Nuclear physics at GSI/FAIR

1. Introduction

One of the greatest challenges of contemporarytsoi@ physics is to understand the strongly
interacting many-body system of the atomic nuclétss requires investigating how the nuclear
properties change when varying the number of pstand neutrons of the nucleus, its internal
(excitation) energy and angular momentum. The adeEmadioactive ion beam facilities has made
possible to approach more and more the limits aftemce of elementary matter: along the proton and
neutron drip lines where protons and neutrons beconbound and in the region of heavy elements,
the limit in mass and charge. Nuclear reactions em®ential to produce exotic nuclei far from
stability, to investigate ground-state nuclear préips, as well as to modify the excitation eneagy
angular momentum of the nucleus and study its stre@nd behavior under different conditions. The
exploration of the nuclear landscape by varying pheton and neutron number has shown that
established entities such as magic numbers cedsevalid when going towards the drip-lines; exotic
shapes and decay modes appear, as well as newtivellghenomena.

Nuclear physics is intimately related to astropbgisprocesses and the understanding of the elementa
abundances in the Universe, and is also relevangpplications like nuclear medicine and the
production of energy.

In this contribution we will describe different near physics projects coordinated by IN2P3
researchers to be conducted over the next fivesyatathe GSI/FAIR facility. The research topics of
all the French projects are covered by the NUSTARaboration [NUS19], which is concerned with
the study of NUclear STructure, Astrophysics ancad®iens, and is one of the four pillars of
GSI/FAIR.

2. The GSI/FAIR facility

The Facility for Antiproton and lon Research (FAIR)an international accelerator facility under
construction in Darmstadt, Germany [FAI19]. It iasked upon an expansion of the existing GSI
Helmholtz Centre for Heavy lon Research [GSI19]e Tinst important element of the GSI facility is
the UNIversal Linear ACcelerator UNILAC. It provisidbeams of accelerated ions of elements from
hydrogen to uranium with energies up to 11.4 A Md@We UNILAC is used to send beams to
experiments like the SHIP velocity filter or aseigjor of stable ions to the heavy-ion synchrotron
SIS18, where the beams are further acceleratei, LU\ GeV for’*U. Secondary radioactive beams
are produced via fragmentation and fission reast@na primary production target. The secondary
beams can then be identified and selected in-flighbe FRagment Separator (FRS) and transferred
to the different experimental areas (e.g. cavea€ell as to the ESR storage ring, see Fig. 1.

The FAIR accelerator complex largely extends theeru GSI facility, it will be unique by offering
beams of all ion species and antiprotons at higirgg@s with unprecedented high intensities (e.g.
about 5x16" p/s of **®U at 1.5 A GeV) and quality (i.e. with very precisaergy and very small
emittance). As shown in Fig. 1, the FAIR facilitadha number of additional components. A new
storage ring already in operation, the CRYRINGc@pled to the ESR. Beams from the SIS18
synchrotron can be directly sent to the targetistadf the Superconducting Fragment Separator
(Super-FRS) or be further accelerated via the nE4@ synchrotron and sent to various beam lines
for detailed spectroscopy and mass measurements.Sliper-FRS provides a few times larger
acceptance for radioactive isotopes as compar#itetexisting FRS at GSI, which together with the
enhanced primary beam intensities, leads to ansitjegain factor of about 1000. Short-lived nuclei
in the ground and excited states of all element®upanium will be delivered to two branches & th
exit of the Super-FRS, see Fig. 1. The high-enérgych will lead to the R3B set-up where reaction
studies with complete kinematics will be carried.olhe low-energy branch (LEB) will lead to
different experimental areas for high-precision lieam and decay spectroscopy such as
HISPEC/DESPEC/gSPEC, as well as precision measatemdth energy-bunched beams stopped in
a gas cell such as MATS/LASPEC.



The HISPEC (High-resolution In-flight SPECtroscopgetup will include the AGATA 4pi
germanium-detector array [AGA19] to measyrays arising from nuclear states excited in thas®
of secondary reactions of the radioactive beanendé is part of the AGATA project, which will be
discussed in a dedicated contribution of this gifiercouncil meeting.

To provide the increased energies and intensitiek ta ensure an appropriate injection into the
SIS100, the UNILAC and SIS18 are being upgraded1@p The construction phase of FAIR is
expected to end in 2025. Until the end of the qoetibn of FAIR, the existing GSI facility will be
operated to conduct experiments within the so-dadEAIR phase 0», which will benefit from the
continuous upgrades and increased intensities.
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Figure 1: The GSI/FAIR facility, the existing GSI facilitg ishown in blue.
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French scientists from the CNRS/IN2P3, CEA and €mebniversities work at GSI and on the
planning and realization of FAIR since many ye&msnce is one of the ten shareholders of FAIR.
The CNRS and the CEA hold each half of the Frenares, which accounts for 2.6% of the total
FAIR shares. With its participation France enalifescientific community the access to FAIR. Irsthi
contribution, we will show that the GSI/FAIR fatyli offers unique possibilities for addressing a
number of relevant open questions in nuclear pBysibich will be described in the next sections.

