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Francisco Miguel Marqu �es Moreno

The Quest for a Femtometer

I have tried to summarize in these pages my research during the past 21 years. It started at IFIC-

Valencia, then a few years at GANIL and Valencia again, and finally at LPC-Caen since 1994.

Though my move to LPC represented a strong thematic change, I have made an effort to find a

storyline that follows most of the projects I have participated in, and this storyline is the quest

for measuring nuclear distances. Along this path, I will include the cover of the articles I found

significant, their full version can be found at the end of this document, in their order of appearance.

1. PHOTON INTERFEROMETRY

I started my research career in 1990, when I finished my studies of Physics at the University of Valencia and

joined the IFIC-Valencia Nuclear Physics group of José Lorenzo Ferrero. My first contribution was the study and

development of the CPV (charged particle veto) detector for experiments at GANIL with the high-energy photon

detector TAPS (two arms photon spectrometer). The design and test of the CPV, in collaboration with the group at

KVI-Groningen, was an ideal way to join the research world, as it was simple enough to be undertaken at Valencia, a

very small laboratory, but at the same time had a big impact on the whole project, because the high-energy photons

TAPS was looking for were very rare, and discriminating them from other more common charged particles was crucial.

Indeed, a good title for this HDR could have been “Always looking for rare things”...

I came to GANIL in order to prepare the TAPS campaign of experiments that was going to take place there,

and integrated the group of Yves Schutz. The photons we were trying to measure were produced in the collision of

heavy ions at several tens of MeV/N, and had energies beyond the Giant Dipole Resonance, between 30 and more

than 300 MeV! They were produced by bremsstrahlung in individual p-n collisions inside the participant zone, the

overlap between projectile and target. My colleague and friend, Ginés Mart́ınez, was in charge of the study of the

dependence of the photon energy with the impact parameter of the collision, and on the production mechanism of the

most energetic photons.

My task was to study the interference effects between these photons, when two of them were produced! An even

rarer process, the cross-section we measured was σγγ ∼ 7 µb. I focused on the analysis techniques to first automatize

the calibration of the multi-detector array (TAPS was made of 320 BaF2), and then to be sure we were selecting true

high-energy γγ events. All the algorithms were published in Nuclear Instruments and Methods.
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Once we selected the γγ events, we had to find a way to make the interference effect appear , with the added

difficulty that the production of neutral pions (π0 → γγ) was four times stronger. That was the starting point of my

relation with the event-mixing techniques! We finally found a γγ interference signal, which was the main objective of

the project, well separated from the stronger π0 one, that we published in Physical Review Letters.

It was the first observation of this phenomenon with photons of such energies. However, the source size we extracted

was R ∼ 12 fm, much bigger than the expected photon source, the overlap between projectile and target. Ginés

Mart́ınez was at that time working with the BUU model on the dependence of photon energy with the density reached

during the collision, and found out that, after the initial compression of the overlap zone, the system oscillated and

re-compressed a bit later, emitting a second burst of slightly less energetic photons. Since the interferometry pattern

is somehow related to the Fourier transform of the emitting source, this double source of photons meant that the

correlation function should be modulated by a cosine function, that provided a more coherent interpretation of the

data, with a smaller source size of R ∼ 4 fm, that we published in Physics Letters B.
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A more detailed analysis of this double source effect lead us to realize that the double source was not enough to

create a significant oscillation in the correlation function. Indeed, by analogy with the two-slit experiments at visible

wavelengths or the correlation functions measured in Astronomy for binary stars, we demonstrated that the oscillating

pattern in the correlation function was only possible if the double source emitted photons simultaneously. So we had

a first photon burst by a single source, the overlap zone with the corresponding source size, R ∼ 3 fm, followed by

the re-compression of the two separate nuclear fragments, that acted like two slits emitting high-energy photons. The

interpretation of this analogy was published in Physics Letters B.

