SER) is a 
direct method to determine the gain variance. For 
this purpose, the pulsed laser light intensity is at-
tenuated to a regime in which the probability of 
producing one electron is much greater than the 
probability of giving more than one. In the present 
set-up, the laser light intensity was attenuated by a 

Micro-Pattern Gaseous Detectors (MPGD), like 
GEM [1] and Micromegas [2], have been studied in 
the last few years to replace wire chambers as 
tracking detectors in particle physics experiments, 
showing excellent position resolution and capability 
to work at high counting rates. Recently, a TPC 
with a four-GEM amplification structure has been 
successfully used in nuclear physics experiments 
with heavy ions at energies from several hundred 
keV up to a few MeV per nucleon [3]. The Detector 
Department participates to the R&D activities on 
the ACtive TARget detector (ACTAR), in collabora-
tion with GANIL and CEA/IRFU. A first prototype, 
using a Micromegas as a gas amplifier , has been 
built and mounted on a laser test-bench to study its 
fundamental properties, such as the Fano factor, 
which describes the ionization fluctuations, and the 
gas gain fluctuations [4]. 

Experimental set-up 
The ACTAR detector uses the gas both as a target 
and detection medium for low-energy ions, pro-
duced by nuclear reactions induced by a SPIRAL-
like ion beam. A first prototype was built and 
mounted on the laser test-bench of the Detector 
Department which was modified in order to take 
into account the new mechanical constraints (see 
figure 1). The test-bench consists of a 337nm 
wavelength pulsed laser, a diaphragm, a tele-
scope, made by two lenses, a periscope and a 60-
mm focal length triplet. With such optics, the laser 
beam size is lower than 100µm. The light attenua-
tion is performed by calibrated neutral density fil-
ters. A semi-reflecting lamina, located inside the 
laser box, splits half of the beam to a Photomulti-
plier for triggering. The Micromegas detector has 
an active area of 50×50mm

2
 and is enclosed in a 

vessel, equipped with a quartz entrance window, 
able to work at pressure from 0.2 up to 2atm. The 
1.6mm thick drift zone is limited by a metalized 
quartz lamina and a 333lpi electroformed nickel  
micromesh. The mesh relies on 2mm distant spac- 

IPNO Participation: B. Genolini, M. Imre, M. Josselin, T. Nguyen Trung, A. Maroni, J. Peyré, J. 
Pouthas, P. Rosier, L. Séminor, C. Théneau, T. Zerguerras 
 
Collaboration : LAL (Orsay, France), CEA/IRFU (Saclay, France), GANIL (Caen, France) 

Figure 1:  ACTAR prototype mounted on the 
R&D laser test-bench. 
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mined: Flas = 0.71 ±  0.10. From the energy resolu-
tion measured with the 

55
Fe source (6.4% rms), a  

Fano factor of 0.37 is deduced. Due to the low 
counting rate on the pad, data had to be recorded 

during over almost 10 hours and the gas gain 
could have changed during the measurement. If 
such variations occur, the value of the gain vari-
ance f is increased, comparing with the value de-
duced from the SER spectrum. Thus this value of 
0.37 can only be interpreted as an upper limit of 
the Fano factor F for 5.9keV X-ray in Ne-Isobutane 

95-5 mixture: F  0.37. This result is a first estima-

tion of this parameter  for abinary mixture consis-
ting of Neon and a molecular gas. 

Perspectives 
The experimental test-bench for MPGDs, devel-
oped at the Detector Department, allows to meas-
ure separately the contribution of the avalanche 
gain fluctuations and the primary ionisation fluctua-
tions to the energy resolution. This first prototype 
built in the framework of the ACTAR project shows 
good performance in terms of energy resolution. 
Experimental studies with other detector geome-
tries and gas mixtures at various pressure are 
planned. 
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factor of 2000. The SER measured on a 4×4mm
2
 

pad at a gain of 6.10
4
 , which corresponds to a 

mesh voltage of 490V, is presented on figure 2. 

The SER shows a pronounced maximum and a 
Polya distribution can be adjusted on this spec-

trum. The parameter , which characterizes the 

Polya distribution and is deduced from the fit, is 
related to the gain variance f by:  
 
 
The deduced value of f (0.30 ± 0.01) is lower than 
the one obtained in MultiWire Proportionnal Cham-
bers (0.7), showing that the Micromegas detector 
has less gain fluctuations than a MWPC. This gain 
variance is constant for gains from 3.6 10

4
 up to 

7.0 10
4
. For higher gain values, the gain variance 

increases up to 0.37 at a gain of 10
5
 because of 

unquenched photon effects. 

Energy resolution 
Combining the SER and the energy resolution 
measurements for a well known number of primary 
electrons allows to determine the ionization fluc-
tuations. The figure 3 presents the energy resolu-
tion measured on a 4×4mm

2
 pad as a function the 

number of primary electrons N0,  which can be var-
ied by tuning the laser light intensity. A quadratic 
function is fitted on the data and two parameters 
can be extracted. The constant term a (3%± 1%) is 
consistent with the laser light fluctuations measu-
red with the Photomultiplier (2%). From the fitted 
slope value and the gain variance measured from 
the SER, an effective Fano factor, associated with 
the electron emission from the metal, can be deter-

11f

Figure 2: Single-Electron Response (SER) of 
the Micromegas detector measured on a 
4×4mm

2
 pad in Ne-Isobutane 95-5 mixture at a 

mesh voltage of 490V and a drift field of 1kV/
cm. The spectrum is fitted with a Polya distribu-
tion (plain line). The dotted line is an extrapola-
tion to zero of the fit. The gain deduced from 

the fitted mean charge is 6.0 10
4
, the para-

meter is 2.3 ± 0.1 and the gain variance f is 
0.30 ± 0.01. 

Figure 3: Energy resolution as a function of the 
number of primary electrons produced by focus-
ing the laser on the drift electrode and varying 
the light intensity. A quadratic function is fitted 
to the data points (plain line) together with its 
extrapolation (dotted line). The energy resolu-
tion measured with the 

55
Fe source is added on 

the graph. 
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n_ToF: Construction of the experimental instrumentn_ToF: Construction of the experimental instrumentn_ToF: Construction of the experimental instrument   

Le dispositif TOF 2 a été construit par la Division Instrumentation. Le but est d’optimiser la détection des 
fragments de fission au-delà de 45°, par rapport à la direction du faisceau de neutrons, pour mesurer les 
distributions angulaires de fragments de fission. L’article suivant présente la conception mécanique des 
supports internes, de la chambre à vide, et le montage final. Il illustre aussi le câblage sur mesure des dé-
tecteurs. 

low pressure gas atmosphere (C3F8 at 4 mbar) . 
The whole equipment is supported by a rolling kart 

in order to move it easily on the experimental site. 
The weight has been reduced as much as possible 
in the new design to allow an easier handling dur-
ing transportation. The figure 3 shows the CAD 
view of the final set-up. The vacuum chamber was 
manufactured by the TRINOS company. Most of 

the mechanical parts were machined on our CNC 
machine.  

Physics of n_TOF 
The n_TOF project is dedicated to the physics re-
lated to nuclear waste transmutation. The facility is 
installed at CERN (Geneva) and part of the fission  
measurements aim at measuring the angular distri-
bution of fragments produced by neutron-induced 
fission of 

234
U, 

235
U, 

238
U, 

232
Th and 

237
Np targets. 

The physical motivations and the criteria which 
guided the conception are described in another 
contribution.  

The TOF 2 equipment 
The Instrumentation Division has been working for 
the n_TOF project since 2000 (collaboration be-
tween the Detector, SEP and SRM departments) 
and has completed two devices up to now. The 
first version, TOF 1, is illustrated in Figure 1. The 

second, TOF 2 (realized between 2007 and 2009), 
has been optimized following the first experimental 
results. For instance, one of the different features 
is the tilting at 45° of the detectors instead of 90°, 
perpendicular to the beam. TOF 2 consists of 9 
targets and 10 detectors, which are foils covered 
with uranium, thorium and neptunium layers and 
parallel plate avalanche counters, respectively. 
These frames take place in a slotted cradle as the 
one represented in figure 2. The detectors run in a 

IPNO Participation: L. Audouin, T. Bastien, M. Imre, D. Lalande, J.-P. Le Normand, A. Maroni, P. Ros-
ier, L. Séminor, L. Tassan Got, C. Théneau 
 
Collaboration : CERN/n_TOF 

Figure 1: The first set-up TOF 1 

Figure 2: View of the support cradle. 9 
targets and 10 detectors take place on it. 

Figure 3 : View of TOF 2 design 
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The electronics cabling of the 10 detectors needs a 
specific routing. The position of the cables is pre-
cisely respected in order to minimize the loops and 
the excessive cable lengths. As shown in the figure 
4, it is fixed on the cradle frame to ensure the easy 
removal of the targets and detectors. 
 
 

 
 

Figure 4 : Specific electronics cabling 
for the detectors read-out 
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A diamond detector for beam diagnostic (SPIRAL2 PP)A diamond detector for beam diagnostic (SPIRAL2 PP)A diamond detector for beam diagnostic (SPIRAL2 PP)   

L’accélération et le transport  des faisceaux de haute puissance moyenne  nécessitent l’emploi de diagnos-
tics de faisceau adaptés permettant le réglage de l’accélérateur. Pour le LINAC de Spiral2, la maitrise de la 
forme des paquets de particules est en particulier essentielle. Il a été décidé d’évaluer les performances 
d’un détecteur diamant pour contrôler ce paramètre. Ce type de détecteur présente des caractéristiques 
mécaniques et électriques particulièrement intéressantes pour l’obtention des performances souhaitées. Sa 
tenue aux rayonnements est en outre bien supérieure à celle du silicium. Ce détecteur fabriqué avec de 
nouveaux types de contacts métalliques a été caractérisé avec une source alpha puis utilisé dans une ex-
périence préliminaire au tandem d’Orsay, avec des protons de 8 MeV. L’expérience a permis d’une part de 
mesurer la longueur de paquets de faisceau, et d’autre part de valider la méthode d’analyse, basée sur les 
signaux de courant issus du détecteur diamant sous irradiation. 

its radiation hardness, it is preferred to silicon for 
high radiation environmental conditions as a beam 
diagnostic. The diamond detector used in the ex-
periment has an active area of 4x4 mm² and a 
thickness of 500 µm. An energy resolution of 50 
keV was measured under 5.5 MeV alpha particle 
irradiation (figure 1), at a bias voltage of 500V.  

 A preliminary experiment 
An experiment was set up at the Tandem at IPNO 
(figure 2).The aim was to measure the bunch leng-
th of a 8 MeV proton beam using the time property 
of a diamond detector. A PACI preamplifier develo-
ped for the FAZIA project and largely described [2] 
was used to read out the detector. The diamond 
detector feeds the PACI  which provides both char-
ge and current signal outputs (300 MHz band-
width). The bunch length measurements were per-

formed with a pulse duration of 100ns. The pulsa-
tion signal of the tandem and the current signal of 
the diamond detector are sent to an oscilloscope 
(Tektronix, 8 bits, 1GHz, 10 GS/s). The time of 
flight distribution measured between both signals 
gives the mean time duration of the bunch. 

A diamond detector for beam diagnosis 
The tuning of high average power beams through 
a linear accelerator requires to monitor carefully 
the characteristics of the delivered beams in parti-
cular in the longitudinal phase space. The particle 
spill time structure is one of the relevant parame-
ters needed to be analysed for all accelerated ion 
species. The bunch duration of these beams lies in 
the range of a few ns and therefore a time resolu-
tion well below one ns is required for the beam 
diagnostic. In addition to very attractive mechani-
cal, thermal characteristics and a high radiation 
resistance, diamond detectors exhibit high coun-
ting rate capability and may allow us to consider 
the design of detectors with short rise time respon-
se signals. For this purpose, it was decided to car-
ry out an experiment with a diamond detector at 
the IPNO Tandem. 

Characterization of  the diamond detector 
A new kind of diamond detector was characterized 
for the experiment. It is a high purity monocrystalli-
ne diamond detector produced by CVD process 
and using new electrical contacts [1] . Because of 

IPNO Participation: P.Ausset, L.Lavergne, R.Leplat, G.Martinet, E.Rauly, A.Saïd, A.Semsoun, V.Le 
Ven, B. Waast. 
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Fig 1: Spectrum of a three peaks alpha source 
(
239

Pu,
241

Am, 
244

Cm) measured with the 500 µm 
thick diamond detector . The energy resolution 
obtained at 5.5 keV is 50 keV FWHM. 

Fig 2 : Experiment with a diamond detector. 
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Conclusion 
Regarding the conditions of the experiment and 
the small amount of relevant events, it highlights 
time measurements : 95±5 ns (figure 4) for the 
peak at maximum amplitude and energy 
(integration). The uncertainty comes from statistic 
only. The measurements are consistent with time 
of flight calculation and energy losses. With more 
statistic and well defined incident particles, the 
method is expected to reach better than 500 ps 

regarding the encoding resolution and signal proc-
essing (sampling time: 50 ps). Another experiment 
will be performed in 2010. 
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Fig 4: distribution of the time difference for 
selected events.The bunch length is equi-
valent to the distribution width :  95±5 ns  

Fig 3: Display of  signals, corresponding to 10 
events acquired with the oscilloscope. The cur-
rent signals (top) and the pulsation (bottom) 
signals are saved. 



245 

Analog electronic devices devoted to amplification and shaping Analog electronic devices devoted to amplification and shaping Analog electronic devices devoted to amplification and shaping    

Le Service Electronique de l’IPN  (SEP) a encore été beaucoup sollicité pour fabriquer des modules d’élec-
tronique frontale (proche des détecteurs) tels que des préamplificateurs de charge (PAC09), de courant 
(PA_DVCS) ainsi que des préamplificateurs de charge avec une sortie courant (PACI) destinés aux expé-
riences de reconnaissance de formes d’impulsions. Notre force est de nous adapter aux diverses caracté-
ristiques des expériences. Nous avons aussi produit cette année plusieurs unités d’un amplificateur avec 
filtrage passe-bande quasi-triangulaire (AFRT) destiné à optimiser le rapport signal sur bruit dans une chai-
ne de spectroscopie classique. Par ailleurs, plusieurs cartes COFEE2 ont été produites. Ces cartes permet-
tent de lire en parallèle les données (énergie et temps) issues de détecteurs à grand nombre de voies. 

rather different since the gains range from 20mV/
MeV up to 100mV/MeV in silicon detectors. The 
figure 1 shows a PAC09. 

 

 
50 current sensitive preamplifiers (PA_DVCS) 

have been manufactured as spares for the DVCS 
experiment (see previous activity reports) at the 
Jefferson Laboratory in Virginia, USA (delivered 
in July 2009). The gain is 150000 V/A. 

 

40 PACI preamplifiers (Charge preamplifier with 

additional current output) have also been deliv-
ered in may 2009 for a pulse shape experiment 
with light particles (Huelva, Spain). This PACI is a 
one-channel daughterboard that can be plugged 
vertically on a motherboard to suit to silicon strip 
detectors. The figure 2 shows a one-channel 
PACI but with 2 outputs (charge and current). 
The size is 33mm×25mm. The number of chan-
nels that can be treated depends on the size and 
on the power consumption of the circuit. An inte-
grated version of the PACI would be a better so-
lution for a large amount of channels. 

Figure 1 : PAC09, charge sensitive 
preamplifier. 

Introduction 
The electronics department (SEP: Service Electro-
nique Physique) remains really expert in analog 
developments. Many devices devoted to amplifica-
tion and pulse shaping have been designed by our 
department. The specificity of our front-end elec-
tronic devices is to suit to very different detectors 
(silicon, germanium, photo-diodes, Photo-
Multipliers, etc) in a large range of energy.  
Classical charge and current preamplifiers are very 
popular products. Moreover, a charge preamplifier 
with an additional current output was developed 
few years ago (with the trademark PACI). It is 
really helpful for pulse shape analysis and when, in 
addition, a thorough energy measurement is 
needed. 
To improve signal-to-noise ratio in a classical 
spectroscopy chain, amplifiers with quasi triangular 
shaping (AFRT) can also be proposed with varying 
time constants and gains. A motherboard with 4 
independent channels has also been developed. 
Finally, a COFEE2 board has also been designed. 
The aim is to read 4 ASICs (ATHED) with a speed 
that can be selectable with hardware configuration. 
ATHED is the last version of the CEA/IRFU inte-
grated circuit. COFEE2 boards are devoted to the 
readout of silicon strip detectors with many chan-
nels. About 30 boards have been delivered in 
2009.  

Amplification and pulse shaping 

PAC09 is the new version of a charge preampli-

fier designed by our electronic department. New 
JFETs (Junction Field Effect Transistors) have 
been introduced in the design to reduce VGSoff 
dispersion and to increase the trans-
conductance. 25 and 8 units have been respec-
tively delivered in may 2009 to the LCAM 
(Laboratoire des Collisions Atomiques et Molécu-
laires) and in December 2009 to the IMNC 
(Imagerie et Modélisation en Neurobiologie et 
Cancérologie). These PAC09 characteristics are 

IPNO Participation: V. Chambert, S. Drouet, J.L. Hildenbrand, A. Lermitage, J. Maltese, E. Rauly and 
F. Salomon 
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COFEE2 board includes 4 ASIC (Application Spe-
cific Integrated Circuits) named ATHED. Each 
ATHED can treat 16 channels (16 energy values 
plus 16 time values). The energy measurement is 
performed by an integrated classical spectroscopy 
chain (charge preamplifier + slow shaper + track 
and hold). The data from each ASIC are multi-
plexed on 1 serial bus. The transfer time is given 
by the clock frequency. 16 COFEE boards (for the 
MUSETT project) will treat 64 buses in parallel, 
thus 2048 data (1024 energy values plus 1024 
time values). These data can be read in 16µs. 
A slow control bus (I2C) is used to perform the fol-
lowing main operations:  
- ASICs configurations 
- Temperature control 
- Signal injection on the preamplifier (ASIC) test 
input 
- Energy range selection (up to 1 GeV in the sili-
con) 
- Reading and writing of a memory for specific ex-
periment parameters 
On each COFEE2 board a test generator is imple-
mented to check and calibrate each ASIC. 
The production of the second COFEE2 prototype  
has been initiated in 2008.  
For this prototype, the modification are the follow-
ing: improvement of thermal and mechanical con-
tacts, use of cheaper connectors, improvement of 
the layout to minimize the cross-talk. 
A total of 30 boards has been produced until 2009. 
In 2009, these boards have been tested and vali-
dated at the CEA with the CVM board and with a 
detector. The CVM board is a test bench devel-
oped by the CEA in a VME standard. It has the 
same functionality as the MUVI board developed 
by the GANIL for the MUST2 experiment. The fig-
ure 4 shows the COFEE2 board with the 4 ASICs. 
The size is 65mm×130mm. 