3. French nuclear-physics experiments at GSI/FAIR

3.1. Insight into nuclear super-fluidity from diuteon and tetra-

neutron  correlations towards the neutron drip line
Coordinator: O. Sorlin, GANIL

3.1.1. Motivation

Pairing interactions play a crucial role in atomicclei and in quantum many-body physics in general,
and this, even if di-neutron or di-proton systems aot bound. Two-neutron and/or two-proton
pairing are responsible for the odd-even staggesb®grved in the binding energy of atomic masses,
for the fact that all even nuclei have a Jg@ound state, and for their small moment of imesas
compared to a rigid body. More generally, pairingrelations imply a smoothing of the level
occupancy around the Fermi energy surface, an eeh@mnt of pair transfer probabilities, as well as a
superfluid behavior in the nuclear rotation andradion. A transition from BCS (Bardeen Cooper-



Schrieffer) to BEC (Bose-Einstein Condensationyipgicorrelations is expected as nuclei become
more and more neutron rich [Hag07, Hag08].

We also wish to study if the Ikeda conjecture, psgul from the systematic observation of narrow
resonant states with clustered structure closka@orresponding particle emission-thresholds,bean
generalized to two- or four-neutron clusters [OKoThe presence of narrow 2n or 4n cluster states
would, if revealed, probably impact the neutrontuoa® rates in accreting neutron stars, possibly
favoring the synthesis of heavy elements

3.1.2. Previous achievements

Despite its importance, the real observation ofdéeay of paired or tetra nucleons is still lackitig

is difficult to evidence, and this for two reasoRsst, nuclei that would proceed through such tgpe
decay are hard to produce, and second, the detegftimulti neutrons is a very difficult task. Asrfo
the first point, we have recently proposed an imtiee route to study neutron pairing, which corssist
of suddenly promoting neutrons of the studied nuicl® the continuum (out of the range of the
nuclear force) by using knockout reactions on debplund protons [Rev18]. The high-energy beams
(500 MeV/A and higher) available at GSI/FAIR malkastfacility unique to ensure a quasi-free
mechanism that, in the case of proton knockoutpssgdly leaves the neutrons as they were prior to
the reaction. Once in the continuum, we deduce teétive distance and multi-neutron correlations
inside the nucleus from the study of their multdipadecay, see [Laul9] for a description of the
method. The experimental results at GSI by [Rewd8te obtained from the measurement of the
guadri-vectors (energy and momentum) of the indiderd the residual nuclei, as well as of the
neutrons, detected at that time in the Land deteéis a key result of our experiment, we have
observed that the decay of tH€ nucleus intd°C + 2 neutrons exhibits an extremely high degree of
neutron correlation, i.e. twice as large as thgdsir ever observed. The neutrons decay in about 90%
cases as correlated pairs, up to an available goért MeV.

3.1.3. State of the art/perspectives

Despite the success of this previous work, we emeoead several limitation&irst, the granularity of
the LAND detector limited the neutron energy resiolu and did not allow the detection of four
neutrons. Indeed, with the insufficient granularfyur neutrons were never seen as four, but raber
two or three neutronsSecond the intensity of the secondary beams was not Bigtugh to reach
nuclei closer to the drip line, where a possiblange of regime of the superfluidity to the BEC is
expected.

RIB from Figure 2: Schematic layout of
Ko FRS& = the R3B set-up.
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NeuLAND  of the NeuLAND detector
(see figure 2), the situation
has already changed
dramatically. Its increase in
granularity leads to an
improvement of the energy
resolution by a factor of 3
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_ - and a further gain by a
Hea factor of 3 will be reached
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fragments once the detectors will be
Protons placed at their final distance
E from the target in few years
CALIFA & SRS RIB.GLAD (35 meters instead of 13

meters). With this increased
granularity, the detection of 4n correlations beesnpossible. A detection efficiency for 4n
multiplicities of about 10-20 % is expected with d@nels of the NeuLAND detector, which is unique
worldwide. The intensity of the primary bedfAr is planned to be increased by a factor of 3 finsh
step, before the starting of FAIR. To increaseltineinosity (by a factor of about 8), we plan to ase
15 cm-thick Liquid Hydrogen (LH) cryogenic targét, construction at the CEA Saclay, to induce
knock-out reactions and detect the vertex of tlaetien in two-stages of Si-strips tracker detectors
around the target.
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We have an accepted proposal to study the evolofipairing correlations (neutron-neutron distance
and amount of direct decay) as a function of thexipnity of the drip line for a cocktail of nuclei
produced after the FRS, such ‘dBe, ''B and?°C. The other goal is to search for possible four-
neutron correlations that would indicate a contidouto the description of the superfluid character
the nuclei. Finally, the much-improved energy ragoh of the neutron detectors will allow us to
study nuclear spectroscopy at the drip line angairticular the search of very narrow resonant state
(linked to generalized Ikeda conjecture) closehtodorresponding emission thresholds (2n or 4n).