Since photon interferometry at these energies had never been studied, and we had made significant progress in the

field, I was told to write a review article for Physics Reports, in which we could review all the details of the theoretical

and experimental effort that had been undertaken in those years

(Note that this is a long paper and only its first page is included in the written document)
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2. NEUTRONS FROM THE HALO

The last three years of my research on photon interferometry I was already at LPC-Caen in the Exotic Nuclei group

of Nigel Orr. A few days after my arrival the group was running an experiment at GANIL about the one-neutron halo

structure of 17B and 19C, so I tried to learn many new things as quick as possible. Hopefully, my experience with

the 320 TAPS detectors made the 100 modules of DEMON (détecteur modulaire de neutrons) seem too few! The 19C

beam intensity had been much lower than expected, and we got no 17B at all, so I tried to check if the experiment

had been successful by setting up the analysis programs and having a look to the reaction channel that was more

straightforward to analyze, the core breakup.

During the first steps of the analysis I remember having a hard time not rejecting neutrons, after several years

doing so with TAPS! The core+n dissociation channel, in our case 18C+n, was hard to extract because the beam

stopped in the charged particle telescope, in which any 18C was overwhelmed by all the 19C beam particles that had

gone through the target. On the other hand, the core breakup channel was relatively easy: a fragment with Z < 6 plus

neutrons. For a neutron halo system, this channel should give two neutron angular contributions, a wide one from the

neutrons liberated in the breakup of the core, 18C, plus a narrow one corresponding to the spectator halo neutron due

to its spatially extended wave function. And this is what we found, a narrow component of about 40 MeV/c fwhm

from the halo of 19C, plus a wide one of about 160 MeV/c fwhm from the core, similar to that obtained from other

beam particles. This result was the first narrow neutron one for 19C (the core one had been already measured at MSU)

and was published in Physics Letters B.

3. PHOTONS FROM THE HALO?

I got my CNRS position at LPC, and after my first years of learning what others had done in the halo field, we

began to think about things we could do differently. The first idea came up naturally: since the high-energy photons

TAPS had been measuring were produced by bremsstrahlung in individual p-n collisions, and Ginés Mart́ınez had

shown that their energy slope depended on the momentum of those nucleons, why not measure the momentum of the

halo neutrons through their bremsstrahlung on a proton target? A spatially extended neutron has a narrow momentum

distribution and should lead to a softer photon energy spectrum.

Cross-sections being much smaller for bremsstrahlung production (several µb) than breakup (hundreds of mb),

this technique would only be applicable to the halo system the closest to stability, 6He (α+n+n structure). I order to

isolate the bremsstrahlung from the two halo neutrons, the same measurement was planned at KVI-Groningen with a
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4He beam, and the results published in Physical Review Letters.

To our surprise, most of the high-energy photons in the α+p system did not came from bremsstrahlung, but from

radiative proton capture! Into the two first states of unbound 5Li, generating one photon peak for each of them, on

top of the exponential bremsstrahlung spectrum.

We had to reconsider our 6He proposal at GANIL, that had been aimed at measuring small differences in the slope

of the photon spectra. Now the photon probe seemed to be even better, because the proton could be captured by the

different subsystems of the α+n+n structure as it had been at KVI, and each of these captures (on n/2n/α/5He)

would lead to different photon peaks, much easier to observe.

The experiment was a complete challenge. Besides being the first time someone tried to measure this, it was going

to be the first time the Château de Cristal (an array of 74 BaF2) was going to be used for the detection of high-energy

photons, since TAPS had already left GANIL, and the first time we were going to use a liquid Hydrogen target! Too

many first times. But the PhD student, Emmanuel Sauvan, played a key role to make all these first times run smooth

and easily, despite being involved in another program that made the other half of his PhD, the measure of momentum

distributions in the -1n channel for several tens of neutron-rich nuclei!

We took the liquid target risk because running on a CHx plastic and then subtracting a Carbon run would not

have been appropriate, since bremsstrahlung from Carbon would have overwhelmed the proton capture signal we were

looking for. And, despite capture into 7Li being the strongest channel, we did observe quasi-free capture on one halo

neutron, the α core, and 5He, through the corresponding photon energy peak in coincidence with the subsystem+proton

in the SPEG spectrometer. These results were published in Physical Review Letters.