 

 
In 2010, tests with COFEE2 boards are expected 
at the GANIL. 
 
 
 
 

Figure 4 : COFEE2 board with the 4 ASICs. 

 
24 Amplifiers with quasi triangular shaping 

(AFRT) have been delivered to the LCAM in Oc-
tober 2009. AFRT are daughter boards that can 
be plugged horizontally (figure 3). The AFRT 
characteristics are the following : 

-Size : 40mm×40mm 
-Band-pass filter with 3 selectable gains (2.95, 

 8.8 and 18.6) 
-Pole-zero stage suitable to PAC09 decrease 

 time constant. 
-Time constant = 0.5µs or 3µs 
-Logical output signal (TTL) in coincidence with 
the peak output signal (very useful for ADC) 
 

 

 
A mother boards have been designed to plug 4 

AFRT circuits (4 channels). The board is com-
patible with a 1U NIM board. The layout has been 
performed in collaboration with  the LCAM labo-
ratory. 

COFEE2 board 
The COFEE2 boards are devoted to MUSETT pro-
ject which consists of 4 double side silicon strip 
detectors (with a total of 1024 channels). This pro-
ject is a collaboration between the GANIL and the 
CEA/IRFU. The last mentioned is responsible for 
the MUSETT project/detector.  
The front-end electronics which has been devel-
oped at the electronics department (SEP) consists 
of 16 COFEE2 boards for the whole detector. Each 

Figure 2 : PACI preamplifier for silicon 
strip detectors 

Figure 3 : Amplifier with quasi triangular 
shaping (AFRT). 
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Electronics WorkshopElectronics WorkshopElectronics Workshop   

Ce groupe de 4 personnes est chargé de la fabrication, de la maintenance des cartes électroniques 
conçues et implantées dans le service pour les expériences du laboratoire et du suivi technologique dans 
les domaines du circuit imprimé et du câblage. Il réalise également des câbles et du câblage de cartes pour 
d’autres laboratoires (LCAM, INMC, …) La fabrication des circuits imprimés  (PCB Printed Circuit Board) 
ainsi que l’assemblage de certaines cartes électroniques sont réalisés en externes. Les prototypes et peti-
tes séries des cartes électroniques sont généralement assemblés en interne. La réalisation des câbles spé-
cifiques ou plus standards ainsi que la petite mécanique et l’intégration des cartes électroniques en tenant 
compte des contraintes de comptatibilité électromagnétique (CEM) sont réalisées en interne.  

Cable wiring 
The majority of cables used for electronics boards’ 
power supply and the connection with the detec-
tors or computers are realized in-house. A person 
is expert at mechanical integration and cable wir-
ing. He realizes the standard cables and also the 
specific cables as well as the integration in boxes 
and the little mechanical boxes. In 2009, there 
were 203 cables and 4 full integrations. For in-
stance we integrate the NTOF experiment new 
version, which must take data at CERN in 2010. 

Fig.2 Integration and cabling for NTOF experiment  

Technological follow-up 
Our group deals with the European standards 
RoHS (Restriction of Hazardous Substances) and 
WEEE (Waste Electronic Electrical). We bought 
appropriate equipments. The workshop people 
attended trainings and seminars to adapt their 
methods to these new processes. 

Printed Circuits Boards 
All manufacturing of printed circuits is subcon-
tracted. A person is responsible for overseeing the 
operations of sub-contracting; she chooses the 
manufacturers, puts the orders and assures the 
follow up operations. 
 

SMC Wiring 
The wiring of boards with BGA type components  
(Ball Grid Array) or CIF (Component Inserted in 
Force) and the mass productions are subcon-
tracted.  
The prototypes and small series are done in-
house. Two people have particular expertise in the 
SMC field wiring (Surface Mounted Components). 
They realize the wiring of electronics boards as 
well as the modifications and the repairs. They 
have a machine to help semi-automatic placement 
that allows the local realization of small series. In 
2009, the workshop  produced 82 boards and 
modified 55 boards. It also received 5  trainees 
from the secondary school in that year. 

Fig.1 Semiautomatic placement machine and 
board MUFEEX-3 for MUST2 experiment  

IPNO Participation: D. Lalande, A. Lermitage, J. Maltese, S. Tanguy  
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Communication policyCommunication policyCommunication policy   
Scientific and Technical InformationScientific and Technical InformationScientific and Technical Information   

Diffusion de la connaissance scientifique et technique - Communication 
L’information scientifique et la diffusion des connaissances sont des activités importantes au sein de l’Ins-
titut. Elles se concrétisent au sein du service communication qui comprend notamment une chargée de 
communication à plein temps et un infographiste webmestre. La communication et l’Information Scientifi-
que et Technique sont structurées à différents niveaux. 

workshops aiming at a very young audience and 
was crowned as a success : IPN received more 
than 200 visitors per year whose 60% less than 12 
years old ! 
Contact : Valérie Frois 

Each year, IPN opens to the general public for the 
“Journée du Patrimoine” (which refers to the very 
popular annual cultural event held throughout 
France) with the accompanying visit of the Linac 
(part of the former Alice accelerator, classified his-
toric building) and the projection of a film which 
explains its origin. A physicist animates this event. 

 

 

 

Contact : 
Denis 
Jouan 

 

 

 

 

 

Apart from these demonstrations, the laboratory is 
always ready to greet the general public, in particu-
lar at the tandem accelerator which receives 
groups periodically (regional associations, person-
alized visits...) as well as at the Center of Pro-
tonthérapie of Orsay (Institut Curie) where are 
shown the medical applications of an accelerator 
built initially for fundamental research. In Novem-
ber 2008 et June 2009, IPN has participated in two 
events for general public : one to present the sci-
entific pole in the fight against cancer, the other for 
an evening debate on the tools of physics for 
health. 
 
Internal communication 

Seminars 

Weekly seminars of the Division of Research con-
tribute to inform the personnel of the recent re-
search undertaken in the disciplines covered by 
the various groups of the laboratory and also 
themes of general interest. These seminars are 
also the occasion to acquaint laboratory personnel 
with the newly hired physicists at IPN as well as 

Scientific information and the dissemination of 
knowledge are an important activity within the Insti-
tute which is cemented by a service 
"Communication" including in particular two full-
time staff members, a communication consultant 
and a webmaster. This activity is structured at vari-
ous levels. 

Communication towards secondary and higher 
education 

Within the framework of the action of the IN2P3 
towards  the high school of the Paris area to attract 
high-school pupils to scientific studies, and more 
particularly  to physics, about ten conferences 
"NEPAL" 

(*)
 were given in high schools by re-

searchers and PhD students from various groups 
of the IPN during the school year 2008-2009. In 
2009, for the Mondial Year of Astronomy, a special 
effort has been generated by some researchers of 
the IPN and the Observatory of Paris-Meudon to 
give lectures coupled with some simple experi-
ments in physics (http://pulsar.ama.obspm.fr). 

Contact : Valérie Frois 
(*)

 NEPAL : Noyaux et Particules au Lycée 

Communication towards the general public 

Recurring actions proceed each year within the 
framework of national demonstrations : 
The Festival of Science : in November, the labora-
tory opens its doors to the classes of the secon-

dary schools on Friday and to the general public 
over the weekend.  Meetings with researchers, 
engineers and technicians makes it possible to 
present the research themes of the laboratory. 
For several years, a particular effort was made on 

 
IPNO Participation: Valérie Frois, Luc Petizon  

Festival of science nov.2009 
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Events 

The communication department organizes main 
conferences, symposiums or workshops managed 
by IPN... 

Heapnet meeting – January 10-11, 2008, LAL 
European network for High energy particle Phys-
ics.  

AUGER meeting – March 13-14, 2008, LPNHE 
Paris 
French collaboration Pierre Auger Observatory 
meeting. 
The goal of this research interest group is to feder-
ate the CEA and CNRS teams working in Neutrino 
Physics. 
Highlights in Nuclear Structure for B. Haas dia-
mond Anniversary   
May 12-13,2008 ENSC Paris 
A tribute to Bernard Haas work (CENBG Bordeaux). 
 

New Paradigms in Nuclear Physics 
Sept.29-Oct2, 2008 IHP Paris 
Franco-Japanese meeting for the Year of Japan. 
 
Colloquium in memory of Jan Stern 
October 2-3, 2009 IHP Paris 
 
LEA-COLLIGA meeting 
November 23-24,2009 
CEA-INFN-CNRS/IN2P3 collaboration meeting. 
 

… and events related with the laboratory life. 
In January 2009, IPN had opportunity to hold a 
ceremony and a party for the the ”Cristal  of 
CNRS” award 2008 that has distinguished one of 
his engineers, Michel Ducourtieux from the Accele-
rator Division. 
 

For most events, a website is created as well as 
poster and other media. 
 

Contact : V. Frois, L. Petizon (webmaster) 

with foreign visitors.  
Some seminars, organized in common with other 
laboratories of the campus (CSNSM, LAL...), are 
the occasion of meetings and exchanges with col-
leagues of other disciplines ; the majority are ad-
dressed to  physicists, but others, of general inter-
est, appeal to all the personnel of our Institute. 
The choice of the speakers and the topics is done 
starting from proposals of the physicists. These 
proposals are discussed by a committee including 
a representative of each group, the direction of DR 
and the persons in charge of the seminars of IPN. 
More specialized seminars (theoretical physics, 
"heavy ions", technical seminars of the Accelerator 
Division) are also organized periodically within the 
various groups of our Institute. 
The list of the seminars for 2008-2009 is presented 
in the appendix. 

Contact :  O. Deligny, N. de Sereville (for Division 
of research), M. Grasso (for Theoretical Physics), 
J. Wilson (for Heavy Ions seminars). 

Le “caf’Info” 

Once per month if possible, the Division of Re-
search proposes to the all Institute personnel to 
attend a one hour meeting during which groups 
and services of the laboratory explain in an infor-
mal way advances of scientific or technical pro-
jects. The PhD students of the laboratory can also 
present their work. 

Contact : Bernard Berthier 

 

Publications 

La Lettre de l’IPN 

This letter of internal communication published 
approximately every two months, informs on the 
advances of research and achievements of the 
various groups and services of the IPN through 
short and illustrated articles. One also finds there 
general information, in particular on the specific 
changes within the staff: promotions, new hires, 
retirements... This letter is entirely designed and 
produced within  IPN. It is published in 500 copies 
and on the website for the entire personnel of the 
IPN, the Management of the University Paris-Sud 
and the IN2P3 as well as for the Directorate-
General of CNRS. 

IPN Science Magazine 

Created in 2000, the magazine presents the activi-
ties of the Institute to the public through detailed 
and illustrated articles showing the contribution of 
the IPN to fundamental research and its applica-
tions, but also its multi-disciplinarity. Distributed to 
partners of other scientific communities, to stu-
dents, industries, but also to the management bod-
ies and to local governments, this magazine, con-
ceived and produced by an internal editorial board, 
is published once a year with 1000 copies. 
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Diffusion of scientific Culture. History of Science.Diffusion of scientific Culture. History of Science.Diffusion of scientific Culture. History of Science.   

Contribution à une exposition sur Frédéric Joliot et Zoé, la première pile atomique française, présentée par 
le Musée Curie à la Mairie du 5

ème
 à Paris et au siège du CNRS. Un article sur ce même sujet a été écrit 

pour "Reflets de la Physique" (octobre 2008). Un autre "Frédéric Joliot-Curie and the first French Atomic 
Reactor" a été écrit pour "Europhysics News" (vol. 40, n°6, 2009). Participation à un film sur "Irène et Fré-
déric Joliot-Curie" (56 minutes), réalisé par Rosemarie Reed pour la télévision publique américaine. Inter-
view pour une émission culturelle sur Frédéric Joliot-Curie pour la première chaîne de télévision russe. 
Contributions à un site du Ministère de l'éducation nationale, Bibnum.education.fr  sur Frédéric Joliot et sur 
Louis-Joseph Gay-Lussac. 

Participation in an exhibition on Frédéric Joliot and 
Zoé, the first French atomic reactor, implemented 
by the Curie museum at the town hall of the fifth 
district of Paris and at CNRS headquarters. 

Writing of two papers on this theme: one in French 
for "Reflets de la Physique" (n°11, October 2008) 
and another in English for "Europhysics News" 
(vol. 40, n°6, 2009).  

I participated in the production of a documentary 
TV film of 56 min., by Rosemarie Reed, for the 
public American TV, on Irène and Frédéric Joliot-
Curie and their achievements. 

I also gave an interview to be included in a cultural 
TV program of the first channel of the Russian TV.  
I wrote two contributions to the website Bib-
Num.education.fr of the Ministry of Education, on 
"Frédéric Joliot" and on "Louis-Joseph Gay-
Lussac". Each contribution includes a detailed 
analysis of the life and work of the given scientist, 
accompanied by the reproduction of a major publi-
cation of this scientist. I am presently preparing a 
similar contribution on "Ernest Rutherford". 

IPNO Participation: P. Radvanyi 
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Administrative and General servicesAdministrative and General servicesAdministrative and General services   

Les services administratifs et généraux (24 agents) sont en appui aux équipes scientifiques et techniques 
du laboratoire. Ils ont pour mission de gérer les différents dossiers du laboratoire au plan administratif, fi-
nancier et comptable. Les années concernées par ce rapport ont été marquées par la mise en place de 
nouvelles règles applicables aux achats publics, tant au CNRS qu’à l’Université de Paris-Sud 11. En 2008, 
six agents des services sont partis en retraite et trois seulement ont été recrutés. Les services financier et 
ressources humaines formation permanente ont continué à s’adapter aux nouveaux logiciels du CNRS, 
BFC et SIRHUS. En 2009, SIRHUS a été utilisé pour les dossiers annuels d’activités des ingénieurs et  
techniciens du CNRS. En septembre 2008, une nouvelle collaboratrice a rejoint l’équipe de direction en tant 
qu’assistante de l’Administratrice. Elle assure en particulier le suivi des différents contrats de recherche du 
laboratoire. 

treated. These recruitments implied a manage-
ment of  files (preparation of the files of contracts, 
follow-up of trainee state servant…) and personal-
ized interviews. 
 
Financial department 
The financial department has managed in 2008 a 
budget of almost 13 million € (including reports 
2007) composed of IN2P3 funds (96,5%) and Paris 
Sud XI University funds (3,5%). 
In 2009, a significant decrease in the budget was 
found (10.5 million €), it is due to contracts of re-
search expiring at the end of 2008 and reduced 
reports 2008 to 2009. 
The management of University funds implies a 
double seizure of operations: on the NABuCo soft-
ware (University) and XLAB (CNRS). This last al-
lows a consolidated follow-up of the management 
of IPN through nearly 400 accounts allocated to 
the various services. These services place about 5 
000 orders and 8 000 invoices annually.  
The financial department also covers nearly 
900 000 Euros of receipts per year. It works out, 
manages and justifies the contracts of research, 
the public markets and approximately 100 con-
tracts of service and maintenance. 
The financial service manages approximately 1600 
files of missions per year for a budget of almost 0,8 
million €. 
 
Library 
The role of the library of the Institute is to collect, 
process and disseminate all the scientific informa-
tion available (e.g. books, journals, reviews, peri-
odicals, etc.). The library owns the volumes previ-
ously found in collections from the College de 
France and the Institut du Radium and contains a 
collection of approximately 14 000 books and over 
400 periodical/journal titles. Today the library has 
been modernized and is part of the dynamic library 
network, "Democrite", that links the libraries of all 
the IN2P3 laboratories. This collaborative network 
aims to pool collective resources to give as wide 
an access to information as possible. Since 2007 
the work of Democrite has been divided into two 

Research contracts  
Scientists and engineers are involved in IPN re-
search contracts with ANR (8 in 2009), the Euro-
pean Union (10 in 2009), various government 
agencies and private and local governments.
(Region and Department) The Assistant of the Ad-
ministrator is now in charge of administrative assis-
tance in the award, management and justification 
for these contracts. 
 
Human Resources  
The activity of this department is distributed ac-
cording to three main lines: 

Management of the technical and administrative 
staff 
The laboratory currently includes engineer, techni-
cal and administrative staff whose statutes are 
very different and require a differentiated manage-
ment: approximately 187 ITA, 19 TPN of CNRS 
and 11 IATOSS of the University. The follow up of 
these agents implies the update of their personal 
and professional situation, their vacation and also 
the implementation of the annual promotion cam-
paigns. 

Permanent training 
The training plan is updated every year and inter-
views are carried out with the persons in charge of 
services in order to adjust the needs with nearest. 
The followed courses are organized by the re-
gional delegation (trainings), the IN2P3 (set of 
themes schools) and also externally (in particular 
by the manufacturers of apparatuses or on specific 
and individual trainings). Training courses are also 
organized at the laboratory by agents of the IPN. 
In 2009, approximately 338 training activities were 
carried out for a total duration of 7 052 hours and a 
financial cost of 162 500 € including 40 200 € 
starting from the basic support of the laboratory. 

Recruitments of agents 
47 agents left the laboratory since January 2008 
(retirement, NOEMI, CPA, leave of absence…). In 
return 36 new agents joined the IPN. About forty 
five temporary contracts (CDD, conventions of re-
search, contracts of auxiliary, apprentices…) were 

 
IPNO Participation: L. Porcheron 
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parts:  
-The deposition of publications, conference pro-
ceedings and theses of in2p3 researchers and 
engineers into the HAL-IN2P3 database;  
- The inter-library lending of books and periodicals 
and the common access to inter-library resources 
such as journal articles through "Koha", the com-
mon catalogue. In addition, the library offers ac-
cess to electronic resources through either the 
University of Paris Sud 11 or the INIST*. Through 
the INIST readers have access to the 
"bibliosciences" gateway which permits the 
download of articles from many thousands of dif-
ferent journal titles via both "science direct" and 
"web of knowledge". 
See http://www.inist.fr 
*Institut National de l'Information Scientifique et Technique. 
 