3.1.4. Timeline and scientific production

2011: Participation to experimental campaign with AlddND
2016: Study”F and probe the strength of the proton-neutronast®n, 1 publication
2018: Neutron pairing ift®C and®0, 1 publication (PRL)
2019: The multiple facets of théBe nucleus, PhD thesis, work in progress
2017:Proposal approved by the GSI PAC to investigaterse nuclei close to the drip line
2020: Expected schedule of the experiment
202%...: Participation to experiments of the collaboratioew proposals to be presented.

3.1.5. Resources

There is so far neither technical implication norahcial contribution of the IN2P3 to the R3B
project, even though we have strongly benefitethftbis collaboration (full access to data from the
previous campaign, possibility to present a propbasathe GSI-PAC in 2017). There is also a
significant investment by the CEA for the delivefythe LH target and mechanical supports.

The R3B line is not yet fully equipped. Due to mmaguts in the budget, the CALIFA detector,
supposed to detect gamma-rays around the targetelh®s knocked out particles (mostly protons
and neutrons), is not complete. Moreover, the Ne@wDAdetector is not yet completely funded as
well. About 1/3 of the panels (8) are missing, whis a problem for the detection of 4n correlations
that request the full detector to act as a caldemdt would be greatly appreciated by the R3B
collaboration that the IN2P3 participation to R3Bperiments would be associated to financial
support of some of the missing detectors. For médion, the purchase of 1 double panel (DP) of the
NeuLAND detector costs 155 k€. It is also requestegay 1 k€ per year per senior scientist with a
student working on the data analysis, which we hasepaid so far. This is a contribution to the
running costs, in case there is a need to repetector.

Type 2020 2021 2022 2023 2024 total
NeuLAND double | 30® 30 30 30 30 150 k€
planes or Califa

detectors

Travel (k€) 3@+150 2.56% 2.56% 2.5 G4 2.5@ 14.5 k€
PhD (k€) 40 40 40 120 k€
Senior with 1 1 1 1 1 5 k€
student

Total (k&) 35.5 73.5 73.5 73.5 33.5 289.5 k€

“yearly contribution to buy 1 double plane of NetNIB or two rings of CALIFA array in 5 years.
@ For running our accepted experiment supposed seieduled in 2020.

® For 2 yearly R3B collaboration meetings (6 pedpltal).

“ For the participation of the IN2P3 researchersther experiments of the collaboration.

3.1.6. Human resources

Human resources 2020 2021 2022 2023 2024 Total
etp etp etp etp etp etp

Researchers

GANIL: F. de Oliveira, A. Chbihi, G. Verde 0.8 0.2 0.2 0.8 0.2 2.2

LPC: M. Margues
IPNO : M. Assié, D. Beaumel, F. Flavigny

Spokesperson : O. Sorlin 0.3 0.2 0.2 0.3 0.2 1.2
PhD 0.9 0.9 0.9 0.9 0.9 4.5
Total etp 2 1.3 1.3 2 1.3 8.9

Note: It is assumed that the experiment proposezDiL7 will be scheduled in 2020. If any shift osgu
the human resources should be also shifted acglydiistimated time is for running experiments,
attending R3B meetings, participating to tests tbeoexperimental programs. It is assumed thathemot
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proposal will be deposited in the period (2021}hveinother experiment running in 2023. As for shide
work, the time includes data analysis as well.

3.1.7. Competition with RIKEN

The secondary beam intensities at RIKEN are gegeahbut 3 orders of magnitude larger than at
FAIRO. Therefore, at GSI, we focus on nuclei thatdlose or at the drip line, and not several units
further away from the drip line as done at RIKENy(ave study''B instead of'B). We propose to
study the spectroscopy and decay modes of‘Be and'’B nuclei at GSI. In spite of the fact that
these two latter nuclei are bound in their groutades, the 2n and 4n thresholds lie at only aréund
and 5 MeV, respectively, making the observation2of and 4n correlations easily accessible
experimentally with the NeuLAND detector. For tid being, the SAMURAI beam line at RIKEN
no longer has a neutron detector of such efficientgking the 4n decay study rather unique at GSI.
However, neutron detectors are being construcstdileat LPC-Caen, to be installed soon at RIKEN.
Therefore, a long-term strategy on the study ofleiuat the drip-line and on multi-neutron
correlations has to be established between theckrimams (including LPC Caen) and the IN2P3
governance, concerning scientific activities at RNKand / or GSI.

3.2. Two-proton radioactivity
Coordinator: J. Giovinazzo, CENBG

3.2.1. Motivation

The 2-proton radioactivity is a very exotic decagda that can occur for nuclei beyond the proton
drip-line, with an even atomic numb&r Together with the 1-proton radioactivity (for edduclei),

the phenomenon was suggested in the 60’s by thealrptediction [Gol60]. The candidates for such
a decay process, located in #ieb0 mass region, were out of reach at that time th@experimental
observation of 2-proton radioactivity has been ibssafter the development of projectile
fragmentation facilities and the associated fragseeparators. The process was evidenced in the
decay of°Fein experiments at GANIL/LISE3 [Gio02] and GSI/FRSu02] facilities in 2002.