The two main conclusions were, first, the ability to probe the cluster structure of 6He through high-energy photons,

and second, the absence of triton-γ coincidences in the exit channel, suggesting that the dominant configuration for

the 6He g.s. was α-n-n in which the n-n separation is relatively large. Unfortunately, the beam intensities of other
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two-neutron halo systems were several orders of magnitude lower, making impracticable the continuation of this

program.

4. NEUTRON INTERFEROMETRY

During the same period of time, we decided to extend the breakup program with DEMON at GANIL, started

with 19C, with the study of the two-neutron halo systems, 6He, 11Li and 14Be. The experiment focused on the latter,

the less well-known of them, but all three were produced at the same time and arrived to the experimental hall in a

cocktail beam. At that time, a strong debate in both theory and experiment concerned the relative distance between

the two halo neutrons, and we thought that interferometry could contribute to the debate by measuring this distance

for the three systems at once.

The interferometry studies I had undertaken with photons exploited the quantum statistical symmetries of identical

particles, in the photon case the attractive Bose-Einstein statistics that produce a slight enhancement of the γγ rate

at low relative momentum. In the case of neutrons, the repulsive Fermi-Dirac statistics should produce a decrease of

the nn rate at low relative momentum, but the attractive s-wave final-state interaction (FSI) at low energies of the

two neutrons could overwhelm the Fermi-Dirac repulsion.

Before the experiment, we had to be sure that we would be able to detect neutron pairs at low relative momentum.

At tens of MeV, a neutron is mainly detected through elastic scattering on H, and therefore may scatter through

several neighboring detectors and mimic a neutron pair, a phenomenon known as cross-talk. We developed Monte-

Carlo simulations with Marc Labiche in order to find the geometry of DEMON that would first minimize this effect,

and then allow the off-line recognition of cross-talk events, and the results were published in Nuclear Instruments and

Methods.

The geometry chosen consisted of four walls, as opposed to the single wall of the first GANIL experiment, in

which detectors covering neighboring angles were 1-3 meters away from each other. The correlation functions were

constructed for the three systems, and an increase of the nn rate at low relative momentum of a factor 5-10 was

observed! Indeed, the nn FSI did overwhelm the repulsion between identical fermions, so much that the standard

techniques used to extract the correlation function were not enough.

The interference pattern is obtained by constructing an uncorrelated distributions of pairs, through event-mixing

techniques, and then by comparing it to the distribution of the experimental ones (the ratio of both is the correlation

function). In our case, two effects enhanced the correlation signal: first, the neutrons left the system almost simulta-

neously, as opposed to standard neutron interferometry which is applied to sources evaporating neutrons over a long

time scale; second, the neutrons were spatially delocalized, and thus had a very narrow momentum distribution that

lead to low relative momentum values, so that most of the pairs were correlated!

We developed a new iterative technique that was able to remove all correlations, residual ones too, from the data

and lead to the fully uncorrelated distribution, and then the correlation function. Using the formalism of Lednicky,

that related in a straightforward way the correlation signal to the neutron source size, we obtained the average distance

between the two neutrons in the halo of these three systems, in the range 5-7 fm. These results were in good agreement

with the prediction of various three-body models, and were published in Physics Letters B.
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The relatively large average distances measured, in particular that for 6He, was in good agreement with the results of

the radiative capture experiment. However, several aspects needed further investigation. The formalism used assumed

simultaneous emission of both neutrons, neglecting sequential decays that would add a temporal dimension to the

relative distance. And the results obtained were compared to predictions for the g.s. of these nuclei, neglecting the

effects of the dissociation reaction on the spatial configuration of the halo neutrons.

5. NEUTRONS ONLY!

A random reading at the LPC library made me come across a paper on neutral nuclei , clusters of neutrons that

could form a weakly bound or a resonant state. Going through the references I realized that all these searches had

lead to negative results due to the extremely weak cross-sections used to create those multineutrons and to the high

backgrounds associated to the related detection techniques (well, and maybe because they did not exist). I shared

these thoughts with Nigel Orr, who instantly realized that we had much better tools to test their existence!