Purchasing-storing and transport department 
The buying department has four main activities: 
the purchase, the storage of supplies, the recep-
tion and the transport. 
The buying post makes it possible to obtain, after 
consultation of the user’s needs, the best terms of 
purchase and also favour the use of new products 
under the respect for the regulation of the markets. 
The 4 500 articles of standard use are stored, dis-
tributed and invoiced to the various services users 
for a sales turnover of 300 000 €. 
All the deliveries are received, controlled and re-
distributed by the purchase department. 
Transport of people and materials is ensured by 
this department, as well as the provision of vehi-
cles of the laboratory or hiring where necessary for 
the experimenters. 
This department is also responsible for the park of 
compressed gas bottles and the maintenance of 
textile items of the laboratory. 
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Publications: Research department 2008Publications: Research department 2008Publications: Research department 2008   
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Beam dynamics studies on the EURISOL driver accelerator 
Proc. 24

th
 LINAC Conference, Victoria (Canada), August 2008 

 
EURORIB’08 
Fernandez-Dominguez B., Beaumel D., Blumenfeld Y., Franchoo S., Guillot J., Hammache F., Marechal 
F., Mouginot B., Scarpaci J.A., De Séreville N., Stefan I., et al. 
Spectroscopy of 

21
O through the (d,p) reaction with the TIARA-MUST2-VAMOS-EXOGAM set-up 

Giens, France, June 9 - 13, 2008 
 
EURORIB’08 
Force C., Azaiez F., Stefan I., et al. 
Shape coexistence in 

44
S: new information from g-e- spectroscopy 

Giens, France, June 9 - 13, 2008  
 
Journées des Actinides 
Fourest B., Delpech S. et al. 
Study of UC oxidation by impedance electrochemical spectroscopy 
Wroclaw Pologne April 11 - 15, 2008 
 
Zakopane Conference on Nuclear Physics 
Franchoo S., Azaiez F., Beaumel D., Blumenfeld Y., Fortier S., Gibelin J., Hammache F., Ibrahim F., Scar-
paci J.-A., Stefan I., Verney D., et al. 
Recent results from GANIL 
Acta Physica Polonica B40(2009) 419-425  
Zakopane, Poland, September 1-7, 2008 
 
GdR Physique du Nucléon: atelier thématique "Hadrons form factors"  
Friot S., G.Grunberg 
Quark and electron form factors 
IPN Orsay, France, February 11, 2008 
 
MESON 2008 - 10

th
 International Workshop on Meson Production, Properties and Interaction  

Froehlich I., Boyard J.L., Hennino T., Liu T., Morinière E., Ramstein B., Sudol M. et al, 
Meson and di-electron production with HADES 
Int.J.Mod.Phys. A24(2009)317-326 
Cracow, Poland, June 6-10 2008 
 
Symposium on Radiation Measurements and Applications 
Gascon M., et al. 
Characterization of Large Frustum CsI(Tl) Crystals for the (RB)-B-3 Calorimeter 
IEEE Transactions on Nuclear Science 56 (2009)962-967 
Berkeley, USA, June 02-05, 2008   
 
Japanese French Symposium - New paradigms in Nuclear Physics 
Gibelin J., Beaumel D., Blumenfeld Y., Fortier S., Frascaria N., Scarpaci J.A., et al. 
Decay Pattern of Pygmy States Observed in Neutron-Rich 

26
Ne 

International Journal of Modern Physics E-Nuclear Physics 18(2009)2050-2055 
Inst Henri Poincare Paris, FRANCE, September 29 - October 01, 2008 
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EURORIB'08 
Giovinazzo J., Perrot L., et al.  
Two-proton radioactivity : tracking 

2
He emission 

Giens, France, June 9 - 13, 2008  
 
LEA COLLIGA workshop 
Grasso  M.,  
Bubble structures in exotic nuclei 
Catania, Italie, October 2008 
 
Workshop TNET: The Eurons European Theory Network 
Grasso  M. 
Evolution of proton states in neutron-rich Ca and Ar isotopes 
ECT* Trento, Italie,  January 2008, 
 
Colloque Alain Bouyssy  
Grasso  M.,  
Methodes microscopiques pour la description des noyaux exotiques 
Orsay, France, February, 2008 
 
PANIC08 - 18

th
 Particle and Nuclei International Conference  

Guidal. M. 
Generalized Parton Distributions 
Nucl.Phys. A827(2009)93C 
Eilat, Israel, November 9 - 14, 2008 
 
QFS-RB 08 - 1

st 
International Workshop on Quasi-free Scattering with Radioactive Ion Beams 

J. Guillot,  
One-nucleon pick-up reactions and deep hole states in medium-heavy nuclei 
ECT Trento, Italy, April 7-11, 2008  
 
9

th 
Torino Workshop on Evolution and Nucleosynthesis in AGB Stars / 2

nd
 Perugia Workshop on Nuclear Astrophysics 

Hammache F., et al. 

Indirect study of 
13

C( ,n)
16

O 

AIP Conference Proceedings, 1001 (2008) 98-104  
Perugia, Italy, October 21-27, 2007 
  
The Xth International Symposium on Nuclei in The Cosmos 
Hammache F., et al. 
Transfer reactions as tool for nuclear astrophysics 
Sissa Proceedings of Science, http://pos.sissa.it/cgi-bin/reader/conf.cgi?confid=53, file:037, 2008  
Mackinac Island, Michigan, USA, July 27- August 1, 2008 
 
ISPUN07 - The International Symposium on Physics of Unstable Nuclei 
Hammache F., Roussel P., Audouin L., Beaumel D., Fortier S., et al. 

Study of the astrophysical reaction 
13

C( ,n)
16

O by the transfer reaction 
13

C(
7
Li,t)

17
O 

Proceedings of the International Symposium on Physics of Unstable Nuclei (2008)297-303 
Hoi An, VietNam, July 3 - 7, 2007  
 
Plutonium Future 
Hennig C., Le Naour C. et al 
Coordination of actinides in aqueous sulfate solution 
Dijon, France, July 7 - 11, 2008 
 
ATALANTE 2008 
Hingant N., Clavier N., Dacheux N., Hubert S., Barré N. 
Dissolution of morphology-controlled Th1-xUxO2 model dioxides 
Montpellier, France, May 14 - 15, 2008 
 
11

èmes
 Journées de Radiochimie et de Chimie Nucléaire 

Hingant N., Clavier N., Dacheux N., Hubert S., Barré N. 
Influence de la morphologie des précurseurs sur la durabilité chimique des composés modèles ThUO2 
Strasbourg, France, September 8 - 9, 2008 
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Journées des Actinides 
Hingant N., Clavier N., Hubert S., Barré N., Dacheux N. et al  
Micro-Raman characterization of Th1-xUxO2 prepared from oxalates precipitated through different 
chemical routes 
Wroclaw, Pologne, April 11 - 15, 2008 
 
Plutonium Future 
Hubert S., Heisbourg G., Dacheux N. et al  
Prediction of ligand promoted dissolution rates of ThO2 from the reactivities of aqueous com-
plexes. Dissolution behaviour of Th1-xPuxO2 
Dijon, France, July 7 - 11, 2008 
 
CNR 2007 - International Workshop on Compound-nuclear reactions and related topics  
Jurado B., Audouin L., Capellan N., Tassan-Got L., Wilson J.N.,  
Fission Cross Sections and Fission-Fragment Mass Yields via the Surrogate Reaction Method 
Con.Proc.1005 (2008) 90, J.Escher, F.S.Dietrich, T.Kawano, I.J.Thompson, Eds.  
Yosemite National Park, USA, October 22 - 26, 2007 
 
Seminar on Fission 
Jurado B., Kessedjian , Audouin L., Capellán N., Tassan-Got L., N. Wilson J. 
Minor-actinides fission cross sections and fission fragment mass yields via the surrogate reaction technique 
Proceedings, Corsendok Priory (2008) 47-54  
Corsendonk Priory, Belgique, September 18 - 21, 2007  
 
FINUSTAR 2 - International conference Frontiers in Nuclear Structure, and Reactions  
Ketelhut S.,  Wilson J.N. 
Spectroscopy of odd-proton nuclei in the region of 

254
No 

Crete, Greece, 10-14 Sept. 2007 
P.Demetriou, R.Julin, S.V.Harissopulos, Eds. p.368 (2008); AIP, Conf.Proc 1012 (2008)  
 
Colloque franco-japonais, New Paradigms in Nuclear Physics 
Khan  E., M. Grasso, L. Gaudefroy, J. Margueron, T. Niksic, J. Piekarewicz, O. Sorlin, N. Van Giai, D. Vretenar 
Bubbles in exotic nuclei 
Institut Henri Poincaré, Paris, France, September, 2008  
 
Nuclear Physics and Astrophysics 
Khan E. 
Collective excitations: from exotic nuclei to astrophysics 
Nuclear Physics and Astrophysics 1072 (2008) 94   
Cappadocia, Turkey 25-30 June, 2008 
 
MESON 2008 - 10

th
 International Workshop on Meson Production, Properties and Interaction  

Krizek F., Boyard J.L., Hennino T., Morinière E., Ramstein B., Sudol M. et al. 
Dielectron Production in Ar + Kcl at 1.756-A-Gev With Hades  
Int. J. Mod. Phys. A24 (2009) 603 
Cracow, Poland, June 6-10, 2008 
 
FINUSTAR 2 - Frontiers in Nuclear Structure, Astrophysics and Reactions  
Kroll T., et al.  
Quadrupole collectivity of neutron-rich nuclei around 

132
Sn 

AIP Conference Proceedings 1012(2008)84-88 
Crete, Greece, October 10-14, 2007 
 
International Conference on Particles and Nuclei 
Kurtukian-Nieto T., Audouin L.,   

First access to  half-lives approaching the r-process path near N=126 

Eilat, Israël, November 8 - 14, 2008 
 
PANIC08 – The Eighteenth Particles and Nuclei International Conference  
Kurtukian-Nieto T., Audouin L.,  
Recent progress in measuring β half-lives of nuclei approaching the r-process waiting point A = 195 
Nuclear Physics A827 (2009) 587c-589c  
Eilat, Israël, November 9 - 14, 2008 
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EURORIB’08 
Kurtukian-Nieto T., Audouin L.,  
New analysis method to determine b decay half-lives: a first step towards the study of heavy neu-
tron-rich nuclei approaching the r-process path near N=126 
Giens, France, June 6 - 13, 2008 
 
ISPUN07 - The International Symposium on Physics of Unstable Nuclei 
Lapoux V., Beaumel D., Blumenfeld Y., Scarpaci J.-A., et al. 
Structure and low-lying states of the 

8
He exotic nucleus via direct reactions on proton 

Physics of Unstable Nuclei - Proceedings of the International Symposium on Physics of Unstable Nuclei, 40-46, 2008 
Hoi An, Vietnam, July 3-7, 2007 
 
Plutonium Future 
Le Naour C.,Mendes M., Di Giandomenico M. V. et al  
Some physicochemical properties of protactinium(V) in acidic complexing medium 
Dijon, France, July 7 - 11, 2008 
 
15

th
 International Conference on Electromagnetic Isotope Separators and Techniques Related to their Applica-

tions 
Lhersonneau G., Roussière B., et al. 
Tests of high-density UC targets developed at Gatchina for neutron-rich radioactive-beam facilities 
Nuclear Instruments & Methods in Physics Research: Section B - Beam Interactions with Materials and At-
oms, 266(2008) 4326-4329 
Deauville, France, June 24-29, 2007 
 
CLUSTERS’07 - 9

th
 International Conference on Clustering Aspects of Nuclear Structure and Dynamics  

Madurga M., Marechal F., et al. 
Study of β-delayed charged particle emission of 

11
Li: evidence of new decay channels 

Journal of Physics: Conference Series 111(2008)012024 
Stratford upon Avon, United Kingdom, September 3 - 7, 2007 
 
ENAM’08 - The Fifth International Conference on Exotic Nuclei and Atomic Masses  
Mané E., Flanagan K., et al. 
An ion cooler-buncher for high-sensitivity collinear laser spectroscopy at ISOLDE 
European physical Journal A42(2009) 503-507 
Ryn, Poland, September 7 - 13, 2008 
 
Réunion du GDR PCHE 
Margueron J. 
Superfluid properties of neutron stars 
Université Paris-Diderot, Paris, France, July 2 , 2008 
 
AG  des théoriciens nucléaire 
Margueron  J. 
Physique nucléaire et astres compacts : connexions et synergies 
Université de Bordeaux, France, July 9, 2008 
 
Les jeunots de la physique nucléaire théorique 
Margueron  J., H. Sagawa, K. Hagino,  
Links between nuclei and nuclear matter 
ESNT Saclay, France, February 4 - 6, 2008 
 
The complex physics of Compact stars 
Margueron J., H. Sagawa, K. Hagino 
Neutron pairs in nuclear matter and in nuclei 
Ladek-Zdroj, Pologne, February 18 - 29, 2008 
 
Workshop on Asymmetric instabilities in stellar core collapse 
Margueron  J. 
Nuclear liquid-gas phase transition and supernovae evolution 
Institut Henry Poincaré, Paris, France, June 30 - July 11, 2008  
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International symposium "The Modern Physics of Neutron Stars" 
Margueron  J. 
Properties of the crust of neutron stars 
Yerevan, Arménie, September 15 - 24, 2008 
 
9

th 
Torino Workshop on Evolution and Nucleosynthesis in AGB Stars / 2

nd
 Perugia Workshop on Nuclear Astrophysics 

Marrone S., David S., Stephan C., Tassan-Got L. 
Recent Results at n_TOF and Future Perspectives  
AIP Conference Proceedings, 1001 (2008) 90-97  
Perugia, Italy, October 21-27, 2007 
 
11

èmes
 Journées de Radiochimie et de Chimie Nucléaire 

Mendes M., Di Giandomenico M. V., Le Naour C. et al  
Complexation du Pa(V) par les acides polyaminocarboxyliques 
Strasbourg, France, September 8 - 9, 2008 
 
11

èmes
 Journées de Radiochimie et de Chimie Nucléaire 

Mercier-Bion F., Pham T. H., Drot R., Roques R., Simoni E., Sladkov V.  
Etude thermodynamique et spectroscopique de la rétention de U(VI) sur des surfaces de silice en 
présence de matière organique 
Strasbourg, France, September 8 - 9, 2008 
 
ISPUN07 - The International Symposium on Physics of Unstable Nuclei  
Morjean M., Jacquet D., Laget M., Tassan-Got L. et al. 
Search for long fission times of super-heavy elements with Z=114 
Proceedings of the International Symposium on Physics of Unstable Nuclei, 370-372 (2008)  
Hoi An, Vietnam, July 3 - 7, 2007 
 
EURORIB’08 
Mougeot X., Beaumel D., Blumenfeld Y., Guillot J., Scarpaci J.A., et al. 
Spectroscopy of the low-lying states of 

6,7
He nuclei with the MUST2 array 

Giens, France, June 9 - 13, 2008  
 
AG  des théoriciens nucléaires 
Moussallam  B. 
Symétrie chirale en QCD et théories effectives: quelques développements récents 
Université de Bordeaux, France, July 9, 2008  
 
FLAVIANET Kaon workshop 
Moussallam B., Kampf K. 

Chiral expansions of the 
0
 lifetime 

Anacapri, Italy, June 12 - 14, 2008  
 
13

th
 International Symposium on Capture Gamma-Ray Spectroscopy and Related Topics 

Mucher D., et al. 
Shell Structure and Shape Changes in Neutron Rich Krypton Isotopes 
Capture Gamma-ray Spectroscopy and Related Topics 1090 (2009) 587-588 
Cologne, Germany, August 25-29, 2008 
 
ENAM’08 - The Fifth International Conference on Exotic Nuclei and Atomic Masses   
Niikura M., et al. 
Yrast spectroscopy in 

49-51
Ti via fusion-evaporation reaction induced by a radioactive beam 

European physical Journal A42 (2009) 471-475 
Ryn, Poland, September 7-13, 2008 
 
24

th
  World Conference of the International Nuclear Target Development Society developing techniques for 

target preparation and applications 
Petitbon-Thévenet V. 
The target Manufacturing department 
Nuclear Instrument And Methods in Physics Research, A613 (2010) 419-422 
GANIL, Caen, September 15 - 19, 2008 
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11

èmes
 Journées de Radiochimie et de Chimie Nucléaire 

Pham T. H., Mercier-Bion F., Simoni E., Drot R, Lagarde G.  
Rôle des matières organiques sur la sorption de U(VI) sur la silice 
Strasbourg, France, September 8 - 9, 2008 
 
FINUSTAR2 
Piasecki  E., N. Rowley et al. 
Some Questions and Answers in Barrier Distributions 
AIP Conf.Proc. 1012 (2008) 238  
Crete, Greece, September 10 -14, 2007  
 
EXON-2009 
Piasecki  E., N. Rowley et al. 
Are the weak channels really weak? 
Acta Physica Polonica B49 (2009) 849 
Zakopane, Poland, September 1-7, 2008  
 
EURORIB’08 
Ramus A., Beaumel D., Blumenfeld Y., Franchoo S., Guillot J., Hammache F., Marechal F., Mouginot B.,  
Scarpaci J.A., De Séreville N., Stefan I., et al. 
Study of the 

20
O(d,t) and 

26
Ne(d,t) reactions with the MUST2-TIARA-VAMOS-EXOGAM setup 

Giens, France, June 9 - 13, 2008  
 
Japanese French Symposium - New paradigms in Nuclear Physics 
Ramus A., Beaumel D., Blumenfeld Y., Franchoo S., Guillot J., Hammache F., Marechal F., Mouginot B., 
Scarpaci J.-A., De Sereville N., Stefan I., et al. 
Study of the 

20
O(d,t) reaction with the TIARA-MUST2-VAMOS-EXOGAM setup 

International Journal of Modern Physics E-Nuclear Physics 18 (2009) 2056-2060 
Inst Henri Poincare Paris, France, September 29 - October 1, 2008 
 
236

th
 ACS National Meeting, Symposium in honor of the scientific career of John M. Alexander 

Rivet M.-F.  
Influence of the entrance channel on multifragmentation properties 
Philadelphia, PA USA, August 17 - 19, 2008  
 
Nuclear Chemistry Gordon Conference 
Rivet M.-F. 
Multifragmentation: recent experimental highlights 
New London, NH USA, June 15 - 20, 2008 
 
Colloque en l’honneur de Roland Dayras 
Rivet M.-F. 
INDRA : résultats marquants et futur 
IRFU/SPhN Saclay, France, October 17, 2008 
 
Plutonium Future 
Roques J., Veilly E.,  Le Naour C., Simoni E. et al.  
A combined study of protactinium adsorption onto TiO2 rutile: EXAFS vs. DFT calculations 
Dijon, France, July 7 - 11, 2008 
 
Japanese French Symposium - New paradigms in Nuclear Physics 
Santos F.D., et al. 
Resonant Elastic and Inelastic Scattering Astrophysical Applications: New Paradigm Beyond Drip-Lines? 
International Journal of Modern Physics E-Nuclear Physics 18 (2009) 2140-2144 
Inst Henri Poincare Paris, France, September 29 - October 1, 2008 
 
Joint Meeting Heidelberg-Liege-Paris-Wroclaw 
Sazdjian  H. 
Integral equation for gauge invariant quark Green's function 
Spa, Belgium March 7, 2008 
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10

th
 International Symposium on Origin of Matter and Evolution of Galaxies 

Sergi M.L., et al.  