For candidate nuclei, the last 2 protons are nanhtdy the strong interaction, but the ground state
energy is below the Coulomb barrier, which gives life-time

of the emitter. In addition, they are correlatedthg proton-
proton pairing effect: a sequential emission of greton is
energetically forbidden, and the correlated protbage to be —
emitted simultaneously (Figure 3). After the entdgsby tunnel
effect through the barrier, the sub-systemp( or “He) is
unbound.

radius

energy

The study of this decay mode is directly relatethtomasses of
nuclei beyond the drip-line (transition ener@ys), and to the
pairing effect. Calculations performed in a theiosdt 3-body
framework [Gri08] show that the measur@ep correlation

pairing effect

pattern is sensitive to the orbital configuratiohtlee nuclei. & & .7 % ceegees
This opens the path to structure studies of nloteited beyond g A
the drip-line. The experimental observation of @tpn (z‘:';r)

radioactivity induced several theoretical attentptdescribe the A-LZ1

A-2,2-2

phenomenon. Nevertheless, recent results have sthavthese

descriptions fail to reproduce the experimentalltes Figure 3: Schematic description

Today, only 4 long-lived emitters (in tesrange) are known:'¢ 2Proton  radioactivity  dec:

“Fe, “Ni, *zn and ¥Kr, that have been produced at G&'°°°%*

GANIL, NSCL and RIKEN, respectively. Since the puotion rate increases significantly with beam
energy, the GSI/FAIR facility (together with the ERr Super-FRS), with high intensity beams at 1 A
GeV (to be compared with 95 MeV at GANIL, 160 AMeV at NSCL and 350 AeV at RIKEN),
offers new opportunities to produce and study fbssiandidate nuclei up to tle= 50 region.



3.2.2. State of the art

The first observations of 2-proton radioactivityreig@erformed using the standard implantation-decay
technique in silicon detectors: the decay mode @stablished fof°Fe first at GANIL and GSI
[Gio02, Pfu02], then for“zn at GANIL [Bla05], with also an indication féfNi [Dos05]. Since the
implantation in thick detectors does not permitividbial measurements of the protons (that do not
escape the detector), the process was evidencedatiyl through the global observables related to
the decay: transition energy, half-life, branchiratio (in competition withp-delayed protons
emission), decay of the daughter nucleus...

These “discovery” experiments triggered the develept of time projection chambers (TPC) as
implantation detectors, for a direct measuremenhefrelative energy and emission directions of the
protons. This made possible the first direct obaston of this decay process, at GANIL, in the cafse
*Fe [Gio07], using a TPC developed at CENBG [Bla08)r Fhe same nucleus, the first angular
correlation pattern was measured at MSU [MieO7]icivtallowed for the first interpretation in terms
of nuclear structure, based on the 3-body modek &kperiment used an optical-readout TPC that
was also used at NSCL in an experiment that colddrly establish the 2-proton decay of
*Ni [Pom11]. The direct observation of the decay“@h was also achieved [Ascl1]. For these 2
nuclei, with only few 2-proton decay events, thatistics did not allow for a precise enough angular
distribution measurement. The half-life of the &ton emission process of these isotopes, related to
the transition energy, was interpreted with a tegcal hybrid model by combining the dynamics
description of the 3-body model [Gri08] and the leac structure from a shell model
approach [Hon04], with fairly good results.

More recently, the 2-proton decay ¥Kr has been established in an experiment at RIKEN1&po
using standard silicon detectors. In that casediffierent theoretical formalisms fail to reprodube
experimental half-life by about 2 orders of magdéuTwo interpretations of this discrepancy have
been proposed: (1) the decay’ ®fr could be at the transition between a direct aselcuential decay,
depending on the position of the intermediate rasoe [Gril7], (2) the nucleus is located in a ragio
where deformation occurs, which may strongly infice the decay width [Wan18].

Further experiments have been accepted for praimie: correlations measurements*iNi or >*Zn

at GANIL (*Ni being doubly magic, with protons in thg orbital), and iff’Kr at RIKEN. This latter
measurement should provide more constraints odébay mechanism, in particular in the case of a
sequential emission component. These experimenitdbaviperformed using the new ACTAR TPC
device [Rog18, Giol8]. This device has been sufggs®perated in a recent experiment at GANIL
(exp. E690) to observe proton decay from isomestes in>*Ni and>Co. The design of ACTAR
TPC is well adapted for high-energy fragmentatiearhs such as the ones available at GSI/FAIR.

3.2.3. Objectives and perspectives

The purpose of this experimental program is todedor new candidates for the ground-state 2-
proton emission in the region between the magitls#e28 (Nickel) and Z=50 (Tin) and, for the
identified emitters, to perform proton-proton ctat®ns studies. The candidates are proposed
according to the estimates of the 2- and 1-propamation energieSk: the best candidates have
Sp<0 and S;p>0. This will allow us to collect a set of experimi@ information for nuclei with
different structure configurations, across a regiutiere deformation occurs.

The experiments will be performed at the FRS/S#ie®- facility, in two steps: (1) identification of
new emitters using standard implantation-decayriiggte in silicon detectors: this can be achieved
with the NUSTAR/DESPEC collaboration (decay spestopy) and (2) proton-proton correlation
measurements using the ACTAR TPC.