In the very neutron-rich nuclei we were studying through breakup, these multineutrons should already exist in the

low lying states that we were exciting close to the xn threshold, and the breakup cross-sections were several orders of

magnitude higher than the ones previously used. The only thing we needed was a clean signature, that we obtained

calibrating the light output generated in DEMON by the proton recoil after n-H elastic scattering. This proton recoil

energy, obtained from the light output, could be at most that of the incoming neutron, obtained from the time of

flight. Anything neutral but heavier than a neutron could lead to a proton recoil beyond that limit.

Before submitting a proposal, we wanted to check the approach with data from the previous campaign. In brief, we

were looking for a fragment in the -4n channel in coincidence with an abnormally high proton recoil. The best candidate

was 14Be, in which the 4n threshold is at only 5 MeV, and to our surprise we found 6 events that could be interpreted

as a 10Be fragment in coincidence with a proton recoil 1.5-2.5 higher than expected! After many experimental checks

and Monte-Carlo simulations, that excluded the possibility of pile-up of two neutrons in the same DEMON module,

we published the results in Physical Review C.
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As expected, the relevance of the results triggered a lot of discussions, experimental proposals and theoretical

calculations. Among these proposals were three from us at GANIL, one with a 8He beam from SPIRAL, and two with

the same 14Be beam hoping to get higher intensities. All these experiments failed, mainly due to problems around

the production of the secondary beam that lead to intensities even lower than the original one. This was the most

disappointing period I have met in my career, seeing the tremendous work that so many people were investing during

years to have these experiments done and failing to get a result, positive or not, just before the last step. Three times.

Note that DEMON was a detector that traveled along different laboratories, so simply getting the detector at GANIL

was already a big effort.

The MUST collaboration run an experiment trying a different approach, the α transfer from 8He to a deuteron

target, leading to 6Li+4n. The measurement of the 6Li momentum did not lead to any narrow peak in the 4n missing

mass. At the same time, most of the calculations concluded that the changes needed to bind 4n were too important to

not have a consequence on the properties of other well described light nuclei, though one ab-initio calculation did not

exclude the possibility of a wide low-lying resonance, that would have been hard to observe in the MUST experiment.

We therefore explored the possibility of a wide 4n resonance being at the origin of the 6 events we had observed.

We found that, independently of the width, if the resonance was low enough its decay in flight would focus the

neutrons forward and increase the probability of several of them being detected in the same module, leading to orders

of magnitude comparable to the 6 events we had observed. We submitted these conclusions to Physical Review C, that

found that “these were not new results” and denied the publication. We posted it at the arXiv e-print archive.

Taking the risk of asking for a 14Be beam at GANIL once more was out of the question. During the last DEMON

experiment at GANIL we tried an alternative path, the production of 14Be* in the final state after the -1p reaction on

a 15B easier beam. A preliminary analysis of these data lead to no significant signal in the -4n channel, but this could
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be explained by the fact that proton knock-out from 15B dominantly populates the narrow first 2+ state of 14Be, that

is well below the 4n threshold. No other collaboration has reported a result, positive or not, concerning the production

of multineutrons. My hope is that our recent implication in the RIKEN experimental program, benefiting from the

most intense light neutron-rich beams in the world, will lead to a concluding result in this field.

6. UNCORRELATED DISTRIBUTIONS

When particle pairs are measured, there are three contributions that may arise on top of the uncorrelated distri-

bution one may construct:

1) quantum statistical symmetries, in the case of identical particles,

2) interactions in the final state or FSI,

3) and decay of intermediate resonances.

In the γγ case we saw the first and third (π0) ones, in the case of nn mainly the second one.

A very important axis of our experimental program has been the search for fragment-n resonances in unbound

states just beyond the neutron drip-line, and very quickly we realized that the work we had developed in the nn

interferometry studies could be easily extended to the spectroscopy of these unbound states. If fragment-n resonances

are formed in these unbound nuclei, the decay of these resonances (or the FSI for virtual s-states) should appear on

top of the uncorrelated distribution.