Study of 
17

O(p, )
14

N reaction via the Trojan Horse Method for application to 
17

O nucleosynthesis 

Origin of Matter and Evolution of Galaxies 1016 (2008) 433-435  
Sapporo, Japan, December 4-7, 2007  
 
11

èmes
 Journées de Radiochimie et de Chimie Nucléaire 

Sladkov V., Fourest B. 
Electrophorèse capillaire pour le contrôle analytique du processus de dissolution chimique du car-
bure d’uranium 
Strasbourg, France, September 8 - 9, 2008 
 
NRC 7 - 7

ème
 International Conference on Nuclear and Radiochemistry  

Sladkov V., Fourest B.,  
Determination of U(VI) and Some Organic Acid Ions in Aqueous uranium carbide dissolution sam-
ples by capillary zone electrophoresis 
Budapest, Hongrie, August 24 - 29, 2008 
 
11

èmes
 Journées de Radiochimie et de Chimie Nucléaire 

Sornein M. O., Cannes C., Le Naour C., Mendes M., Barré N., Lagarde G., Simoni E. et al.  
Analyses spectroscopiques et électrochimiques de l’uranyle en présence d’ions halogénure dans 
les liquides ioniques 
Strasbourg, France, September 8 - 9 2008 
 
Plutonium Future 
Sornein M. O., Cannes C.,Mendes M., Le Naour C., Lagarde G., Simoni E et al. 
Speciation and electrochemical behaviour of Uranium in room temperature Ionic liquids 
Dijon, France, July 7 - 11, 2008 
 
EURORIB’08 
Thomas J.S., Beaumel D., Blumenfeld Y., Franchoo S., Guillot J., Hammache F., Marechal F., Mouginot 
B., Ramus A., Scarpaci J.A., De Séreville N., Stefan I., et al. 
Transfer reaction studies with a 

26
Ne beam 

Giens, France, June 9 - 13, 2008 
 

PHIPSI08  - International Workshop on e+e- Collisions from  to  

Tomasi-Gustaffson E. 
Structure function method of QED radiative corrections calculation for processes on lepton-hadron, 
lepton-photon, and lepton-lepton colliders 
Nucl.Phys.Proc.Suppl.181-182 (2008) 275 
Frascati, Rome, Italy, April 7–10, 2008 
 
International Workshop on Nuclear Physics 30th Course - Heavy-Ion Collisions from the Coulomb Barrier to 
the Quark–Gluon Plasma 
Trautmann W., Bacri C.O., et al. 
Isotopic dependence of the caloric curve 
Progress in Particle and Nuclear Physics 62 (2009) 407- 412  
Erice, Italy, September 16 - 24, 2008 
 
International Workshop on Nuclear Dynamics in Heavy-Ion Reactions and Neutron Stars 
Trautmann W., Bacri C.O., et al. 
N/Z Dependence of Projectile Fragmentation 
International Journal of Modern Physics E17 (2008) 1838-1849  
Beijing, China, July 10 - 14, 2007 
 
4

th
 International Workshop "Theory of quantum coherence and quantum gases" 

Urban  M., Schuck P.  
Pair breaking in rotating Fermi gases 
Grenoble, France, June 3 - 7, 2008 
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LPHYS'08 - 17
th
 International Laser Physics Workshop  

Urban  M.  
Coupling between collective motion and quasiparticle excitations in superfluid trapped Fermi gases 
Trondheim, Norvege, June 30 - July 4, 2008 
 
SNNS meeting "Theoretical Issues in Nuclear Astrophysics" 
Urban M. 
Surface effects in color superconducting strange-quark matter 
IPN Orsay, France, March 31 - April 4, 2008 
11

ème
 Rencontre des Chimistes Théoriciens Francophones 

Veilly E., Roques J., Simoni E. et al.  
Selenite and seleniate adsorption on TiO2: a combined DFT and experimental study 
Dinard, France, June 30 - July 4, 2008 
 
Franco-Japanese Symposium on New Paradigms in Nuclear Physics 
Verney D., et al. 
Structure of the Neutron Rich Ga and Ge Isotopes Observed at ALTO 
International Journal of Modern Physics E-Nuclear Physics 18 (2009) 1976-1980 
Inst Henri Poincare Paris, France, September 29 - October 1, 2008 
 
Les messagers de l’espace meeting 
Volpe C.  
(Relic) supernova neutrinos and neutrino properties 
Orsay, France, 3 June 2008  
 
EURORIB08 
Volpe C. 
Neutrino Physics 
Giens, France, June  9 - 13, 2008  
 
Rencontre de Physique des Particules 
Volpe C. 
Neutrinos de supernovas et leurs propriétés 
LAPTH Marseille, France, January, 23 - 25, 2008 
 
Three days of Strong Interaction and Astrophysics 
Volpe C. 
Supernova neutrinos and neutrino properties  
Spa,Belgium, March 6 - 8, 2008 
  
FUSION08: New Aspects of Heavy Ion Collisions Near the Coulomb Barrier  
Wieleczko J.-P., Borderie B., Rivet M.-F. et al. 
Influence of the N/Z ratio on Disintegration Modes of Compound Nuclei 
AIP Conference Proceedings, 1098(2009) 64-69 
Chicago, USA, September 22 - 26  2008 
 
Zakopane Conference on Nuclear Physics  
Wieleczko J.-P., Borderie B., Rivet M.-F. et al. 
N/Z influence on disintegration modes of compound nuclei 
Acta Physica Polonica B40 (2009) 577-580  
Zakopane, Poland, September 1 - 7  2008 
 
PHYSOR 2008 - International Conference on the Physics of Reactors  
Wilson J.N., Capellan N., David S., Meplan O. 
Economy of uranium resources in a three-component reactor fleet with mixed thorium/uranium fuel 
cycles 
Annals of Nuclear Energy - PHYSOR 2008, 36 (2009) 404-408  
Interlaken, Suisse, September 14 - 19, 2008 
 
6

th
 Japan-Italy Symposium on Heavy-Ion Physics 

Yamaguchi H., et al.  
Nuclear Astrophysical studies using low-energy RI beams at CRIB 
Perspectives in Nuclear Physics, 1120(2009)189-193 
Tokai, Japan, November 11 - 15, 2008 
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Conferences: Accelerators and Instrumentation 2008Conferences: Accelerators and Instrumentation 2008Conferences: Accelerators and Instrumentation 2008   

PHYSOR 2008 - International Conference on the Physics of Reactors 
Baeten P., Laune B., Reynet D., et al. 
The GUINEVERE project at the VENUS facility 
CD Rom 
Interlaken, Suisse, September, 14-19, 2008 
 
EPAC08 - Particle Accelerator Conference 
Barbanotti S., Biarrotte J.L., Blache P., Commeaux C., Duthil P., Rampnoux E., et al. 
Design of the Prototypical Cryomodule for the EUROTRANS Superconducting Linac for Nuclear 
Waste Transmutation 
Proceedings of EPAC2008  
Genoa, Italy, June 23-27, 2008 
 
24

th
 LINAC Conference 

Bertrand P., Biarrotte J.L., Perrot L., et al. 
Beam dynamics and error studies of the SPIRAL2 driver accelerator 
Proc. 24

th
 LINAC Conference  

Victoria, Canada,  August 2008  
 
EURORIB’08 
Bertrand P., Biarrotte J.L., Perrot L., Uriot D., Junquera T. et al., SPIRAL2 Collaboration(s) 
Beam dynamics and error studies of the Spiral2 driver accelerator 
Giens, France, June 9 -13, 2008  
 
EMIS2007 - XVth International Conference on Electromagnetic Isotope Separators and Techniques related 
to their Applications  
Blank B., Perrot L., et al. 
A time projection chamber to study two-proton radioactivity 
Nuclear Instruments and Methods B266 (2008) 4606-4611 
Deauville France, June, 24-29, 2007 
  
EMIS2007 - XVth International Conference on Electromagnetic Isotope Separators and Techniques related 
to their Applications  
Cheikh Mhamed M., Essabaa S., Lau C., Roussière B., Ducourtieux M., Franchoo S., Guillemaud Mueller 
D., Ibrahim F., Le Du J.F., Lesrel J., Mueller A.C., Raynaud M., Said A., Verney D., Wurth S. 
RIB production by photofission in the framework of the ALTO project : First experimental measure-
ments and Monte-Carlo simulations 
Nuclear Instruments and Methods B266 (2008) 4092-4096  
Deauville France, June, 24-29, 2007 
 
CAARI 2008 - 20

th
 International conference on the application of accelerators in research and industry  

Cottereau E. for the ALTO collaboration 
The ALTO facility for the production of rare nuclei 
AIP conference proceedings 1099, p.774, Editors F.D.McDaniel and B.L. Doyle  
Fort Worth,Texas, USA, August 10-15, 2008 
 
Nuclear Physics and Astrophysics: From Stable Beams to Exotic Nuclei  
Daugas J.M., Perrot L., et al. 
Magnetic moment of  

43m
S 

Cappadocia, Turkey June 25 - 30, 2008 
 
SNEAP 2008 
Essabaa S. 
The ALTO facility 
Ann Arbor, Michigan, USA, October 12-17, 2008 
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EURORIB’08 
Ferdinand R., Junquera T., Saugnac H. et al. 
SPIRAL 2 superconducting linac 
Giens, France, June 9 -13, 2008  
 
NDIP 2008 - 5

th
 International Conference on New Developments In Photodetection 2008 

Genolini B., Nguyen Trung T., Périnet C., Peyré J., Pouthas J., Rindel E., Rosier P. et al. 
PMm2: large photmultipliers and innovative electronics for the next-generation neutrino experiments 
Nuclear Instruments and Methods in Physics Research A610 (2009) 249-252 
Aix-les-Bains France, 2008 
 
EURORIB'08 
Giovinazzo J., Perrot L., et al. 
Two-proton radioactivity : tracking 

2
He emission 

Giens, France, June 9 -13, 2008  
 
EURORIB’08 
Junquera T., Ausset P., et al., 
Progress on the construction of the spiral 2 driver accelerator 
Giens, France, June 9 -13, 2008  
 
Nufact08 - The 10

th
 International Workshop on Neutrino factories  

Lachaise A.  
The BETA BEAM Rapid Synchrotron 
Valencia, Spain, June 30 - July 5, 2008 
 
ICIS2007 - 12

th
 International Conference on Ion Sources  

Lau C., Cheikh Mhamed M., Essabaa S. 
Status of ionization by radial electron neat adaptation ion source research and development for SPI-
RAL2 and EURISOL-DS 
Review of Scientific Instruments 79 (2008) 02A903 
Jeju, Korea, August 26 - 31, 2007 
 
ICIS2007 - 12

th
 International Conference on Ion Sources  

Lecesne N., Essabaa S., Lau C., Launay F., et al. 
The radioactive ion beam production systems for the SPIRAL2 project 
Review of Scientific Instruments 79 (2008) 02A907 
Jeju, Korea, August 26 - 31, 2007 
 
EMIS2007 - XVth International Conference on Electromagnetic Isotope Separators and Techniques related 
to their Applications 
Lhersonneau G., Essabaa S., Lau C., Cheikh Mhamed M., Roussière B., et al. 
Tests of high-density UC targets developed at Gatchina for neutron-rich radioactive-beam facilities 
Nuclear Instruments and Methods B266 (2008) 4326-4329 
Deauville, France, June 24 - 29, 2007 
 
Zakopane Conference on Nuclear Physics  
Maj A., Azaiez F., Franchoo S., Scarpaci J.A., Stefan I., et al. 
The PARIS project 
Acta Physica Polonica B40 (2009) 565-575,  
Zakopane, Poland, September 1-7, 2008  
 
EURORIB’08 
Maj A., Azaiez F., Scarpaci J.A., et al. 
PARIS: a novel gamma calorimeter 
Giens, France, June 9 - 13, 2008 
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15
th
 International Conference on Electromagnetic Isotope Separators and Techniques Related to their Applications 

Mhamed M.C., et al. 
RIB production by photofission in the framework of the ALTO project: First experimental measure-
ments and Monte-Carlo simulations 
Nuclear Instruments & Methods in Physics Research B266 (2008) 4092-4096 
Deauville, France, June 24-29, 2007 
 
ICIS2007 - 12

th
 International Conference on Ion Sources   

Mhamed M.C., Lau C., Essabaa S. 
Two-dimensional/three-dimensional simulations for the optimization of an-electron-beam-generated
-plasma-based-type ion source 
Review of Scientific Instruments 79 (2008) 02B911 
Jeju, Korea, August, 26-31, 2007 
 
EMIS2007 - XVth International Conference on Electromagnetic Isotope Separators and Techniques related 
to their Applications  
Panteleev V.N., Essabaa S., Lau C., et al. 
Electron beam - plasma ionizing target for production of neutron-rich nuclides 
Nuclear instruments and Methods B266 (2008) 4294-4297 
Deauville France, June 24 - 29 2007 
 
EMIS2007 - XVth International Conference on Electromagnetic Isotope Separators and Techniques related 
to their Applications  
Panteleev V.N., Essabaa S., Lau C., Mhamed C., et al. 
Studies of uranium carbide targets of a high density 
Nuclear Instruments and Methods B266 (2008) 4247-4251 
Deauville France, June 24 - 29 2007 
 
SNEAP 2008 
Said A. 
The operation of the Tandem at IPNO 
Ann Arbor, Michigan, USA, October 12 - 17 2008 
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Conferences: Research Department 2009Conferences: Research Department 2009Conferences: Research Department 2009   

ICRC 2009 - 31
th
 International Cosmic Ray Conference 

Asorey H. for the Pierre Auger Collaboration, Deligny O., Ghia P.L., Lemiere A., Lhenry-Yvon I., Lyberis H., 
Suomijärvi T. et al., 
Cosmic Ray Solar Modulation Studies 
Proceedings ICRC 2009 - http://icrc2009.uni.lodz.pl/proc/ 
Lodz, Poland, July 7-15, 2009 
 
ICRC 2009 - 31

th
 International Cosmic Ray Conference 

Aublin J. for the Pierre Auger Collaboration, Deligny O., Ghia P.L., Lemiere A., Lhenry-Yvon I., Lyberis H., 
Suomijärvi T. et al. 
Discriminating potential astrophysical sources of the highest energy cosmic rays 
Proceedings ICRC 2009 - http://icrc2009.uni.lodz.pl/proc/ 
Lodz, Poland, July 7-15, 2009 
 
EFNUDAT - Fast Neutrons: neutrons measurements, theory and Applications 
Bacri C.O. 
CACAO: a project for a laboratory for the production and the characterization of thin radioactive 
layers 
JRC Scientific and Technical Report - EUR 23883 EN - Edited by Franz-Josef Hambsch 
IRMM, Geel, Belgium, April, 28 - 30, 2009 
 
ICRC 2009 - 31

th
 International Cosmic Ray Conference 

Baughman B. M. for the Pierre Auger Collaboration, Deligny O., Ghia P.L., Lemiere A., Lhenry-Yvon I., 
Lyberis H., Suomijärvi T. et al. 
Investigation of the Displacement Angle of the Highest Energy Cosmic Rays caused by the Galactic 
Magnetic Field 
Proceedings ICRC 2009 - http://icrc2009.uni.lodz.pl/proc/ 
Lodz, Poland, July 7-15, 2009 
 
Colloque GANIL 2009 
Beaumel D.  
Direct reactions with radioactive beams: recent results 
Giens, France, September 7-11, 2009 
 
DREB2009 - International workshop on Direct Reactions with Exotic Beams 
Beaumel D.  
Shell structure of neutron-rich oxygen isotopes 
Tallahassee, Florida, USA, December 16-19, 2009 
 
VIth Conference on Nucleus-Nucleus collisions 
Beaumel D.  
Shell evolution in light nuclei inferred from transfer reactions 
To be published 
Beijing, China, August 11-14, 2009  
 
NN2009 - Nucleus-Nucleus Collisions 
Beck C., Rowley N.  et al. 
Reaction mechanisms for weakly-bound, stable nuclei and unstable halo nuclei on medium-mass 
targets 
Nucl. Phys. A834 (2010) 440-445  
Beijing, China, August 16-21, 2009 
 
ICRC 2009 - 31

th
 International Cosmic Ray Conference 

Bellido J. for the Pierre Auger Collaboration, Deligny O., Ghia P.L., Lemiere A., Lhenry-Yvon I., Lyberis H., 
Suomijärvi T. et al. 
Measurement of the average depth of shower maximum and its fluctuations 
Proceedings ICRC 2009 - http://icrc2009.uni.lodz.pl/proc/ 
Lodz, Poland, July 7-15, 2009 
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NUPPAC’09 - 7
th
 Conference on Nuclear and Particle Physics 

Bimbot L., Ong S., Van de Wiele J., Arvieux J., et al.  
Results from the G0 Parity Violation Experiment Carried out at Jefferson Laboratory 
Sharm El-Sheikh,  Egypte, November 11-15, 2009 
 
ICRC 2009 - 31

th
 International Cosmic Ray Conference 

Bonino R. for the Pierre Auger Collaboration, Deligny O., Ghia P.L., Lemiere A., Lhenry-Yvon I., Lyberis 
H., Suomijärvi T. et al. 
Search for sidereal modulation of the arrival directions of events 
Proceedings ICRC 2009 - http://icrc2009.uni.lodz.pl/proc/ 
Lodz, Poland, July 7-15, 2009 
 
IWND09 - International Workshop on nuclear dynamics in heavy-ion collisions and the symmetry energy 
Borderie B. 
The prominent role of the heaviest fragment in multifragmentation and phase transition for hot nu-
clei  
Shanghai, China, August 22-25, 2009 
 
NUFRA2009 - International Conference on Nuclear Fragmentation 
Borderie B. 
Partitions in multifragmentation 
Kemer, Turkey, September 28 - October 3, 2009 
 
NN2009 - The 10

th 
International Conference on Nucleus-Nucleus Collisions  

Borderie B. 
Multifragmentation and phase transition for hot nuclei: recent progress 
Beijing, China, August 16-21, 2009 
 
Actinides 2009 
Bossé E., Cannes C., Le Naour C. et al. 
Hydrolysis of An(+IV) (An = U, Np, Pu) in room temperature ionic liquids 
San Francisco, California, USA, July 12-17, 2009 
 
EMIN2009 - XII International Seminar on Electromagnetic Interaction of Nuclei 
Bouchigny S., Didelez J.P., Rouille G. et al. 
Photoreactions with Polarized HD target at Spring-8 
Moscou, Russie, 17-20 September, 2009  
 
7

ième
 Colloque du Programme Interdisciplinaire Energie du CNRS: Quelques enjeux et défis de recherche en énergie  

Bouneau S., David S., Loiseau J.-M. and Méplan O. 
La place du nucléaire en 2050 
Nantes, France, November 16 - 18, 2009 
 
Colloque du programme Energie 2 du CNRS 
Bouneau S., David S., Méplan O. 
Construction simplifiée d’un monde énergétique en 2050 
Nantes, November 2009 
 
QGP France 2009  
Boyer B. 