Rough estimates [Blal7] suggest that unprecedemigat rates can be obtained with various primary
beams (consideringd0"* pps):

* [0 *8Ni per day with 58Ni beam;

* [R00 ¢7Kr per day with 78Kr beam;

e [1100718r, (60 75Zr, (110 7°Mo per day with 92Mo beam;

e [110 98Sn per day with 134Xe beam.
These numbers will need to be updated with effedbigam intensities available.



This program does not need specific instrumentadioth detection. The search for ground state 2-
proton emitters can be achieved with standard intateon-decay DSSSD telescopes (such as AIDA,
but silicon detectors thinner thannim would be preferred), surrounded by an array of gam
detectors. The proton-proton correlation experimentl use the ACTAR TPC. This only requires
some technical work for coupling the TPC to theasafor detection system (common trigger dead-
time, time stamping...).

3.2.4. Timeline

The timeline is difficult to estimate since it stgly depends on the acceptance of the proposalseby
GSI/FAIR advisory committee, and the schedulingh®f requested beams. Considering the current
program on this topic (at GANIL and RIKEN), it isilikely that this program at FAIR could start
before 2021 or 2022. We consider here that thererpat (beam time) could start in 2024.

We thus propose the following timeline:

- 2020-2023 join the NUSTAR collaboration and submit the prsgls for identification
experiments, and the letter of intents for the@ation experiments;

- 2024-.., perform identification experiments, and submitogmsals for correlation
experiments depending on the identified emitterspare the installation of the ACTAR TPC
at GSI

- 2025-.., install the ACTAR TPC device at GSI for the ctatimns experiments.

3.2.5. Requested resources

The project does not require any important investnfer technical developments, since it may use
available equipment.

type 2020 2021 | 2022 [ 2023] 2024 total
equipment 10 k€ 10 kE
(ACTAR TPC coupling)
travel 1keD | 1kED [ 2k | 2keD | 15 ke? 15 k€?/ | 36 k€ (up to 2025)
exp
PhD 40 k€® x 3 years 40 ke 120 k€
total 1 kE 1k | 2k€ | 2kE | 65kE 166 k€

(1) for meetings with the NUSTAR collaboration, progsegareparation and PAC meeting.

(2) for the participation of the IN2P3 researcherdimdxperiments: the year is an indication, but
cannot be given precisely.

(3) afirst PhD is requested for the participation andlysis of the first experiments, but another
PhD will be needed for the ACTAR TPC experiments.

3.2.6. Human resources

The table below only includes the estimated paiton of IN2P3 staff. The collaboration from
foreign members, either currently collaboratingtio@ 2-proton radioactivity program or members of
the ACTAR TPC collaboration is reported in the lase.

2020 2021 2022 2023 2024 2025+ total
Researchers
- CENBG 0.1 0.1 0.2 0.4 0.8 0.8 2.4
-ACTAR TPC 0.1 0.2 0.3 0.6
- other IN2P3 0.2 0.2 0.4
Engineers
- CENBG 0.1 0.1 0.1 0.2
- ACTARTPC 0.1 0.2 0.2 0.5
PhD (if any) 0.9 0.9 (+2026)| 2.7
Collab. from abroad (incl. ACTAR TPC) 0.3 0.5 0.8
Total 0.1 0.1 0.2 0.7 2.7 3.8 7.6




3.3. Nuclear moments
Coordinator: R. Lozeva, CSNSM

3.3.1. Motivation

Sensitive to the precise configuration of the naclstates, nuclear magnetic moments are a
fingerprint of thenucleus single-particle structure because theyrdéptongly on th@aucleus orbital
and total angular momentum, being connected tantldear spin via the g factors [Ney03]. Their
investigation for exotic nuclei far from-stabilifgrovides extremely valuable information on the
orbital evolution or any development of collectifThis is particularly important, in the vicinitgf
doubly-magic nuclei, where moments can be the omgsure of the unpaired-nucleon configuration
of the emerging isomeric states [Ney03,Wol05]. Suntbrmation often comes from systematics or
theoretical calculations and appears to be quifgenise in barely explored regions. Isomeric states
are particularly interesting because their exiseoften indicates orbital structure changes orrothe
particular features in the de-excitation of thelaus. In addition to the investigation of the shell
evolution, nuclear moments can serve to revealmaslear structure or shape phenomena as well.