The construction of uncorrelated pairs in this case turned out to follow exactly the same line than that of the nn

pairs. For systems in which strongly populated, narrow resonances were formed, the standard event-mixing techniques

were unable to fully uncorrelate the pairs, leaving the residual correlations we had first identified in the halo neutron

pairs. And exactly the same iterative technique we had developed for the neutrons was able to remove all correlations!

The technique was tested through Monte-Carlo simulations for many different cases, to make sure that it was able

to extract resonances but that was not creating them when there were not. The first application was made by Jean-Luc

Lecouey on data from the -1p reaction on 17C, that lead to a very narrow resonant state in unbound 16B, only a few

tens of keV above threshold, that was published in Physics Letters B.

We extended the technique to three-particle resonances with 5H, where Guillaume Normand demonstrated that

a slightly modified iterative algorithm could lead to an uncorrelated t+n+n distribution on top of which appeared a

wide peak at about 2 MeV, the g.s. of 5H. A bit later, with Hicham Al Falou we found that for very specific cases

the iterative event-mixing technique diverged! Monte-Carlo simulations of those cases demonstrated that, besides the

energy correlations, the angular ones had to be taken into account too. An angular weight added during the mixing of

events solved the divergence problem, a weight that had been almost constant for all the previous applications of the

technique. But for cases in which the resonance decay had very specific kinematics it played an important role and

had to be considered.

In the more recent years Anne Leprince and Giacomo Randisi have been extending the use of this technique to

very exotic systems, like 9He or 12Li, and studying with increasing detail other systems like 10Li and 13Be. While some
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groups keep ignoring the uncorrelated contribution to these resonance energy spectra, its importance in the extraction

of the resonance parameters is becoming well established in the international community.

7. THREE-BODY INTERACTIONS

We extended the exploratory work on nn interferometry we had undertaken on the three known two-neutron haloes,
6He, 11Li and 14Be, searching for three-body correlations. While the data on Pb target indicated that the breakup had

been direct, some data on C target lead to bigger nn distances, which suggested a contribution of sequential breakup

through the formation of fragment-n resonances, the lifetime of which introduced a delay in the emission of the second

neutron.

We proposed a new representation, the Dalitz plot of the normalized invariant masses of the particle pairs (n-n and

fragment-n), that lead to a common boundary for all events independently of their decay energy. In the case of 14Be,

this analysis confirmed the absence of 13Be resonances in the breakup on Pb; the neutrons had been thus emitted

simultaneously and the distance of about 5 fm measured corresponded well to the nn separation in the halo.

However, the breakup on C target exhibited resonances in the 12Be-n channel, responsible for the decrease of the

nn signal and thus the increase of the distance measured. By fixing the distance to the one obtained on Pb, a nn delay

below 400 fm/c could be extracted, that would correspond to the average lifetime of all the resonances populated in
13Be. The femtometer had also become a chronometer! These results were published in Physical Review C.

In the recent years we have been exploring further several aspects of this technique. First, with Guillaume Normand,

what is the distance we are measuring. In our first applications we assumed that the nn distances were those in the

halo of the system g.s., but that neglected the effect of the breakup. A higher statistics run with 6He allowed us to

extract the nn distance for different gates in the decay energy, or 6He excitation energy spectrum. We found that the

gate around the first 2+ state lead to a shorter nn distance, in agreement with three-body calculations suggesting that

this state is relatively compact. Therefore, without gates what we are measuring is the average of the average of the

nn distances in the continuum of the system while it excites and breaks up.

Concerning the time dimension of the decay, the sequentiality we had suggested for 14Be breakup on C has been

confirmed by Benoit Laurent with a more appropriate system, 8He. This nucleus has a dominant α-4n structure, but in

the three-body breakup into 6He+2n the sequentiality can be easily observed because the subsystem 6He+n has only

one, quite narrow state, the g.s. of 7He. And being narrow, it would introduce a significant delay (~c/Γ ∼ 1250 fm/c)

that would have a strong effect on the nn correlation function.

The analysis of this decay, with the space and time distances between the neutron emission points as free parameters,

lead to a nn distance during the breakup of 8He of about 7 fm, and to a delay in the emission of the second neutron of

about 1400 fm/c, in very good agreement with the lifetime of 7He! These results will be submitted soon for publication.