Mesure de la production du J/psi dans les collisions pp à s = 10 TeV 

Etretat, France, September 15 - 18, 2009 
 
GLOBAL 2009: ―The Nuclear Fuel Cycle: Sustainable Options & Industrial Perspectives‖ 
Brizi J., Méplan O., David S., Capellan N., Wilson J. 
Sodium-cooled fast reactors: void coefficient and waste minimization. Neutronic studies using 
MURE 
Proceedings of Global 2009 (2009) 1957-1966  
Paris, France, September 6 - 11, 2009 
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FISSION 2009 - 4

th
 International Workshop on Nuclear Fission and Fission-Product Spectroscopy 

Caamaño M.,  Audouin L., Bacri C.-O. 
Isotopic Resolution of Fission Fragments from 

238
U+

12
C Transfer and Fusion Reactions  

AIP Conference Proceedings 1175 (2009)  
Saint Paul lez Durance, France, May 13 - 16, 2009 
 
Colloque Espace Mathématique Francophone EMF2009, Enseignement des mathématiques et développe-
ment : enjeux de société et de formation 
Cabot C. 
Formation en pédagogie pour les enseignants scientifiques : une double rencontre. Au carrefour 
lycée-université, une formation mutuelle entre enseignants, un espace de diffusion pour les didacti-
ciens 
Dakar, Sénégal, April 6-10, 2009 
 
GLOBAL 2009: ―The Nuclear Fuel Cycle: Sustainable Options & Industrial Perspectives‖ 
Capellan N., Wilson J., David S., Méplan O., Brizi J. 
3D coupling of Monte Carlo neutronics and thermal-hydraulics calculations as a simulation tool for 
innovative reactor concepts 
Proceedings of Global 2009, (2009) 1358-1367  
Paris, France, September 6 - 11, 2009 
 
ICRC 2009 - 31

th
 International Cosmic Ray Conference 

Castellina A. for the Pierre Auger Collaboration, Deligny O., Ghia P.L., Lemiere A., Lhenry-Yvon I., Lyberis 
H., Suomijärvi T. et al. 
Comparison of data from the Pierre Auger Observatory with predictions from air shower simula-
tions: testing models of hadronic interactions 
Proceedings ICRC 2009 - http://icrc2009.uni.lodz.pl/proc/ 
Lodz, Poland, July 7-15, 2009 
 
Nuclear Structure and Dynamics 
Catford W.N., Ramus A. et al. 
Nucleon Transfer using Radioactive Beams: results and lessons from the TIARA and TIARA+MUST2 
experiments at SPIRAL 
Dubrovnik, Croatia, May 4-8, 2009  
 
ICRC 2009 - 31

th
 International Cosmic Ray Conference 

Cazon L. for the Pierre Auger Collaboration, Deligny O., Ghia P.L., Lemiere A., Lhenry-Yvon I., Lyberis H., 
Suomijärvi T. et al. 
The delay of the start-time measured with the Pierre Auger Observatory for inclined showers and a 
comparison of its variance with models 
Proceedings ICRC 2009 - http://icrc2009.uni.lodz.pl/proc/ 
Lodz, Poland, July 7-15, 2009 
 
ICRC 2009 - 31

th
 International Cosmic Ray Conference 

D’Urso D. for the Pierre Auger Collaboration, Deligny O., Ghia P.L., Lemiere A., Lhenry-Yvon I., Lyberis H., 
Suomijärvi T. et al. 
A Monte Carlo exploration of methods to determine the UHECR composition 
Proceedings ICRC 2009 - http://icrc2009.uni.lodz.pl/proc/ 
Lodz, Poland, July 7-15, 2009 
 
European Summer University: The secrets of the atomic nucleus 
David S. 
Energy sources for the future 
Strasbourg, France, June 28, 2009 
 
SIMS XVII  
Della-Negra S.,  Arianer J., Depauw J. et al. 
The Pegase project - A new solid surface probe: focussed massive cluster ion beams  
Toronto, Canada, September 14 - 18, 2009 
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SIMS XVII  
Della-Negra S., J. Depauw et al. 
Massive Clusters: Secondary Emission from qkeV to qMeV. New Emission Processes? New SIMS 
Probe? 
Toronto, Canada, September 14 - 18, 2009 
 
XVIII International School on Nuclear Physics, Neutron Physics and Applications 
Deloncle I. et al. 
Fast timing: Lifetime measurements with LaBr3 scintillators 
Zlatni Pyasaci, Varna, Bulgaria, September 21-27, 2009 
Journal of Physics: Conference Series 205 (2010) 012044 
 
ICRC 2009 - 31

th
 International Cosmic Ray Conference 

Di Giulio C. for the Pierre Auger Collaboration, Deligny O., Ghia P.L., Lemiere A., Lhenry-Yvon I., Lyberis 
H., Suomijärvi T. et al. 
Energy calibration of data recorded with the surface detectors 
Proceedings ICRC 2009 - http://icrc2009.uni.lodz.pl/proc/ 
Lodz, Poland, July 7-15, 2009 
 
51

st
 Annual Meeting of the Division of Plasma Physics 

Didelez J.P. et al., and the HIGHFIS Collaboration 
ICF Fast Ignition with Ultra-Relativistic Electrons 
Bulletin of the APS 54 N°15 (2009) 347 
Atlanta, Georgia, USA, November 2 - 6, 2009 
 
Few-Body 19 : 19

th
 International IUPAP Conf. on Few-Body Problems in Physics 

Didelez J.P. et al. 
Persistence of the Polarization in a Fusion Process 
Bonn, Germany, August 31 - September 5, 2009 
 
NSTAR2009 - 12

th
 International Workshop on the Physics of Excited Nucleon 

Didelez J.P., Guidal M., Hourany E., Kunne R. et al. 
Latest results from GRAAL collaboration 
Chinese Physics C33 (2009) 1249-1253 
Beijing, China, April 19 - 22, 2009 
 
Journées de la Société Géologique de France Géochimie et géologie de l’Uranium 
Drot R.  
Approche moléculaire des interactions uranyle/surfaces minérales : démarche expérimentale 
Orsay, France September 30, 2009 
 
Nuclear Structure and Dynamics 
Ebran J.P., E. Khan, D. Peña Arteaga et al. 
Relativistic HFB theory with density dependent meson couplings in axial symmetry 
Nuclear Structure And Dynamics 09(2009)289 
Dubrovnik, Croatia, May 4-8, 2009  
 
SIMS XVII  
Eller M.J., Della-Negra S.  et al. 
Real-time localization of single C60 impacts with correlated secondary ion detection 
Toronto, Canada, September 14 - 18, 2009 
 
Nuclear Structure and Dynamics 
Fernández-Domínguez B., Franchoo S., et al. 
Studying the structure around the “Island of Inversion” with knockout reactions @ GANIL 
Dubrovnik, Croatia, May 4-8, 2009  
 
SIMS XVII  
Fernandez-Lima F.A., Della-Negra S. et al. 
Photon emission from massive projectile impacts on solids 
Toronto, Canada, September 14 - 18, 2009 
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Nuclear Structure and Dynamics 
Fiori E., Mouginot B., Stefan I., et al. 
Magnetic moment of the 2+ state in the neutron-rich radioactive 

72
Zn using the High-Velocity Tran-

sient-Field technique 
Dubrovnik, Croatia, May 4-8, 2009  
 
Nuclear Structure and Dynamics 
Fiori E., Mouginot B., Stefan I., et al. 
Probing High-Velocity Transient-Field Strength Using Heavy-ions Traversing Fe and Gd 
AIP Conference Proceedings 1165 (2009)120-121 
Dubrovnik, Croatia, May 4-8, 2009 
 
EINN2009 - 8

th
 International Conference on Electromagnetic Interactions with Nucleons and Nuclei  

Fradi A. 

Exclusive electroproduction of 
+
 on the proton at CLAS 

Milos, Grèce, September 27 - October 2, 2009  
 
CLAS12 European workshop 
Fradi A. 

Exclusive electroproduction of 
+
 on the proton at CLAS 

Gênes, Italie, February 25 - 28, 2009 
 
DIS09 - XVII International Workshop on Deep-Inelastic Scattering and Related Subjects  
Fradi A. 
Deeply exclusive vector-meson electroproduction at CLAS 
April 26 - 30, 2009, Madrid, Espagne 
 
Assemblée Générale des théoriciens de physique nucléaire 
Friot  S., Greynat D. 
Non-perturbative asymptotic improvement of perturbation theory and Mellin-Barnes representation 
IPN, Orsay, France, October 15 -16, 2009 
 
Rencontre de physique des particules 2009 
Friot  S., Greynat D. 
Corrections non-perturbatives, schémas de troncation optimale et représentation de Mellin-Barnes 
Ecole Polytechnique, Palaiseau, France, March 23 - 25, 2009 
 
47

th
 International Winter Meeting on Nuclear Physics 

Froehlich I., Boyard J.L., Hennino T., Liu T., Morinière E., Ramstein B., Roy-Stephan M., Sudol M. et al. 
Future perspectives at SIS-100 with HADES-at-FAIR 

Proceedings:  vol.99 , R.A Ricci, W. Kuehn and A. Tarantola (Eds), SIF, Bologna (2010), p73. ; arXiv:0906.0091 

[nucl-ex] 
Bormio, Italy, January 26-30, 2009  
 
CPOD - 5

th
 International Workshop on Critical Point and Onset of Deconfinement 

Galatyuk T., Boyard J.L., Hennino T., Liu T.,  Morinière E., Ramstein B., Sudol M. et al. 
Recent results from HADES on electron pair production in relativistic heavy-ion collisions 
PoS (CPOD 2009) 045, arXiv:0911.2411 [nucl-ex]  
Brookhaven, Upton,  New York, June 8-12, 2009 
 
V Workshop on TeV Particle Astrophysics 
Ghia P.L. 
Anisotropy of UHECR from the Pierre Auger Observatory 
Stanford, USA, July 13-17, 2009 
 
TAUP: International Conference on Topics in Astroparticle and Underground Physics 
Ghia P.L. 
Evolution of the cosmic ray anisotropy above 100 TeV 
Rome, Italy, July 1-5, 2009  
 
 
 



300 

 
Heidelberg Workshop on high-energy gamma-rays and neutrinos from extragalactic sources 
Ghia P.L. 
The Pierre Auger Observatory: anisotropy of the most energetic cosmic rays 
Heidelberg, Germany, January 13-16, 2009 
 
5

th
 European Summer School on Experimental Nuclear Astrophysics 

Giron S., Hammache F., de Séréville N., Beaumel D., Franchoo S., Gibelin J., Guillot J., Maréchal F., 
Matta A., Matea I., Scarpaci J.-A., Stefan I. 

Study of 
60

Fe(n, )
61

Fe reaction of astrophysical interest via d(
60

Fe,p ) indirect reaction 

AIP Conference Proceedings 1213(2009)201-204 
Santa Tecla, Sicily, Italy, September 20-27, 2009 
 
ICRC 2009 - 31

th
 International Cosmic Ray Conference 

Góra D. for the Pierre Auger Collaboration 
UHE neutrino signatures in the surface detector 
Proceedings ICRC 2009 - http://icrc2009.uni.lodz.pl/proc/ 
Lodz, Poland, July 7-15, 2009 
 
Nuclear Structure and Dynamics 
Grasso  M., Khan E., and Margueron J. 
Nuclear pairing and pairing vibrations in stable and neutron-rich nuclei 
Nuclear Structure and Dynamics 09 (2009) 158  
 
FIDIPRO workshop 
Grasso  M. 
Nuclear Pairing and Pairing Vibrations in Stable and Neutron-Rich Nuclei 
Saariselka, Finlande, April 20-24, 2009 
 
NSD09  
Grasso M., Khan, E., Margueron J.  
Nuclear Pairing and Pairing Vibrations in Stable and Neutron-Rich Nuclei 
Dubrovnik, Croatie, May 2009 
 
CLAS12 Central detector meeting  
Guidal M. 
A neutron detector for CLAS12 
Saclay, France, December 2-3 2009 
 
International conference MAMI and Beyond 
Guidal M. 
Generalized Parton Distributions at JLab 
Mainz, Germany, March 30 - April 3, 2009 
 
Common ENC/EIC workshop  
Guidal M.  
Generalized Parton Distributions 
GSI laboratory, Darmstadt, Allemarmany, May 28 - 30, 2009 
 
TPSH 2009 - Workshop On Transverse Partonic Structure Of Hadrons 
Guidal M. 
A model-independent fitter code for DVCS 
Yerevan, Arménie, June 21 - 26, 2009 
 
DIS09 - XVII International Workshop on Deep-Inelastic Scattering and Related Subjects 
Guidal M. 
The CLAS12 detector at JLAB to measure GPDS and large-x PDFs 
Madrid, Spain, April 26 - 30, 2009 
 
CLAS12 European workshop  
Guidal M. 
Review of electron scattering in CLAS 
Genova, Italy, February 25 - 28, 2009 
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GLOBAL 2009 - The Nuclear Fuel Cycle: Sustainable Options & Industrial Perspectives 
Guillemin P., Brizi J., Capellan N., David S., Méplan O., Wilson J. 
Feasible ways to achieve high conversion in thorium-fueled CANDU and PWR reactors 
Paris, France, September 6 - 11, 2009 
Proceedings of Global 2009 (2009) 2734-2743  
 
NN2009 - Nucleus-Nucleus Collisions 
Hagino K., Yusa S. , and N. Rowley 
Subbarrier fusion reactions with dissipative couplings 
Beijing, People's Republic of China, August 16-21, 2009 
Nucl. Phys. A834 (2010) 135 
 
ICRC 2009 - 31

th
 International Cosmic Ray Conference 

Hague J.D. for the Pierre Auger Collaboration, Deligny O., Ghia P.L., Lemiere A., Lhenry-Yvon I., Lyberis 
H., Suomijärvi T. et al., 
Correlation of the highest energy cosmic rays with nearby extragalactic objects 
Proceedings ICRC 2009 - http://icrc2009.uni.lodz.pl/proc/ 
Lodz, Poland, July 7-15, 2009 
 
XAFS14 conference 
Hennig C., Le Naour C. et al. 
Double−electron excitation in absorption spectra of actinides 
Camerino Italy July 26 - 31, 2009 
 
ICRC 2009 - 31

th
 International Cosmic Ray Conference 

Homola P. for the Pierre Auger Collaboration, Deligny O., Ghia P.L., Lemiere A., Lhenry-Yvon I., Lyberis 
H., Suomijärvi T. et al. 
Ultra-high energy photon studies 
Proceedings ICRC 2009 - http://icrc2009.uni.lodz.pl/proc/ 
Lodz, Poland, July 7-15, 2009 
 
EFNUDAT Fast Neutrons – Scientific Workshop on Neutron Measurements,Theory & Applications 
Kessedjian G., Tassan-Got L., Wilson J.,  
243

Am fission cross section of measurements – variance-covariance analysis 
Geel, Belgium, April 28 - 30, 2009 
 
Nuclear Structure and Dynamics 09 
Khan E. 
The giant monopole resonance in unstable nuclei and the role of superfluidity 
Nuclear Struct. and Dynamics 09 (2009)153  
 
NSRT - International Conference Nuclear Structure and Related Topics 
Lacroix D., Assié M., Scarpaci J.A., et al. 
Beyond mean-field description of break-up, transfer and fusion 
Dubna, Russia, June 30 - July 4, 2009  
 
Les Rencontres de Physique de la vallée d’Aoste—Results and perspective in Particle Physics 
Lhenry-Yvon I. (for the Pierre Auger Collaboration),  Deligny O., Ghia P.L., Lemiere A., Lyberis H., Suomijärvi T. 
et al. 
Study of High Energy Cosmic Rays with the Pierre Auger Observatory  
Physcis Series, Volume L  
La Thuile, Frascati, Italy,  March 1 - 7, 2009 
 
47

th
 International Winter Meeting on Nuclear Physics 

Liu T., Boyard J.L., Hennino T., Ramstein B., Sudol M. et al. 
Hadronic channels measured with HADES in the p+p reaction at 1.25 GeV 
conference proceedings vol.99 , R.A Ricci, W. Kuehn and A. Tarantola (Eds), SIF, Bologna (2010), p197. 
Bormio, Italy, January 26-30, 2009 
 
12

th
 International Conference on Nuclear Reaction Mechanisms 

Liu T., Boyard J.L., Hennino T., Ramstein B., Sudol M. et al. 
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Study of the pp  np
+
 reaction at 1.25 GeV with HADES 

Acta Polonica B41 (2010) 365  
Varenna, Villa Monastero, Italy, June  15 - 19 2009 
XLVII International Winter Meeting on Nuclear Physics   
Lopez-Noriega M.  
Heavy-Ion Physics with ALICE 
Bormio, Italy, January 26-30, 2009 
Proceedings to be published, arXiv :0907.0577 
 
Excited QCD 2009  
Malek M. 
Low-x  QCD at the LHC with the ALICE detector 
Zakopane, Poland, February 8 - 14, 2009  
Proceedings to be published in Acta Physica Polonica B - arXiv:0911.1458 
 
26

th
 Max Born Symposium - Three days of strong interactions 

Malek M. 
Charmonium production at LHC 
Wroclaw, Poland, July 9 – 11, 2009 
Proceedings to be published in Acta Physica Polonica B - arXiv:0911.1522  
 
QGP France 2009  
Malek M. 
Étude de la production de saveurs lourdes et de la multiplicité de particules chargées dans le cadre 
du formalisme du Color Glass Condensate pour les collisions p+p et p+Pb dans l'expérience ALICE 
au LHC 
Etretat, France, September 15 - 18, 2009 
 
Quark Matter 2009 
Malek M. 
Quarkonia measurement with ALICE 
Nuclear Physics A830 (2009) 339c-342c  
Knoxville, USA, March March 30 - April 4, 2009 
 
MODE09 - Heat transport in the crust of neutron stars (tutorial) 
Margueron J., Grill F., Fortin M., Sandulescu N.  
Modeling and Observation of Neutron Stars 
Meudon Observatory, November 17, 2009 
 
Franco-Japanese Symposium on New Paradigms in Nuclear Physics 
Margueron J., Sagawa H. 
Modified Skyrme interaction and spin fluctuations 
Institut Henri Poincaré, Paris, September 29 - October 2, 2009  
 
EuNPC - DPG Spring meeting and European Nuclear Physics Conference 
Margueron J., Sagawa H., Hagino K.  
Isospin dependent pairing interaction and BCS-BEC crossover 
Bochum University, Germany, March 16-20, 2009 
 
Assemblée générale des théoriciens nucléaires 
Margueron J., M. Oertel 
Nuclear theories for neutron stars 
IPN, Orsay, France, October 15 - 16, 2009 
 
Congrès Général de la SFP 2009 
Margueron J. 
Les étoiles à neutrons, un laboratoire pour la physique moderne 
Ecole polytechnique, Palaiseau, France, July 6 - 10, 2009 
 
Rencontres Jeunes Chercheurs 
Margueron J. 
Physique Nucléaire théorique 
Les Houches, France, January 4 - 9, 2009 
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Worskhop CompStar 
Margueron J. 
Some nuclear properties of neutron stars crust 
University of Coimbra, Portugal, February 11 - 13, 2009 
 
39

ième
 Journées des actinides 

Mendes M., Le Naour C., Hamadi S., Di Giandomenico M. V., et al. 
Complexation of protactinium(V) with oxalic acid 
La Grande Motte, France, March 28 - 31, 2009 
 
Actinides 2009 
Mendes M., Le Naour C., S. Hamadi, Di Giandomenico M. V. et al. 
Complexation of protactinium(V) with oxalic and diethylene−triamine−pentaacetic acids 
San Francisco, California, USA, July 12 - 17, 2009 
 
DIS09 - XVII International Workshop on Deep-Inelastic Scattering and Related Subjects 
Moreno B. 
Generalized Parton Distribution studies with CLAS at JLab 
Madrid, Espagne, April 26 - 30, 2009 
 
CLAS12 European workshop 
Moreno B. 
VCS Beam Spin Asymmetries with CLAS 
Genova, Italy, February 25 - 28, 2009 
 
Strong Frontier 2009 
Moussallam B. 