3.3.2. State of the art

Three key regions of the nuclear chart, rich ofriecs and with unknown nuclear moments, are in the
primary scope of the present project, called gSPREE**®Pb, the'®Sn as well as th&’Sn region.
They will be accessed by either heavy-ion fissionfragmentation at the GSI/FAIR facility. In
particular, nuclei along=82 exhibit a variety of nuclear structures at lexcitation energy and-
factor measurements will be probing this onsetadectivity and allow us to probe the competition
between single-particle and collective excitati@rsl search for their coexistence in some new
phenomena. In th&~100 region, a very rapid increase of deformatexpected when varying both
N and Z, which will be studied by measuring the valenceleon configuration of isomeric states.
Besides the relevant single-particle structure spih/parity assignments, we will investigate the
intrinsic properties of thél1l operator and its suggested quenching at the twerars of isospin
from *°°Sn t0**?Sn and beyond. Our pioneering worksgsfactor measurements during the g-RISING
campaigns at GSI [Ney03,Wol05,11i10,Atal0] paved iy for these new investigations allowing 1)
spin-aligned isomeric beams to be maintained ghfland used for nuclear moment measurements 2)
heavy-ions of up té&\~200 to be fully stripped to allow no loss of otiion, which is a necessity for
these investigations 3) nuclear states of diffeisatopes to be accessed and their wave-function
content measured simultaneously, depending on theentum selections using both fission and
fragmentation reactions to produce these cockesihis [Wol05,11i10,Atal0,Kmil0]. Employing the
highly-performant TDPAD technique when implantitg thuclei in a magnetic field environment, we
will measure very exotic nuclei for the first tintleanks to the highly-improved beam quality and
intensity, and the much better experimental cood#iat FAIR [FAI19]. The gSPEC project is tightly
linked to HISPEC/DESPEC project and part of the NWAR collaboration [NUS19] at FAIR.

3.3.3. Objectives and Perspectives

To meet the scientific and technical goals of oujgrt we plan to proceed in several stages,
consisting of 1) full simulations
and detector development; 2)
design study, preparations of the
setup and in-beam tests and 3)
experimental campaigns.

Figure 4. The gSPEC setup at the
Super-FRS at  FAIR.  Similar

positioning at the FRS at GSI will be
used during the commissioning phase
of the project. The main gSPEC setup
consists of an electromagnet (SC
solenoid), system of HpGe detectors
and an ancillary set of detectors as
shown in the inset.
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Performing dedicated investigations requires thestaction of a specific new setup, with

measurements in a high magnetic field environmseee (ig. 4). This includes the use of a high-field
electromagnet and two types of ancillary detecforsvalidation and veto of the implanted heavy-
particle beam. The magnetic device needs to beadelpted to all physical conditions at GSI/FAIR,
including widely-distributed secondary beams, whietults in a relatively large cryogenic system.

Our objective is to use a new specially designqzestonducting (SC) solenoid, which has already
been discussed with suppliers. Its design and ptmiuis one of the technical challenges and can
serve for all types of measurements planned, andirgortantly, can allow very small g-factors to
be accessed for the first time. Challenging tasktdsif, we have started the design study. Provided
financial help is available, it can be terminated @roduced for gSPEC by 2021, for installation and
commissioning in 2022. Carried out by CSNSM, thiscbnsidered as the main contribution to
gSPEC, associated with DESPEC and part of NUSTARe High-purity germanium (HpGe)
detectors with a new DEGAS design are developedlose collaboration with GSI and will be
provided by partners. Our objective is to performspecific modification in their cryostats, which
according to our simulations, will perfectly suit §SPEC and the increase of detection efficiency.
Such modification is being discussed with our TieéRaborators, involved in DESPEC and gSPEC.

We foresee to test the DEGAS detectors during tESPEC campaigns in 2020 and 2021. A
modification of our standard setup, subject of iplét collaboration Lols, requires coupling to
existing LaBr3 detectors provided by partners. Vileehevaluated that these possibilities enlarge the
feasibility of gSPEC over the entire chart of nucleogether with the ancillary-detector R&D and
prototype tests, detailed simulations associaté the project will be performed as soon as possibl
by a postdoc, foreseen for the project. Our nejeatives are preparing the Technical Design Report
(TDR) and sending the MoU/Lol of the collaboratitmthe PAC calls on dedicated experimental
runs. In-beam tests of the assembled system arectexpto start in 2022, followed up by the
commissioning experiment and running the experincantpaigns in 2023-2024 with phase-0. With
the further increase of beam intensities, gSPECawmittinue in phase-1. Additionally, we consider
expanding nuclear moment investigations to the-nddffecult quadrupole moments (providing
information on the nuclear shape [Loz11]). The g@cbjs foreseen beyond 10y scale and represents a
collaboration of scientists from French and inté@oval institutions [Loz19], allowing large
international cooperation and serious impact omti@ear physics investigations of exotic nuclei.

3.3.4. Timeline and Scientific production

2017: Start of feasibility studies+magnet design at CSN8Mkoff gSPEC, FAIR-France meetings;
2018: P2l vis. grant CSNSM; NUSTAR-Annual meeting; FigSSPEC collaboration workshop (RL)
2019: Feasibility studies, simulations of hew detectonfigurations/setups; collaboration agreement
CSNSM-GSI; NUSTAR Annual meeting; Hyperfine comntymeeting (HI19)

2020-2021:TDR, Lol, experimental proposals to GSI/FAIR PA®Iaonstruction of set-up

2022 -2023Detector tests, Commissioning at FAIR-0 (campaign)

2024-2025+Realization of FAIR-1 experimental campaigns, datalysis, and publication of results
We have organized visio-conferences and presehiggroject in several meetings/workshops/conf.
The first gSPEC publication is online [Loz19], dmt detailed one is in preparation. Many future
articles are expected during the set-up developtests and after the experimental campaigns.