In our last DEMON experiment we have observed a very promising channel in the -1p reaction on 15B, the excitation

of the very narrow 2+ state of 14Be. The analysis in progress of the 12Be+2n coincidences in this energy gate will

provide valuable information about the configuration and structure of this state.
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8. NEXT STEPS

High-energy breakup of very neutron-rich nuclei at GANIL will no longer be feasible, on one hand due of the aging

of DEMON, but mainly due to the beam intensities needed. In the last 10 years they have not followed the evolution

of other facilities, but have instead almost decreased. The natural extension of our program will begin this year at

RIKEN, where the intensities will be several orders of magnitude above our past experience.

We have started a collaboration with our Japanese colleagues at Tokyo and RIKEN around the SAMURAI spec-

trometer and the NEBULA neutron array, and three experiments have been already accepted for 2012: the search for

unbound states in 25,26O and the Coulomb excitation of 19B and 22C (Tokyo), and the study of three-body correlations

in the breakup of 19B and 22C plus the structure of the unbound subsystems 18B and 21C (LPC). 19B and 22C are

the two heaviest two-neutron halo nuclei, and detailed studies of these systems are out of reach for any other facility

in the world.

The multineutron program could be extended at RIKEN too. An experiment will take place this year using the

SHARAQ spectrometer. The idea is to use the double charge exchange reaction 8He+ 4He → 8Be+4n and detect the

two α particles from 8Be, leaving the 4n system almost at rest. We will try to participate depending on our means,

but with the experience we will gain during our 2012 runs we should be able to propose our own approaches starting

from 2013.

The nn correlation studies will continue at low energies at ISOLDE, where we will measure the correlations between

neutrons emitted after the β decay of 11Li. The formalism will be similar to the one used in our breakup experiments,

but in this case the states formed in 11Be* after the β decay will emit the neutrons spontaneously, so the information

extracted will be free of the reaction mechanism effects we have been neglecting. Depending on the results, a low-energy

neutron array should be constructed for these kind of decay experiments at SPIRAL2/DESIR.

These are the steps I can think of now, but many of the steps we have already taken I could not even think about

them a few years before, so in the coming years some unexpected things may happen! Or at least that is my hope.

9. THE WORK OF MANY PEOPLE

In a time where our authorities, and our society in general, try hard to individualize the successes, I cannot end

this HDR without saying some words about all the people that have been involved in the work I have described in

these pages. I may have had some of the ideas, or used the ideas of others, or helped others to finalize their projects...

but in the end no one can run an experiment or extract and interpret complex data sets on their own.

My first steps in research were in the Nuclear Physics group at IFIC-Valencia, and were guided by José Lorenzo

Ferrero and José Dı́az. They taught me the basis of experimental Nuclear Physics and gave me the opportunity to join

an international collaboration around the TAPS spectrometer. Working with the other group members, Juan Carlos

Pacheco, Facundo Ballester and Ginés Mart́ınez, made things very easy, instructive... and we had a lot of fun! I was

happy I had chosen this path.

Then I moved to GANIL, to have a closer link with the TAPS campaign that was coming, under the direction of

Yves Schutz. For those who like football, I think that Yves was the José Mourinho of Nuclear Physics! He knew how

to get the best from each and every member of the group, and I learned a lot about Nuclear Physics but also about

self-confidence and motivation, all things that helped me in the continuation of my career. Like Mourinho, he was not

always politically correct, but that was motivating too. Having a very original PhD subject was also his fault.

The other group members were key in guiding me through the traps of the PhD. Reint Ostendorf, the student

that was working on interferometry before I arrived, that made me enter this subject in a very smooth way. Tomasz

Matulewicz, the post-doctorate that shared my office and gave me all the advices I ever needed. Jean Quebert, who I

only met a few months but that was ready to answer the most complex questions I could imagine about interferometry.

Frédéric Lefèvre, a great help on the acquisition and programming tasks. And Ginés Mart́ınez again, that came to

GANIL as much as he could and that avoided any blocking point in my analyses with his advice, always friendly and

critique at the same time. Without Reint, Tomasz and specially Ginés, my PhD would have been very poor despite

all the means I had around me.