Aspects of the ms chiral expansion and   sum  rules 

Bangalore, India, January 12-18, 2009 
 
Mini Workshop on scalars 
Moussallam B.,  S. Descotes-Genon 

in the complex plane and the (800) 

University of Montpellier,  December 5, 2009 
 
Chiral Dynamics 2009 
Moussallam B., Kampf K.  

Chiral expansions of the 
0
 decay amplitude 

University of Bern, Switzerland , July 4 - 10, 2009 
 
Workshop quark masses and hadron physics (from quarks to life) 
Moussallam B. 
Probing the expansions in ms and in 1/Nc with the pion-kaon system 
Complutense Madrid Univiversity, Spain, June 2-5, 2009 
 
ICRC 2009 - 31

th
 International Cosmic Ray Conference 

Müller S. for the Pierre Auger Collaboration, Deligny O., Ghia P.L., Lemiere A., Lhenry-Yvon I., Lyberis H., 
Suomijärvi T. et al. 
Energy scale derived from Fluorescence Telescopes using Cherenkov Light and Shower Universality 
Proceedings ICRC 2009 - http://icrc2009.uni.lodz.pl/proc/ 
Lodz, Poland, July 7-15, 2009 
 
ICRC 2009 - 31

th
 International Cosmic Ray Conference 

Neto J.d.M. for the Pierre Auger Collaboration, Deligny O., Ghia P.L., Lemiere A., Lhenry-Yvon I., Lyberis 
H., Suomijärvi T. et al. 
Intrinsic anisotropy of the UHECR 
Proceedings ICRC 2009 - http://icrc2009.uni.lodz.pl/proc/ 
Lodz, Poland, July 7-15, 2009 
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CLAS12 European Workshop 
Niccolai S. 
The neutron counter for the CLAS12 Central Detector 
Genova, Italy, February 25 - 28, 2009 
XLVII International Winter Meeting on Nuclear Physics Lopez 
Noriega M. 
Heavy-Ion Physics with ALICE 
Bormio, Italy, January 26 - 30, 2009  
 
The 33

rd
 International Symposium ―Scientific Basis for Nuclear Waste Management‖ 

Ozgumus A., Sladkov V., Fourest B. et al. 
Synthesis of uranium carbide fuel pellets: a comparison of arc melting and carbothermic reduction 
of uranium oxalates methods 
Saint-Petersburg, Russia, May 24 - 29, 2009 
 
Nuclear Structure and Dynamics 09 
Peña Arteaga D., Khan E., Ring P.  
Evolution of the low-lying E1 strength with deformation 
Nuclear Struct. and Dynamics 09 (2009)169  
12

th
 International Conference on nuclear reactions mechanisms 

Pisano S. 
Generalized Parton Distributions at CLAS 
Varenna, Italia, June 15 - 19, 2009 
 
CHEP 09 - 17

th
 International Conference on Computing in High Energy and Nuclear Physics 

Ramstein B. et al. 
Design of the Pluto Event Generator 
arXiv:0905.2568 [nucl-ex]  
Prague, Czech Republic, March 21 - 27, 2009 
 
HADRON 2009 - XIII International Conference on Hadron Spectroscopy 
Ramstein B., Boyard J.L., Hennino T., Liu T., Morinière E., Sudol M. et al. 
Study of electromagnetic processes with the HADES dielectron spectrometer 
Florida State University, Tallahassee, USA, November 29 - December 4, 2009 
 
XXXI

st
 Mazurian Lake conference on Nuclear Physics 

Ramstein B. (for the HADES collaboration), Boyard J.L., Hennino T., Liu T., Morinière E., Sudol M. et al. 
Study of elementary reactions with the HADES dielectron spectrometer 
Acta Polonica B41 (2010) 365, arXiv:0912.2677 [nucl-ex]. 
Piasky, Poland, August 30 - September 6, 2009 
 
IWND09 - International Workshop on nuclear dynamics in heavy-ion collisions and the symmetry energy 
Rivet M.-F.  
Isospin diffusion in 

58
Ni induced reactions at intermediate energies 

Shanghai, China, August 22 - 25, 2009 
 
Nuclear dynamics from giant resonances to quark deconfinement : Workshop in honor of the 70

th
  birthday 

of Massimo Di Toro 
Rivet M.-F.  
Multifragmentation and phase transition of hot nuclei: overview and recent advances 
Catania,  Italy, September 18-19, 2009 
 
Journées de la Société Géologique de France Géochimie et géologie de l’Uranium 
Roques J. 
Approche  moléculaire des interactions uranyle / surfaces minérales : Démarche théorique 
Orsay, France, November 11, 2009 
 
13

th
 Edition of the International Conference on the Applications of Density Functional Theory in Chemistry 

and Physics 
Roques J., Lectez S.,  Simoni E. et al. 
CPMD study of the uranyl interaction with the (001) face of gibbsite 
Lyon, France, August 31 - September 4, 2009 
 
NN2009 - Nucleus-Nucleus Collisions 
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Rowley N., Hagino K.  
Entrance-channel effects in heavy-ion capture: role of octupole phonons 
Nucl. Phys. A834 (2010) 110 
Beijing, People's Republic of China, August 16-21, 2009 
IOP Conf. on Nuclear Physics 
Rowley N. 
Nuclei at low and high spin 
University of Birmingham, UK, April 1 - 3, 2009 
 
ICRC 2009 - 31

th
 International Cosmic Ray Conference 

Salamida F. for the Pierre Auger Collaboration, Deligny O., Ghia P.L., Lemiere A., Lhenry-Yvon I., Lyberis 
H., Suomijärvi T. et al. 
Exposure of the hybrid detector 
Proceedings ICRC 2009 - http://icrc2009.uni.lodz.pl/proc/ 
Lodz, Poland, July 7-15, 2009 
 
ICRC 2009 - 31

th
 International Cosmic Ray Conference 

Schüssler F. for the Pierre Auger Collaboration, Deligny O., Ghia P.L., Lemiere A., Lhenry-Yvon I., Lyberis 
H., Suomijärvi T. et al. 
Measurement of the cosmic ray energy spectrum above 1018 eV with the Pierre Auger Observatory 
Proceedings ICRC 2009 - http://icrc2009.uni.lodz.pl/proc/ 
Lodz, Poland, July 7-15, 2009 
 
Actinides 2009 
Sornein M. O., Cannes C., Le Naour C., Mendes M., Barré N., Lagarde G., Simoni E. et al. 
Uranyl in presence of halide ions in room temperature ionic liquids : spectroscopic and electro-
chemical studies 
San Francisco, California, USA, July 12 - 17, 2009 
 
39

ièmes 
Journées des actinides 

Sornein M. O., Cannes C., Le Naour C., Mendes M., Lagarde G., Barré N., Simoni E. et al. 
Spectroscopic and electrochemical studies of uranyl in presence of halide ions in room tempera-
ture ionic liquids 
La Grande Motte, France, March 28 - 31, 2009 
 
NSTAR2009 - Workshop on the Physics of Excited Nucleon  
Sudol M. (on behalf of the PANDA collaboration), Boucher J., Hennino T., Kunne R., Marchand D., Ong S., 
Ramstein B., Tomasi-Gustafsson E., Van de Wiele J. 
Time-Like proton form factor measurements at PANDA 
Beijing, China, April 19 -22, 2009 
 
XLVII international Winter Meeting on Nuclear Physics 
Sudol M. (on behalf of the PANDA collaboration),  Boucher J., Hennino T., Kunne R., Marchand D., Ong 
S., Ramstein B., Tomasi-Gustafsson E., Van de Wiele J. et al. 
Time-Like proton electromagnetic form factors measurement at PANDA 
Proceedings vol.99 , R.A Ricci, W. Kuehn and A. Tarantola (Eds), SIF, Bologna (2010), p191 
Bormio, Italy, January 25 -30, 2009 
 
EINN 2009 - Electromagnetic Interactions with Nucleons and Nuclei 
Sudol M. (on behalf of the PANDA collaboration), Boucher J., Hennino T., Kunne R., Marchand D., Ong S., 
Ramstein B., Tomasi-Gustafsson E., Van de Wiele J. 
Time-Like proton form factor measurements at PANDA 
Milos Island, Greece. September 27 - October 2, 2009 
 
HADRON2009 - XIII International Conference on Hadron Spectroscopy 
Sudol M. (on behalf of the PANDA collaboration), Boucher J., Hennino T., Kunne R., Marchand D., Ong S., 
Ramstein B., Tomasi-Gustafsson E., Van de Wiele J. 
Time-like nucleon form factor measurements at PANDA 
Florida State University, USA, November 29 - December 4, 2009  
 
ICRC 2009 - 31

th
 International Cosmic Ray Conference 

Suomijärvi T. for the Pierre Auger Collaboration, Deligny O., Ghia P.L., Lemiere A., Lhenry-Yvon I., Ly-
beris H. et al. 
Performance and operation of the Surface Detectors 
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Proceedings ICRC 2009 - http://icrc2009.uni.lodz.pl/proc/ 
Lodz, Poland, July 7-15, 2009 
 
 
NorWip2009 
Suomijärvi T. 
Messengers from the extreme universe 
Helsinki, Finlande, August 26-28, 2009 
 
SQM 2009  
Tapia-Takaki D. 
The Color Glass Condensate framework in p+p and p+A interactions at ALICE 
Buzios, Brésil, September 27 - October 2, 2009 
 
International school of nuclear physics - ERICE 09 
Tapia-Takaki D. 
September 16 - 24, 2009  
 
12

th
 International conference on nuclear reaction mechanisms 

Tatischeff B. 
Charge exchange reactions on baryons and exotic low-mass narrow baryons 
Varenna, Italy, June 15-19, 2009 
 
ICRC 2009 - 31

th
 International Cosmic Ray Conference 

Thomas D. for the Pierre Auger Collaboration, Deligny O., Ghia P.L., Lemiere A., Lhenry-Yvon I., Lyberis 
H., Suomijärvi T. et al. 
Search for coincidences with astrophysical transients 
Proceedings ICRC 2009 - http://icrc2009.uni.lodz.pl/proc/ 
Lodz, Poland, July 7-15, 2009 
 
Nuclear Structure and Dynamics 
Thomas J.S., Beaumel D., Blumenfeld Y., De Sereville N., Franchoo S., Guillot J., Hammache F., Mare-
chal F., Mouginot B., Ramus A., Scarpaci J.-A., Stefan I., et al. 
Does transfer confirm knockout results for spectroscopic factor suppression with radioactive 
beams? 
Dubrovnik, Croatia, May 4-8, 2009,  
 
ICRC 2009 - 31

th
 International Cosmic Ray Conference 

Tiffenberg J. for the Pierre Auger Collaboration, Deligny O., Ghia P.L., Lemiere A., Lhenry-Yvon I., Lyberis 
H., Suomijärvi T. et al. 
Limits on the flux of diffuse ultra high energy neutrinos 
Proceedings ICRC 2009 - http://icrc2009.uni.lodz.pl/proc/ 
Lodz, Poland, July 7-15, 2009 
 
47

th
 International Winter Meeting on Nuclear Physics 

Tlusty P., Boyard J.L., Hennino T., Morinière E., Ramstein B., Roy-Stephan M., Sudol M. et al. 
Charged pion production in C+C and Ar+KCl collisions measured with HADES 
Proceedings vol.99 , R.A Ricci, W. Kuehn and A. Tarantola (Eds), SIF, Bologna (2010), p203, 
arXiv:0906.2309 [nucl-ex] 
Bormio, Italy, January 26-30, 2009 
 
12

th
 International Conference on Nuclear Reaction Mechanisms 

Tomasi-Gustafsson E. 
Compared analysis of proton electromagnetic form factors in space-like and time-like regions 
arXiv:0907.4442 [nucl-th] 
Varenna, Villa Monastero, Italy, June 15-19, 2009  
 
39

ièmes
 Journées des actinides 

Topin S., Le Naour C. et al. 
Thermodynamical investigation of the interaction An3+/DTPA (An = Pu, Am, Cm, Cf) by CE−ICP−MS 
La Grande Motte, France, March 28 - 31, 2009 
 
Actinides 2009 
Topin S., Le Naour C., Mendes M. et al. 



307 

Thermodynamical investigation of the interaction An3+/DTPA (An=Pu, Am, Cm, Cf) by CE ICPMS 
San Francisco, California, USA, July 12 - 17, 2009 
 
 
Bose-Einstein Condensation 2009: Frontiers in Quantum Gases 
Urban M., Chiacchiera S. , Lepers T. , Davesne D. 
Collective Modes of trapped Fermi gases with in-medium interaction 
Sant Feliu de Guixols, Spain, September 5 - 11, 2009 
 
ICRC 2009 - 31

th
 International Cosmic Ray Conference 

Valiño I. for the Pierre Auger Collaboration, Deligny O., Ghia P.L., Lemiere A., Lhenry-Yvon I., Lyberis H., 
Suomijärvi T. et al. 
The electromagnetic component of inclined air showers 
Proceedings ICRC 2009 - http://icrc2009.uni.lodz.pl/proc/ 
Lodz, Poland, July 7-15, 2009 
 
ICRC 2009 - 31

th
 International Cosmic Ray Conference 

Vazquez R. for the Pierre Auger Collaboration 
The cosmic ray flux observed at zenith angles larger than 60 degrees 
Proceedings ICRC 2009 - http://icrc2009.uni.lodz.pl/proc/ 
Lodz, Poland, July 7-15, 2009 
 
SIMS XVII Conference 
Verkhoturov S. V., Della-Negra S. et al. 
Statistics of electron and ion emission from single massive cluster impacts 
Toronto, Ontario, Canada, September 13-18, 2009 
 
Workshop on Neutron Neutrino Nuclear Muon and Medical Physics 
Volpe C. 
Physics Potential of a Neutrino Experiment based at ESS 
Lund, December 2 - 4, 2009 
 
45

th
 Karpacz Winter School/Workshop in Theoretical Physics 

Volpe C. 
Neutrino interactions: from theory to Monte Carlo simulations 
Ladek, Zdroj, Poland, February 9 - 11, 2009 
 
Rencontre de Physique des Particules 
Volpe C. 
Propagation des neutrinos et neutrinos reliques: les defis 
Ecole Polytechnique, France, March 23-25, 2009 
 
Neutrinos in Cosmology in Astro in Particle and in Nuclear Physics 
Volpe C. 
Search for CP violation in the lepton sector 
Erice, Italy, September 16 - 24, 2009 
 
ICRC 2009 - 31

th
 International Cosmic Ray Conference 

Wahlberg H. for the Pierre Auger Collaboration, Deligny O., Ghia P.L., Lemiere A., Lhenry-Yvon I., Lyberis 
H., Suomijärvi T. et al. 
Study of the nuclear mass composition of UHECR with the surface detectors 
Proceedings ICRC 2009 - http://icrc2009.uni.lodz.pl/proc/ 
Lodz, Poland, July 7-15, 2009 
 
CNR*09 -  International conference on Compound Nuclear Reactions 
Wilson J.N. 
Nuclear Data for Reactor Physics: Cross sections and level densities in the actinide region 
EPJ Web of Conferences 2(2010)12001 
Bordeaux, France, October 5 - 8, 2009   
 
Younk P. for the Pierre Auger Collaboration, Deligny O., Ghia P.L., Lemiere A., Lhenry-Yvon I., Lyberis H., 
Suomijärvi T. et al. 
An alternative method for determining the energy of hybrid events 
Proceedings ICRC 2009 - http://icrc2009.uni.lodz.pl/proc/ 
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Conferences: Accelerators and Instrumentation 2009Conferences: Accelerators and Instrumentation 2009Conferences: Accelerators and Instrumentation 2009   

DIPAC 2009 - 9
th
 European Workshop on Beam Diagnostics and Instrumentation for Particle Accelerators 

Ausset P., et al. 
SPIRAL 2 injector diagnostics 
Proceedings of the DIPAC09 (2009) 1-3 
Basel, Switzerland, May 25-27, 2009 
 
AccApp ‘09 - International Topical Meeting on Nuclear Research Applications and Utilization of Accelerators 
Baylac M., Laune B., Marchand D., Reynet D., et al. 
The GENEPI-3C Accelerator for the GUINEVERE Project 
Vienna Austria May 04 - 08, 2009 
 
PAC09 - Particle Accelerator Conference 
Biarrotte J. L.,Bouly F.,Bousson S.,Junquera T. ,Mueller A. C. ,Olry G. ,Rampnoux E., et al. 
Accelerator D&D for the European ADS Demontrator 
Vancouver, Canada, May 4 - 8, 2009 
 
Journées des accélérateurs 
Corbin T., Croizet H., Planat C. 
Roscoff, France, October 12 - 14, 2009 
 
PAC09 - Particle Accelerator Conference 
De Conto J.M., Reynet D., Marchand D. et al. 
GENEPI-3C, a versatile neutron generator for the GUINEVERE ADS feasibility studies 
Vancouver, Canada, May 4 - 8, 2009 
 
Séminaire Spiral2 
Essabaa S. 
Cibles UCx : développement et fabrication 
Domaine de la Pommeraye, France, October 16, 2009 
 
Spiral2 week  
Essabaa S. 
Target Tests at Orsay 
January 26 - 29, 2009 
 
Workshop on Applications of High Intensity Proton Accelerators 
Junquera T. 
Accelerator Driven Transmutation of Waste 
Batavia, Illinois, USA, September 19 - 21, 2009 
 