3.3.5. Requested resources

Type of budget | 2020 2021 2022 2023 2024 Total
Equipment 120 k€ detectors| 780 k€ magnet | 50 k€ - - 950 k€
(an(_:illary)+ detector+magnet
design magnet manipulators
Running costs | 10 k€ 10 k€ 10 k€ 10 k€ 10 k€ 50 k€
Travel 15 k€ 15 k€ 15 k€ 20 k€ 10 k€ 75 k€
Personnel PostDoc (75 k€) PostDoc (75 k€) PostDoc+PhD PhD PhD 345 k€
(115 k€) (40 k€) | (40 kE)




Total 220 k€ 880 k€ 190 k€ | 70 k€ | 60 k€ | 1420 k€|

Important: The total cost of equipment is estimated to 14&)[Loz19], the requested equipment
would allow carrying a commissioning experimentanpaign in case the ANR/ DFG application for
2020 is not successful.

3.3.6. Available human resources: PhD, post-dodH2&3 permanent staff

[etp] 2020 2021 2022 2023 2024 Total
PhD (incl. dem.) 0.4 0.3 1 1 1 3.7
Postdoc (dem.) 1 1 1 3

Perm. Researcher (IN2P3) CSNSM R. Lozeva, | 1.6 1.8 2 2 1.7 9.1

G. Georgiev, J.Ljungval PNO D. Yordanov, V.
Manea, S. Francho@ANIL J.C. Thomas

Engineers Mechanics/ Detectors/ Electronics/ | 0.7 0.8 0.8 0.6 0.5 3.4
Magnetics) CSNSM H. Ramarijaonal PNO G.
Hull, T. Nguyen Trung_-AL V. Puill, C. Vallerand

Perm. Collaborators from abroad GSI J. Gerl, 1.5 1.6 2 2 2.2 9.3
M. Gorska, P. BoutachkoANU A. Stuchbery, G.
Lane, T. Kibedi TIFR R. Palit, S.N. MishraU.
Athens T. Mertzimekis

Eng. from aboad GSI I. Kojouharov, H. 15 2.3 2.5 2.2 2.2 10.7
SchaffnelANU A. Akber TIFR D. RajneeshU.
Athens G. Zagoraios

Total IN2P3 3.7 3.9 4.8 3.6 3.2 19.2
(incl. Collaborators from abroad) (6.7) (7.8) (9.3) (7.8) (7.6) (39.2)

Important: This project has large international participatigBP18] with core-group researchers and
engineering staff from GSI, ANU, TIFR, U. Athenspdasome CEA/IRFU participation, in the
framework of NUSTAR (W. Korten). Implication of atjuoted researchers/staff for 2024+ can be
considered similar or higher.

3.4. High-precision decay-probability measuremeaitstorage rings
Coordinator: B. Jurado, CENBG

3.4.1. Motivation

Understanding the de-excitation process of mediamamand heavy exotic nuclei at excitation
energies of about 10 MeV is important for fundaraemiuclear physics. In this excitation-energy
range, an excited heavy nucleus decays via diffecempeting channelg-ray emission, particle
emission (e.g. neutrons or protons) and fissiodit(gpo two lighter nuclei). The de-excitation
process is ruled by fundamental properties of nstleh as level densitieg;ray strength functions,
particle transmission coefficients and fission tesst However, when no experimental data are
available, the existing nuclear-structure modelee giery different predictions for these properties
[Arn03].

This lack of knowledge strongly hampers our underding of the synthesis of elements, which are
formed by nuclear reactions in different stellavisonments. Of particular importance are neutron-
induced reactions on short-lived nuclei, which acduring the slow and rapid neutron capture
process. These two processes are responsiblesféoriination of most of the nuclei heavier than iron
The predictions of the neutron-induced cross sestaf interest can differ by as much as two orders
of magnitude or more, and their measurement is difigult because neither the radioactive nucleus
nor the neutron can serve as a target. Neutrors cexgtions of short-lived nuclei are also relefant
the design of new-generation nuclear reactors.

The most promising way to access these cross mecioto use surrogate reactions (few-nucleon
transfer or inelastic scattering reactions) to poed the nuclei formed by the neutron-induced
reactions of interest and to simultaneously measalithe decay probabilities (fission, neutron and
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ray emission). The measured probabilities are ussful to constrain the models and enable accurate
predictions of the desired neutron cross sectiBss]2].

3.4.2. State of the art

The CENBG collaboration has so far used transfdriaelastic-scattering reactions induced by light
projectile nuclei in direct kinematics to form neichear stability and simultaneously measure the
fission andy-emission probabilities [Ducl6, Per19]. Our worls lghown that the differences in the
angular momentum populated by the neutron-inducetsarrogate reactions have to be taken into
account. This is complicated and the studies danéas are not sufficient to establish surrogate
reactions as a standard tool to infer neutron ceesgions in regions where no data exist. This
requires building the systematics of decay proliadsl over isotopic chains involving nuclei in
various mass regions and different reactions. Thgstematic studies cannot be performed in direct
kinematics because of the following limitations}) (navailability of targets from short-lived nuclei
(b) High background from the competing reactionthwle target contaminants and backing. (c) The
heavy products of the decay of the excited nuctrasstopped in the target and cannot be detected
with particle detectors. Therefore, the measureroépt and neutron-emission probabilities in direct
kinematics relies in the detection of theays or the neutrons emitted by the excited ng;lednich is
very difficult due to the very low detection effcicies. The limitations (a) and (c) can be elegantl
overcome by doing the measurement in inverse kitiesman single-pass experiments, where the
heavy radioactive beam passes through a thick ttasfydight nuclei. However, the quality of
radioactive beams is too poor and the stragglinthentarget is too large to allow for an accurate
measurement of the emission angle of the reacéisidues. The accurate determination of this angle
is essential for deducing the excitation energyhef excited nucleus with sufficient precision (few
100 keV). In addition, thick targets often have aows, leading to an unwanted background.