Working in a international collaboration was very instructive, and some of the members had a strong impact in the

training of the students. I remember specially Romain Holzmann, from GSI, and our colleagues from KVI-Groningen,

Herbert Löhner and Hans Wilschut, that would come back and help me again a few years later for the radiative capture

experiment.

In September 1994, after failing the CNRS audition and the grant requests I had filled, I decided to quit Nuclear

Physics, and research in general. José Lorenzo Ferrero, José Dı́az and Yves Schutz made their best to make me change

my mind, and finally found a few months of CNRS visitor at LPC-Caen. Christian Lebrun gave me the possibility

to join the Exotic Nuclei group, Nigel Orr and Jean-Claude Angélique, and after those few months he kept making

efforts to find some support that would allow me to stay there at least until the CNRS auditions of 1995. I think that
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if I finally became a researcher was in part due to Christian.

I was under heavy pressure, because I had to change field, analyze an experiment and prepare the CNRS audition

all in a few months! But working with Nigel Orr made all things possible. I did not lose a single minute because he has

the most complete knowledge of Nuclear Physics in general (and his field in particular) I have ever seen, and knows

the things you have to read or do and the things you have not to. Another one guilty, maybe one of the most, of my

career in research is Nigel. I also benefited from the knowledge and availability of Karsten Riisager, that made my

transition to these new physics much easier.

During my PhD I did the work I was given, as best as I could, but once I got my position at CNRS I had “freedom

to research”. Right from the start I tried to look for original things that could be done, and being guided by Nigel was,

as we say in Spanish, like practicing flying trapeze with a safety net! Any bizarre, weird or fool suggestion received

instantaneously the verdict: interesting / already done / nonsense. It is extremely easy to work this way, and if you

do not think so try flying trapeze without safety net and you will understand...

Another ingredient that helped me tremendously was the long list of very good students we have been supervising

all these years. Some of them were selected, but most were not, so I consider myself very lucky of the good interaction

we had, all the work we did together, and I am very happy and proud of the fact that most of them have found their

own way in research, far from us! Since 1996 I was able to share many hours of work with Marc Labiche, Frédéric

Sarazin, Emmanuel Sauvan, Jean-Luc Lecouey, Guillaume Normand, Hicham Al Falou, Benoit Laurent, Anne Leprince

and Giacomo Randisi. Six have now a permanent position in research, one is very close to, and the two latest ones

have postdoctoral grants that I hope will lead them soon to something better. I tried to play the role for them that

Yves Schutz played for me, and I know that some of them are already supervising students, so the chain goes on.

With Marc I shared our first steps in exotic nuclei, and worked together a lot on simulations and the analysis

programs. Emmanuel was hopefully there when the radiative capture experiment was approved, it was a project too

big for me and sometimes people thought that he was not a student but one of the spokespersons. Jean-Luc and

Guillaume were there at the tetraneutron period , and we worked a lot to get the second, third, fourth... experiment

ready to see the result almost on-line. But there was nothing to see, on- or off-line, I was upset for me but upset for

them too, and I am happy that after several years away they are back in Caen. Benoit spent almost half of his time

looking for tetraneutrons without success, and managed to write a very good PhD in the time left! He has been the

first one we have worked with as a “researcher colleague”. Hicham, Anne and Giacomo focused on unbound systems,

and despite having as a starting point the work that had been done before, they all found their way to provide original

contributions to the field. Hicham was never afraid to ask questions and discuss, a true researcher! I remember being

very proud when I read Anne’s PhD reports, the best ones I had ever read! At the writing of these pages Giacomo

has not yet finished his PhD, but I am sure he will make a great defense. He will leave a hole in the group and in the

laboratory.