ICIS’09 - The 13

th
 International Conference on Ion Sources 

Lecesne N., Coterreau E., Le Blanc F., Olivier A., et al. 
GISELE : A Resonant Ionization LASER Ion Source for the production of radioactive ions at GANIL 
Rev. Sci. Instrum. 81 (2010) 02A910 
Gatlinburg, Tennessee, USA, September 21-25, 2009 
 
TIPP09 - Technology and Instrumentation in Particle Physics 
Rousseau S. 
Readout of the ALICE muon tracking system 
proceeding TIPP09 Nucl. Instr. and Meth. A (2010)in press, doi:10.1016/j.nima.2010.03.059 
Tsukuba, Japon, March 12-17, 2009 
 
SNEAP 2009 
Said A. 
The operation of the Tandem at IPNO 
Tucson (Arizona) USA, October 4 - 9, 2009 
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SeminarsSeminarsSeminars   

 
2008 
 
 
ANDREYEV Andrei (K.U. Leuven, Univ. Leuven, Belgique) 
Electron-delayed fission in the lead region 
Jabuary 21, 2008 
 
DE FILIPPO Enrico (INFN Sezione di Catania, Italy) 
Reaction dynamics and  fragment emission time-scales as seen by the CHIMERA 4Pi detector 
January 31, 2008 
 
MILLET Pierre (ICMM, Orsay, France) 
Hydrogène, vecteur économique 
February 18, 2008 
 
ESSABAA Said  
Etat d’avancement du projet ALTO 
February 19, 2008 
 
FAUL Tatjana (IReS, Strasbourg, France) 
Etude de la structure des noyaux riches en neutrons autour de N=50 
March 20, 2008 
 
LOMBARD Roland (IPN, Orsay, France) 
La taille de l’atome d’hélium 
March 31, 2008 
 
DUPRAT Jean (CSNSM, Orsay, France) 
Radioactivités éteintes et système solaire primitif 
April 7, 2008 
 
BLUMENFELD Yorick (IPN, Orsay, France) 
Quelques aspects des réactions nucléaires induites par faisceaux radioactifs 
May 5, 2008 
 
BALIAN Roger (CEA, SPT, Saclay, France) 
Un modèle pour comprendre la mesure quantique 
May 19, 2008 
 
FALLOT Muriel (Subatech, Nantes, France) 
Plusieurs aspects de la physique du neutrino avec l’expérience double chooz 
May 26, 2008 
 
PEREZ Patrice (CEA, IRFU SPP, Saclay, France) 
Produire de l’antihydrogène en vue d’une mesure gravitationelle 
June 9, 2008 
 
McKEEGAN Kevin (Department of Earth & Space Scinece, UCLA, USA) 
The oxygen isotopic composition of captured solar wind : first results from the genesis mission 
June 23, 2008 
 
ALLARD Denis & KHAN Elias (APC Paris & IPN Orsay, France) 
Résonance dipolaire géante et propagation des noyaux ultra-énergétiques dans le milieu extra-galactique 
June 30, 2008 
 
FRAUENDORF Stefan (University of Notre-Dame, USA) 
Spontaneous symmetry breaking and appearance of quantal rotation in nuclei 
July 7, 2008 
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DIWAN Milind (Brookhaven National Laboratory, USA) 
"Physics of very long baseline neutrino oscillations and a masive water Cherenkov detector   
in the Homestake mine" 
September 15,  2008 
 
LUMINET Jean-Pierre (LUTh, Observatoire de Paris-Meudon, France)  
“Dernières nouvelles sur la topologie de l’univers” 
September 29,  2008 
 
STEFAN Iulan (IPN, Orsay, France)  
“Importance de la queue “basse énergie” des résonances dans les reactions de type (p,g) (b+) 
et (p,g) (p,g). Diffusion élastique résonante de l’

15
O sur une cible de polypropylene.” 

October 6,  2008 
 
DUPLESSY Jean-Claude (LSCE, Gif-sur-Yvette, France) 
“Que nous apprend la paléoclimatologie pour les climates de demain ?” 
October 13, 2008 
 
GOUTTE Héloïse (CEA-DAM, Bruyères-le-Châtel, France) 
“Modélisation microscopique du phénomène de fission à basse énergie” 
October 20, 2008 
 
BERGERON Hervé (LCAM, Orsay,  France)  
”Les rapports entre mondes classique et quantique revisités : que signifie quantifier ?” 
November 17,  2008 
 
VOULOT Didier (CERN, France) 
”Radioactive ion beams at REX-ISOLDE” 
November 24,  2008 
 
NARICI Livio (University of Roma & INFN, Tor Vergata, Italy) 
“Charges radiation environment in the international space station and its interaction with astronaut’s brain 
functions : the altea program” 
December 1, 2008 
 
LEHOUCQ Roland (CEA, Saclay, France) 
“D’où viennent les pouvoirs de Superman ?” 
December 8, 2008 
 
PORQUET Marie-Geneviève (CSNSM, Orsay, France) 
“Les nombres magiques nucléaires : une espèce en voie de disparition ?” 
December 15, 2008 
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BENSAUDE-VINCENT Bernadette (Univ. Paris 10, Nanterre, France)  
Pour une éthique de la recherche en nanotechnologies 
September 8, 2008 
2009 
 
BOUTARD Jean-Louis (EDFA, France) 
Materials for DEMO : status, achievements and future objectives 
January 6, 2009 
 
AZAIEZ Fayçal (IPN, Orsay, France) 
The European collaboration for stable ion beam-ECOS 
January 12, 2009 
 
GOURGOULHON Eric (LUTh, Observatoire de Paris-Meudon, France) 
Contraintes sur l’équation d’état de la matière dense par l’astrophysique en ondes gravitationnelles 
January 19, 2009 
 
KESSEDJIAN Gregoire (LPSC Grenoble, France) 
Mesures de sections efficaces de fission d'actinides mineurs d'intérêt pour la transmutation 
March 5, 2009 
 
GORIELY Stéphane (IAA Université Libre de Bruxelles, Belgique) 
Nucleosynthesis in needs of more fundamental nuclear physics inputs 
March 9, 2009 
 
LJUNGVALL Joachim (GANIL, France) 
Gamma ray spectroscopy as a tool to study shapes of nuclear states 
March 12, 2009 
 
DESCOTES-GENON Sébastien (LPT, Orsay, France) 
A la poursuite de l’antimatière 
March 16, 2009 
 
McLERRAN Larry ( Brookhaven National Laboratory, USA) 
Long range correlations, the ridge and the plasma 
March 23, 2009 
 
ROPKE Gerd (Institute of Physics, University of Rostock, Germany) 
The nuclear matter equation of state in astrophysics and heavy ion collisions : cluster formation and quan-
tum condensates at subsaturation densities 
March 30, 2009 
 
HELLO Patrice (LAL, Orsay, France) 
VIRGO (LIGO) et la longue quête des ondes gravitationnelles 
May 11, 2009 
 
BARTHE Yannick (CSI, CNRS Ecole des Mines , Paris, France) 
Déchets nucléaires : ce que décider veut dire 
May 18, 2009 
 
PACETTI Simone (LNF INFN, Frascati, Italy) 
Time-like form factors and dispersion relations 
June 2, 2009 
 
BORDERIE Bernard (IPN, Orsay, France) 
Multifragmentation et transition de phases des noyaux atomiques 
June 15, 2009 
 
KHOA Dao Tien (Institute for Nuclear Science and Techniques, Hanoi, Vietnam) 
Neutron-proton asymmetry in nuclear matter and finite nuclei 
June 24, 2009 
 
OSIPENKO Mikhail (INFN, Genova, Italy) 
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Semi-inclusive electroproduction with CLAS : present and future 
September 21, 2009 
 
 
F. SANTANDER-SYRO Andrés (CSNSM, Orsay, France) 
"nstabilité de la surface de Fermi lors de la transition “d’ordre caché” dans URu2SI2 
October 5, 2009 
 
AUBOURG Eric ( CEA SPP, Saclay, France) 
Cosmologie observationnelle 
October 19, 2009 
 
STANEV Todor (University of Delaware, Newark, USA) 
Ultrahigh energy cosmic rays : origin and propagation 
November 5, 2009 
 
CORADIN Thibaud (LCMC Collège de France, Paris, France) 
Les matériaux et le vivant 
November 16, 2009 
 
BERNARDI Gregorio (LPNHE, Paris, France) 
La recherché du boson de Higgs au Tevatron 
November 23, 2009 
 
BROWAEYS Antoine ( Institut d’Optique, Palaiseau, France) 
Faire de la physique quantique avec un seul atome 
November 30, 2009 
 
AUDI Georges (CSNSM, Orsay, France) 
L’évaluation des masses atomiques et les “tables des masses 
December 7, 2009 
 
MARGUERON Jérôme (IPN, Orsay, France) 
Some hot topics in neutron star’s physics 
December 14, 2009 
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Theoretical seminarsTheoretical seminarsTheoretical seminars———Nuclear physicsNuclear physicsNuclear physics   

 
2008 
 
 
MENG Jin (IPN, Orsay) 
Pair correlations in low-density nuclear matter at finite temperature within the Nozières-Schmitt-Rink ap-
proach 
January 9, 2008 
 
LESINSKI  Thomas (Institut de Physique Nucléaire de Lyon )  
Les termes tenseurs de la fonctionnelle de Skyrme 
January 16, 2008 
 
MEZHOUD  R. (Département de Physique, Université de Boumerdes, Algérie, Faculté des sciences, US-
THB, Alger, Algérie) 
Etude des états liés d'un potentiel complexe - Application aux atomes hadroniques 
January 18, 2008 
 
MARGUERON Jérôme  (Groupe Théorie, IPN, Orsay) 
Neutron pairs in nuclear matter and in nuclei  
January 23, 2008 
 
TYPEL Stefan (Ganil, Caen)  
Pseudospin, Supersymmetry and the Shell Structure of Nuclei 
January 30, 2008 
 
VIÑAS X. (Departament d'Estructura i Constituents de la Matèria and Institut of Ciències del Cosmos, Uni-
versitat de Barcelona ) 
Kohn-Sham Density Functional Inspired Approach to Nuclear Binding 
February 6, 2008 
 
DUCOIN  Camille (INFN Sezione di Catania) 
Instabilités liquide-gaz dans la matière nucléaire et la matière d'étoile 
February 13, 2008 
 
HUGUET Rémi  (CENBG, Bordeaux)  
Description de la matière nucléaire incluant la structure en quarks du nucléon et les échanges de pions  
March 12, 2008 
 
SCHWETZ Thomas (CERN)  
Neutrino oscillations: update and outlook 
March 13, 2008 
 
COURTIN Sandrine (IPHC and Université Louis Pasteur, Strasbourg)  
Insights into Nuclear Molecules by Resonant Radiative Capture Measurements 
March 19, 2008 
 
DUGUET Thomas  (SPhN, CEA, Saclay)  
The oxygen isotopic composition of captured solar wind : first results from the genesis mission 
March 25, 2008 
 
GIBELIN Julien (Ganil, Caen)  
Decay Pattern of Pygmy States Observed in Neutron-Rich 

26
Ne 

April 2, 2008 
 
WATANABE Takayuki  (Groupe Théorie, IPN Orsay)  
Stability and pair states in Fermi-Bose mixtures of ultra cold atomic gases 
April 9, 2008 
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ROTH Robert  (Institut fuer Kernphysik, TU Darmstadt)  
“Ab Initio Nuclear Structure beyond the p-Shell : Importance Truncated No-Core Shell Model “ 
April 22, 2008 
 
BRUUN Georg (Niels Bohr Institute, Copenhagen)  
“Frequency and damping of collective modes of a Fermi gas“ 
April 29, 2008 
 
URBAN Michael (Groupe Théorie, IPN Orsay)  
“Surface effects in color superconducting strange-quark matter “ 
May 7, 2008 
 
MIRIZZI Alessandro (Max Planck Institut fuer Physik, Munich) 
“Recent advances in supernova neutrino oscillations“ 
May 15, 2008 
 
RODRIGUEZ GUZMAN Rayner Roberto (SPhN Saclay) 
“Microscopic description of nuclear structure with zero (Skyrme) and finite range (Gogny) effective forces“ 
May 21, 2008 
 
GAVA  Jérôme (Groupe Théorie, IPN Orsay)  
“Possible CP-Violation effects in core-collapse Supernovae“ 
May 28, 2008 
 
FRIOT Samuel (Groupe Théorie, IPN Orsay) 
“Constant terms in threshold resummation and the quark form factor“ 
June 4, 2008 
 
PINTO CEJAS Teguayco  (IFIC, Valencia)  
“Detailed study of the decoupling process of cosmological relic neutrinos“ 
June 5, 2008 
 
YANNOULEAS Constantine (School of Physics, Georgia Institute of Technology, Atlanta, GA 30332-0430)  
“Symmetry breaking and correlations in finite systems : From nuclei to condensed-matter nanostructures“ 
June 11, 2008 
 
SEKI  Ryoichi (Department of Physics and Astronomy, California State University, Northridge, Northridge, 
CA 91330, USA)  
“Quantum Monte-Carlo Lattice Calculation of Thermal Properties of Low-Density Neutron Matter“ 
June 18, 2008 
 
RODRIGUEZ GALLARDO Manuela (Centro de Fisica Nuclear, Universidade de Lisboa)  
“Four-body CDCC calculations: Application to 6He+target“ 
July 7, 2008 
 
YEKKEN  Rabbia (Faculté de Physique, Université des Sciences et de Technologie, U.S.T.H.B d'Alger et 
Groupe théorie, IPN Orsay)  
“Propriététes de l'équation dans le cas de potentiels dépendant de l'énergie“ 
July 9, 2008 
 
VIDANA HARO Isaac (Dept. d'Estructura i Constituents de la Materia, Facultat de Fisica, Universitat de 
Barcelona)  
“Strangeness in neutron stars“ 
July 23, 2008 
 
AVEZ Benoît (Service de Physique Nucléaire, CEA-Saclay)  
“Microscopic approaches for nuclear dynamics using energy density functional formalism“ 
September 3, 2008 
 
McLAUGHLIN  Gail (NC State University)  
“Stellar Explosions, Neutrinos and Nucleosynthesis“ 
September 10, 2008 
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LUNARDINI Cecilia (Arizona State University)  
“Neutrino oscillation signatures of oxygen-neon-magnesium supernovae“ 
September 16, 2008 
 
HAXTON  Wick (INT, Seattle)  
“CN Solar Neutrinos and Speculations about Metals in the Solar Nebula“ 
September 17, 2008 
 
SMIRNOVA N.A. (Centre d'Etudes Nucléaires de Bordeaux-Gradignan, CNRS/IN2P3 - Université Bor-
deaux 1) 
“Shell-model description of nuclear mean field and properties of the effective interaction“ 
September 24, 2008 
 
ARITOMO Yoshihiro  (Flerov Laboratory of Nuclear Reactions, JINR, Dubna, Russia)  
“Fusion-fission mechanism for synthesis of superheavy elements“ 
October 7, 2008 
 
ANDO Shin'ichiro   (California Institute of Technology)  
“Probing particle dark matter with gamma-ray and neutrino telescopes“ 
October 17, 2008 
 
AYIK Sakir (Physics Department, Tennessee Technological University)  
“A Stochastic Mean-Field Approach For Nuclear Dynamics“ 
October 22, 2008 
 
PENA ARTEAGA Daniel (IPN, Orsay)  
“The isovector dipole strength in nuclei with extreme neutron excess“ 
October 29, 2008 
 
KNELLER James  (IPN, Orsay) 
“The Unusual Story of Lithium-6 And Its Plateau“ 
November 5, 2008 
 
SAVRAN Deniz (TU Darmstadt)  
“Systematic and structure of low-lying electric dipole strength“ 
November 12, 2008 
 
DONG LAI (Cornell University)  
“Physics of Highly Magnetized Neutron Stars“ 
December 2, 2008 
 
COC Alain (CSNSM, Orsay)  
“Nucleosynthesis as a probe of the early Universe“ 
December 3, 2008 
 
DUCOIN Camille (INFN, Catania)  
“Elementary excitations in the outer core of neutron stars“ 
December 17, 2008 
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2009 
 
SEDRAKIAN  David (Yerevan State University)  
The post-glitch relaxation of the Vela pulsar's angular velocity  
January 12, 2009  
 

ROYER G. (Subatech, Nantes)  
Modèle de la goutte liquide et fission, fusion, émission d'alpha et de clusters et formule de masse et rayon 
nucléaire 

January 14, 2009  
 

SANDULESCU N. (Institute of Physics and Nuclear Engineering, Bucharest)  
Pairing correlations in nuclei: how accurate are BCS-based models ? 
January 20, 2009  
 

MUETHER Herbert (Institut fuer Theoretische Physik, Tuebingen) 
Neutron Stars: a Laboratory for Nuclear Physics 
January 21, 2009  
 

YAMAGAMI Masayuki (RIKEN, Japan)  
Optimal pair density functional for description of nuclei with large neutron excess  
January 28, 2009  
 

MICHEL Nicolas (CEA, Saclay) 
Description des états nucléaires peu liés et résonnants avec le Gamow Shell Model  
February 4, 2009 

 

Van ISACKER Piet (GANIL, CEA/DSM-CNRS/IN2P3)  
Partial symmetries in the structure of nuclei  
February 11, 2009  
 

RAMANAN Sunethra  (Center for High Energy Physics, Indian Institute of Science, Bangalore)  
Investigations of the Renormalization Group approach to the nucleon-nucleon interaction and the Nuclear 
Many-body Problem  
February 19, 2009  
 

WEBB Nathalie (Centre d'Etude Spatiale des Rayonnements, Toulouse)  
Des objets compacts des amas globulaires galactiques  
February 25, 2009  
 

FURUTA Takuya  (LPC Caen (CNRS-IN2P3/ENSICAEN and Université)  
Relevance of equilibrium in multifragmentation  
February 26, 2009  
 

VILLAIN Loïc (OBSPM, Meudon)  
Oscillations et instabilités des objets compacts en rotation 
March 4, 2009  
 

MIRIZZI Alessandro  (Max Planck Institute for Physics, Munich)  
Collective effects in supernova neutrino oscillations 
March 11, 2009  
 

YUKSEL Hasan (Ohio State University)  
Revealing the High-Redshift Star Formation Rate with Gamma-Ray Bursts 
March 20, 2009  
 

SAGAWA Hiroyuki (University of Aizu, Japan)  
Spin Excitations in nuclear matter and finite nuclei  
March 24, 2009  
 