Being in a small laboratory has forced us to create collaborations in order to undertake the complex experimental

program we have been running. The KVI group of the TAPS collaboration, and specially Hans Wilschut, played a

key role in the “photons from the halo” project, first measuring the contribution of the core at KVI, identifying the

dominant capture mechanism, and finally helping us in the setup of the Château de Cristal at GANIL. Our Belgian

colleagues of the DEMON collaboration, Francis Hanappe and Alain Ninane, and Louise Stuttgé from Strasbourg

saved our life many times setting up the 100 DEMON modules almost on their own. And our British colleagues of the

CHARISSA collaboration, Nobby Clarke, Martin Freer and Wilton Catford, allowed us to detect all kinds of charged

particles in coincidence with the neutrons. I learned a lot from them all.

The laboratory may be small, but you can always find someone for anything you need! I will not give the names

because we are about 80 people and I would need to give almost 80 names, but from the day I arrived at LPC everyone

made their best to make me feel at home. The secretary and computer services for the everyday issues, the mechanics

and electronics services for the preparation, setting up and running of the experiments. All our collaborators are

jealous of how easy it is to prepare an experiment with the LPC teams. I would like to have a special thought for

two colleagues that passed away, Jean-Marc Gautier and Gilles Iltis, that were strongly involved in the experiments

we run at GANIL, we all miss them. The fact that groups are open and everybody can happen to work together puts

LPC apart from all other laboratories, the overall great atmosphere that fills the corridors being the consequence, or

the cause, and I think all the directors that have guided the LPC during these years share the responsibility. Those of

you who have not experienced other laboratories cannot appreciate how lucky you are, and how hard life is outside!

A few years after my arrival the “Exotic Group” was exotic, an Australian and a Spaniard, but not so much a group.

With the arrival of Lynda Achouri, and then Franck Delaunay, and then Julien Gibelin, the group has consolidated

and we feel strong enough to undertake the coming programs at ISOLDE, RIKEN, SPIRAL2... I think we complement

each other very well.

The fact that this section has been the longest one of the HDR should tell you how small my contribution to the

results I have shown has been, as well as how many people have contributed to these 21 years of research. Without

many of them I would not be writing this document today. I did not like the idea of writing the HDR, a degree that
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does not exist in Spain, but at least it will have served to give me the opportunity to thank them all. I tried to highlight

only the names I remember the most (I am getting old), but this list should have been even longer.

10. TEACHING DUTIES

I had begun teaching during my PhD at the University of Valencia, but when I came to France right after that

I was advised to try the CNRS because “ton Français n’est pas assez bon pour enseigner” (and by the way, because

“une thèse de Valence n’est pas assez prestigieuse pour le CEA”). I was glad to choose the CNRS!

But a few years later my French became not-too-bad enough to try teaching again, and I did at some Doctoral

Schools here and there (see CV). From 2008, I have been teaching regularly at the Master 2 in Caen, a complement

of 6h about “Light neutron-rich nuclei”, and at the Master 2 NPAC at Orsay, an introduction of 15h to “The atomic

nucleus”.

As an example of this part of my career, I have included the written lecture I gave at the Joliot-Curie School in

2002, which summarizes within a simple approach several aspects of the experimental programs I have described.

In all these years, and mostly in the last three (NPAC has about 30-40 students per year), I have met many students

and some have already started their way in research. I consider this, together with all the students that have done

their PhD with us, a result to be placed at the same level or higher than all the papers I have listed.
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(France),
6h en 2008/2009 ;
6h en 2009/2010 ;
6h en 2010/2011 ;
6h en 2011/2012 ;

– Le noyau de l’atome, Master 2 NPAC, Université de Paris VI-VII-XI (France),
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– Giacomo RANDISI, Université de Caen (2008–2011).
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– Marc LABICHE, Université de Caen (1996–99) ;
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LPC, Caen (France), 25 mars 1999.

9) “Allo ? ... Il y a des interférences dans le halo !”,
GANIL-LPC, Caen (France), 7 mai 1999.
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IRES, Strasbourg (France), 22 mars 2001 ;
DAPNIA-SPhN, Saclay (France), 23 mars 2001.
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27) “Des noyaux trop riches en neutrons”,
GANIL, Caen (France), 16 mai 2005.

28) “Neutral nuclei from breakup”,
Conseil Scientifique du GANIL, Caen (France), 9 juin 2005.

29) “Un chercheur en Physique Nucléaire”,
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