MASSOT Elisabeth  (IPN Lyon)  
Description relativiste chirale de la matière nucléaire incluant des effets de confinement 
March 25, 2009  
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SOGO Takaaki  (Institut für Physik, Universität Rostock, Germany)  
“Critical Temperature for alpha-Particle Condensation within a Momentum Projected Mean Field Approach” 
April 1, 2009  
 

LACROIX Denis (GANIL-Caen, France)  
“Beyond mean-field within Energy Density Functional: configuration mixing or natural orbitals based func-
tionals ? ” 
April 8, 2009  
 
FINELLI Paolo  (University of Bologna and INFN)  
“Applications of in-medium chiral dynamics : nuclear and hypernuclear structure” 
April 29, 2009  
 

REN Zhongzhou  (Department of Physics, Nanjing University, China & Theoretical Center of Nuclear Phys-
ics, National Laboratory of Heavy-Ion Accelerator, Lanzhou, China)  
“Proton halos in exotic light nuclei ” 
May 12, 2009  
 

HAENSEL Pavel  (N.Copernicus Astronomical Center, Warsaw, Poland and IPN Orsay)  
“Neutron star crusts and X-ray bursts : An introduction” 
May 13, 2009  
 

HAENSEL Pavel  (N.Copernicus Astronomical Center, Warsaw, Poland and IPN Orsay)  
“Multi-superfluid flows in neutron star cores” 
May 28, 2009  
 

LIBERT Jean  (Groupe Théorie, Institut de Physique Nucléaire, Orsay) 

“Étude systématique des modes quadrupolaires de basse énergie des noyaux pairs-pairs à partir de l'inte-
raction de Gogny (D1S)” 
June 10, 2009  
 

LAZAUSKAS Rimantas  (IPHC, IN2P3-CNRS/Université Louis Pasteur)  
“Relic and astrophysical neutrinos : some ideas of their detection” 
June 17, 2009  
 

PILLET Nathalie (CEA/DAM/DIF, F-91297 Arpajon, France)  
“Variational multiparticle-multihole configuration mixing method applied to pairing correlations in nuclei ” 
June 24, 2009  
 
ROWLEY Neil  (Groupe Théorie, Institut de Physique Nucléaire d'Orsay et STFC Daresbury Laboratory, 
Warrington, UK) 
“Studying heavy-ion reactions using barrier distributions” 
July 1, 2009 
 
FOGLIZZO Thierry (CEA, Saclay) 
“Asymmetric explosion of core collapse supernovae” 
September 16, 2009  
 

VIDANA Isaac  (University of Coimbra) 
“Dynamically generated open charm baryon resonances beyond the zero range approximation” 
September 23, 2009  
 

CARLSON V. Brett (Instituto Tecnologico de Aeronautica, Sao Jose dos Campos, Brazil) 

“Dirac-Brueckner and the Effective Density-Dependent Dirac-Hartree-Fock Interaction in Nuclear Matter” 
October 7, 2009  
 

STOYANOV Chavdar  and TARPANOV Dimitar  (INRNE, Sofia)  
“Structure of low-lying symmetric and mixed-symmetry states within a microscopic approach” 
October 21, 2009  
 

BLANCHON Guillaume (CEA Bruyères-le-Châtel) 
“Etude des isotopes du Beryllium avec un modèle de RPA à deux particules” 
October 28, 2009  
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KOWALSKA Magdalena (CERN)  
Recent highlights from the ISOLTRAP mass spectrometer: magic numbers and residual interaction, neu-
trino mass, and nucleosynthesis 
November 4, 2009  
 

BENDER Michel (Centre d'Etudes Nucléaires de Bordeaux Gradignan)  
The description and role of fluctuations in collective degrees of freedom in mean-field-based models of nu-
clear structure 
November 25, 2009  
 

GAMBACURTA Danilo (Università di Catania, INFN Sezione di Catania)  
Second Random Phase Approximation with Skyrme Interaction 
December 2, 2009 
 

OLLITRAULT Jean-Yves (IPhT, CEA Saclay)  
Heavy-ion collisions at RHIC 
December 16, 2009  
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SeminarsSeminarsSeminars   

HENNIG Christoph (FZD/ESRF, Deutschland) 
Complex structure and species distribution of U(VI) cloride in aqueous  
and nonaqueous solutions 
December 12,

 
2007 

 
TOUGAIT Olivier 
La chimie de l'uranium à l'état solide : entre recherche fondamentale et appliquée 
February 27, 2008 
 
SUZUKI T. 

Étude d'oxydes d'intérêt nucléaire : Approche multi-échelle des mécanismes de synthèse, de dis-
solution et  d'irradiation 
April 18, 2008 
 
EMERY N. 

Synthèse et propriétés de composés d'intercalation du graphite préparés en milieu alliage fondu à 
base de  lithium 
April 18, 2008 
 
CARTON A. 
Chimie douce : synthèse de matériaux hybrides et nanométriques 

April 16, 2008 
 
SORNEIN Marie-Olga (IPN, France) 
Analyses spectroscopiques et électrochimiques de l’uranyle en présence d’ions halogénure dans les liqui-
des ioniques 
March 6, 2009 
 
PHAM Ti Thu Hang (IPN, France) 
Rôle des matières organiques sur la sorption de U(VI) sur la silice 

April 10, 2009 
 
ROQUES jérôme 
Bilan et études théoriques 2004-2008 et perspectives 
May 29, 2009 
 
DROT Romuald (IPN, France) 
La microcalorimétrie : Un nouvel outil  pour le Groupe 
June 10, 2009 

 
ALLIOT Isabelle 
Nouvelles perspectives en spectroscopie d'absorption des rayons X 
September 15, 2009 
 
MENDES Mickaël (IPN, France) 
Complexation du protactinium (V) par des ligands organiques 
October 1, 2009 
 
BEAR Nicolas (IPN, France) 
Obtention directe de fluorure d’uranium sous forme gazeuse par électrolyse en milieux fluorures alcalins 
fondus à haute température 
November 19, 2009 
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External seminars External seminars External seminars    

BOUNEAU S. 
Besoins énergétiques et contraintes climatiques : quelles solutions pour le futur ? 
Laboratoire des collisions atomiques et moléculaires LCAM, Université de Paris-Sud 11, Orsay, France, 
November 19,  2008 
 
GRASSO M. 
Evolution of proton states in neutron-rich Ca and Ar isotopes  
Université de Grenade, Espagne, February 25, 2008 
 
GRASSO M. 
Structures à bulles dans les noyaux riches en neutrons 
Bruyères-le-Chatel, June 2, 2009 
 
GUIDAL M. 
Generalized Parton Distributions: development of a model-independent fitter code for DVCS 
Laboratoire DESY, Hambourg, Allemagne, April 22, 2009 
 
GUIDAL M. 
Generalized Parton Distributions: recent results from Jefferson Lab and development of a model-
independent fitter code 
Université de Mainz, Allemagne, February 2, 2009 
 
GUIDAL M. 
The Generalized Parton Distributions with the CLAS(12) detector of Jefferson Lab. 
Université Libre de Bruxelles, Belgique, January 29, 2009 
 
KHAN E. 
Bubbles in exotic nuclei ? 
IPHC, January 2008 
 
KHAN E. 
Giant resonances in exotic nuclei 
SPhN-IRFU, November 2009 
 
KHAN E. 
Les jeunots en physique nucléaire 
ESNT, SPhN-IRFU, February 2008 
 
KHAN E. 
Superfluidity and giant resonances 
GANIL, December 2009 
 
KHAN E. 
The continuum-QRPA: pairing and continuum effects in exotic nuclei 
ESNT, SphIRFU, May 2009 
 
KHAN E. 
The search for Giant Pairing Vibrations, Colliga meeting 
Paris, November 2009 
 
KHAN E. 
Towards the measurement of the incompressibility modulus in neutron-rich matter 
SNNS meeting, IPN, June 2008 
 
LEMIERE A. 
Etude des Nébuleuses de pulsars 
APC, France, May 2008 
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MALEK M. 
La physique des ions lourds avec le spectromètre à muons de l'expérience ALICE auprès du LHC 
Séminaire inter-thésards – Orsay, February 18, 2009 
 
MARGUERON J.  
Heat transport in the crust of neutron stars 
Univ. of Tuebingen, November 4,

 
2009 

 
MARGUERON J.  
Some hot topics in neutron star physics 
SphN/CEA Saclay, January 23, 2009 
 
MARGUERON J. 
Presentation of a Local Density Approximation for pairing field in nuclei 
Groupe de Physique Théorique, IPN Orsay, March 4,

 
2008 

 
MUELLER Alex 
MYRRHA in a European Context 
Mol, Belgique, April 2008 
 
MUELLER A. 
Accélérateurs: Recherche Fondamentale et Société 
Séminaire pour les "Jeunes Entrants CNRS" de l'INSU et de l'IN2P3, Nantes, France, June 2008 

 
MUELLER A. 
Main Issues on Scientific Accelerators 
Séminaire pour les cadres de la société THALES, Aix-les-Bains, France, June 2008 
 
MUELLER A. 
Some Information on Nuclear Energy Research 
Université Technologique de Varsovie, WUT  , Varsovie, Pologne January 2009 

 
MUELLER A. 
Sustainable Nuclear Fission Energy and selected R&D for Partitioning and Transmutation 
Université Technologique Royale  de Stockholm, Stockholm, Suède, May 2009 

 
MUELLER A. 
Sustainable Nuclear Fission Energy and selected R&D for Partitioning and Transmutation 
Université Technologique Chalmers de Göteborg, Göteborg, Suède, May 2009 
 
ROWLEY N.  
Nuclei at low and high spin 
CSNSM, Orsay, March 2009 
 
SAZDJIAN H.  
Energy and decay width of the pi-K atom 
Technische Universitaet Munchen, Garching, February 25, 2009 
 
SAZDJIAN H.  
Integral equation for gauge invariant quark Green's function 
CPHT, Ecole Polytechnique, June 19, 2008 
 
SAZDJIAN H.  
Integral equation for gauge invariant quark Green's function 
Université de Milan, Département de Physique, February 27, 2008 
 
SAZDJIAN H.  
On the abnormal solutions of the Bethe-Salpeter equation 
Institute of Theoretical Physics, Vienna University, May 26, 2009 
 
SUOMIJARVI  T. 
L’Observatoire Pierre Auger: L’étude des rayons cosmiques d’ultra haute énergie 
LPTA Montpellier, January 22, 2008 
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SUOMIJARVI  T. 
Ultra-high energy cosmic rays: recent results from the Pierre Auger Observatory 
GANIL, December 12, 2008 
 
TAPIA-TAKAKI D. 
Flavors of hot QCD matter  
Nantes, March 19, 2009 
 
TAPIA-TAKAKI D. 
Flavors of hot QCD matter  
Lyon, April 3, 2009 
 
TAPIA-TAKAKI D. 
Highlights of the SQM conference 2009  
Clermont-Ferrand, October 9, 2009 
 
TAPIA-TAKAKI D. 
Prospects for first strange resonance and quarkonia measurements in ALICE 
Strasbourg, March 11,

 
2009 

 
TOMASI-GUSTAFSSON E. 
Facteurs de forme électromagnétiques des Hadrons: nouveaux résultats et nouvelles perspectives dans les 
régions espace et temps 
LPNHE, Paris, France, October 30, 2008 
URBAN M.  
In-medium T-matrix in the Boltzmann equation for ultracold trapped fermions 
Universitat de Barcelona, Espagne, December 10, 2008 
 
VOLPE C.  
Neutrino astronomy and neutrino properties 
Kolloquium, Max-Planck Institut fur Physik, Heidelberg, May 2008 
 
VOLPE C.  
Neutrino Physics: status and perspectives 
NUPECC Long Range Plan, Leuven, August 2009 
 
VOLPE C. 
Search for CP violation in the lepton sector 
Kolloquium, University of Karlsruhe, December 2009 
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ThesisThesisThesis   

2008 
 
MORINIERE Emilie 
Contribution à l'analyse de réactions de production de dileptons en collision proton-proton avec HADES. 
March 28, 2008 
Université Paris Sud 11 
 
BARILLIER PERTUISEL 
Etudes de systèmes bosoniques et mélanges boson-fermion à l'aide de l'Approximation des Phases Aléa-
toires. 
May 20, 2008 
Université Paris Sud 11 
 
TUNA Thibaut 
Etude de la fragmentation de molécules d'intérêt astrophysique de type CnHm par collision atomique de 
haute vitesse. 
July 17, 2008 
Université Paris Sud 11 
 
LACHAIZE Antoine 
Le synchrotron rapidement pulsé du complexe EURISOL/Beta-Beam. 
September 10, 2008 
Université Paris Sud 11 
 
ASSIE Marlène 
Influence des corrélations entre les nucléons sur les réactions de cassure nucléaire : aspects théoriques et 
expérimentaux.  
September 16, 2008 
Université Paris Sud 11 
 
PASSEMAR Emilie 
Application des théories effectives électrofaibles à basse énergie sans particule de Higgs » 
September 19, 2008 
Université Paris Sud 11 
 
LEBOIS Mathieu 
Structure des noyaux de gallium et de germanium riches en neutrons au-delà de N=50 à ALTO. 
September 23, 2008 
Université Paris Sud 11 
 
HINGANT Nina 
Influence de la morphologie des précurseurs sur la dissolution des composés modèles Th1-xUxO2  
December 10, 2008 
Université Paris Sud 11 
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2009 
 
 
LUKOVAC Lucija 
Développement des technologies visant à optimiser la fiabilité des accélérateurs pilotant les réacteurs nu-
cléaires hybrides dans le cadre du projet EUROTRANS. 
May 29, 2009 
Université Paris Sud 11 

GAVA Jérôme 
Propriétés des neutrinos dans les contextes astrophysique et cosmologique. 
June 26, 2009 
Université Paris Sud 11 

MORENO Brahim 
Etude de l'asymétrie de spin du faisceau pour l'électroproduction d'un état résonant delta+ et d'un photon 
sur le nucléon avec le détecteur CLAS. 
July 2, 2009 
Université Paris Sud 11 

PONTON Aurélien 
Étude de la dynamique des faisceaux dans l'accélérateur primaire d'EURISOL et de ses cavités supra-
conductrices de type " triple spoke " 
July 6, 2009 
Université Paris Sud 11 
 
FRADI Ahmed 
Electroproduction exclusive du méson rho+ sur le proton à JLab avec le détecteur CLAS. 
July 10, 2009 
Université Paris Sud 11 
 
MALEK Magdalena 
Étude de la production de saveurs lourdes et de la multiplicité de particules chargées dans le cadre du for-
malisme du Color Glass Condensate pour les collisions p+p et p+Pb dans l'expérience ALICE au LHC. 
July 20, 2009 
Université Paris Sud 11 

RAMUS Alexis 
Etude des noyaux instables 19O et 25Ne par réaction de transfert à l'aide du dispositif MUST2-TIARA-
VAMOS-EXOGAM. 
September 16, 2009 
Université Paris Sud 11 
 
THAN HOANG Sy 
Vers une approche microscopique unifiée de la description de la  structure et des réactions nucléaires. 
September 22, 2009 
Université Paris Sud 11 
 
LONGUEVERGNE David 
Étude et test d’un module accélérateur supraconducteur pour le projet Spiral2 . 
November 19, 2009 
Université Paris Sud 11 
 
CAPELLAN Nicolas 
Couplage 3D neutronique thermohydraulique. Développement d'outils pour les études de sûreté des réac-
teurs innovants. 
November 25, 2009 
Université Paris Sud 11 
 
SORNEIN Marie-Olga 
Complexation de l'uranyle par les ions chlorure et bromure dans les liquides ioniques : étude structurale et 
comportement redox. 
December 8, 2009 
Université Paris Sud 11 
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Accreditations to supervise researchAccreditations to supervise researchAccreditations to supervise research   

DROT Romuald 
Approche moléculaire des interactions actinides en solution aqueuse / surface minérale. 
November 24 2008 
Université Paris Sud 11 
 
GRASSO Marcella 
Systèmes à N fermions corrélés. Les modèles de champ moyen pour la physique des noyaux et d'autres 
systèmes à N corps  
October 19, 2009 
Université Paris Sud 11 
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Noyaux Exotiques Structure et Réactions (NESTER) 

  
 
 Responsable David VERNEY 
 Suppléant Jean-Antoine SCARPACI 
 Secrétaire Laurence BERTHIER 
 
 
 Chercheurs  Enseignants-Chercheurs 
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StagesStagesStages   

 
BAMOGO W. 
Identification et dosage des produits et de dissolution du carbure d’uranium, DUT Spécialité Chimie, Uni-
versité Sud Paris II—Orsay 
 
BOYEZ B. 
Analyse des données des runs cosmiques du spectromètre à dimuons de l'expérience ALICE, Master 2, 
Université Paris-Sud 11 
 
GUETTE G. 
 Analyse du bruit de fond pour la production de quarkonia en collision p-p avec le spectromètre à muons de 
l’expérience ALICE, Licence 3, Université de Nantes 
 
LARDRY B. 
Mise au point d’abaques de polymères (polystyrène et polyéthylène-D4 ). DUT spécialité chimie, Université 
du Maine-Le Mans 
 
MANGIN J. 
Analyse des métaux dans les liquides ioniques par spectroscopie et électrochimie, DUT Spécialité Chimie, 
Université Paris Sud II—Orsav 
 
MASRI IDLIBI A. 
Etude du rôle des matières organiques  dans la rétention de l’ion uranyle par la silice, M1 Chimie, Universi-
té Paris Sud II—Orsay 
 
MERCEILLE A. 
Etude de procédés de synthèse et de densification d’oxydes d’actinides, étude de leur dissolution, Master 
CIM M2, Ecole Supérieure d’Ingénieurs de Recherche en Matériaux—Dijon 
 
MOTTIER J. 
Réduction du 

48
 CaCo3 en 

48
 Ca. DUT spécialité chimie, Université du Maine-Le Mans 

 
PERINET C. 
Recherche et développement sur les photomultiplicateurs de grande dimension de la société Photonis 
 
PERVEAUX A. 
Synthèse et caractérisation de nouveaux composés d’uranium cristallisé dans des structures cristallogra-
phiques originales, L2, Université Paris Sud II—Orsav 
 
POONOOSAMY J. 
Effets de la température sur la rétention des ions UO2  

2+ 
et SO4 

2- 
par l’oxyde de titane, L2, Université Paris 

Sud II—Orsav 
 
ZHAO Y. 
Complexes d’uranyle sur la silice, en présence de matière organique, M2 Radiochimie, Université Paris 
Sud II—Orsay 
 
RAKOTONIAINA H. 
Actinides et lanthanides dans les liquides ioniques, M1 Chimie, Université Paris Sud II—Orsav 
 
ZANIN S. 
Propriété physico chimique d’éléments d’intérêt dans les réacteurs du futur, DUT Spécialité Chimie, Univer-
sité Paris Sud II—Orsav 
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