Heavy-ion storage rings offer unique and largelgxpiored opportunities to investigate surrogate
reactions in inverse kinematics. In a storage timgheavy ions revolve with high frequencies and
pass repeatedly through an electron cooler, whitdlgreatly improve the beam quality and maintain
it after each passage of the beam through theniiteyas-jet that serves as ultra-thin, windowless
target. Under these conditions the emission arehebe accurately measured and the target-window
issue is solved.

The GSI/FAIR facility has pioneered and is worlddeileader in the construction and operation of
heavy-ion storage rings. GSI/FAIR is the only figilvorldwide where two heavy-ion storage rings
are connected together (CRYRING@ESR). The ESRed ts slow down and cool the beams that
are then injected into the CRYRING, which is optied for the storage of ions at low energies. The
combination of the CRYRING with the ESR is partanly interesting since the CRYRING is used to
perform the measurements with the fully strippeambled ions, while the ESR prepares the next ion
bunch. In this way, no time is lost in the preparabf the beam. The storage of heavy ions needs to
ensure a minimum of atomic reactions between theedtbeam and the residual gas inside the ring.
Therefore, heavy-ion storage beams are operatedtrarhigh vacuum (UHV) conditions (26 to
10" mbar). This poses severe constraints to in-ringeadien systems. For this reason nuclear
reactions have started to be measured only vegntigcat the ESR [Meil5,Glo19].

3.4.3. Objectives

Our objectives are to develop a setup and a melbggldo simultaneously measure fissignand
neutron-emission probabilities induced by surrogagetions in inverse kinematics at the CRYRING
storage ring, and to conduct a first experimenhwif®®J beam at 11 A MeV on a deuterium gas-jet
target, see [Jurl9] for all the details on the grbjEven though the physics of this project isudie
within the topics covered by the NUSTAR collabavati this project is part of the APPA/SPARC
collaboration [SPA19], which has a very strong liokhe storage rings of GSI/FAIR

The detection system, see figure 5, consists @frcfe telescope to identify and measure the linet
energies and angles of target-like nuclei; a fisgletector to detect fission fragments in coincigen
with the telescope and a heavy-residue detectatetect projectile-like nuclei produced after
emission or neutron emission in coincidence witigdtlike residues. The latter detector is placed
after two of the dipoles of the ring, which willpggrate the beam and the heavy residues according to
their magnetic rigidity. We propose original optsato cope with the very demanding in-ring vacuum
conditions like the use of solar cells, which app&a be a very interesting and cost-efficient
alternative to the typically used silicon detectors
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- ) Figure 5: The wupper part shows a
Fission- Target-like . . .
fragment detectors schematic view of the experimental setup
|d@“*“°'s || to be developed. The trajectories of the
¢ Beam P€am-like rgsi_dues produced_aft_erand
M neutron emission are shown in light blue
| Gas-jet and blue, respectively. They are detected
after the second dipole downstream from

the target. The CRYRING storage ring is
shown in the lower part.

Dipole

Dipole

We have performed detailed Geant4
simulations of the set-up that give
Beam very positive results. They show that it
10A Mev will be possible to reach an excitation
energy resolution of about 300 keV
and detection efficiencies close to
100%, much larger than the
efficiencies obtained in direct kinematics. Theséstanding conditions can only be achieved at the
CRYRING. Thus, this work will be the seed of a ffuli long-term program to indirectly measure
neutron cross sections of many unstable nuclei feogn fragmentation of 4%*U primary beam)
available as beams at GSI/FAIR.

3.4.4. Timeline and scientific production

2017: Start of feasibility studies, presentation of thejgct at the CENBG Scientific Council with the
conclusion¥The scientific council strongly supports this peot and their funding request.”

2018: Detailed feasibility studies at GSI within EMMIsiting professor-ship of B. Jurado

2019: Project awarded with a Marie Curie post-doc felbyp and an international PhD of the CNRS,
applications sent to French/German funding agemddR-DFG and to the ERC (Advanced Grant).
2020-2022:Submission of experiment proposal to the GSI/FRIC and construction of set-up
2023-2024Realization of first experiment, data analysis podlication of results

We have presented this project in more than 15 stamgs and are preparing an article on the use of
solar cells, many articles are expected during#taip development and after the experiment.

Unreacted
beam

Detectors for

beam-like //r\

nuclei Ccy,
z
n

3.4.5. Requested resources

Type of budget | 2020 2021 2022 2023 2024 Total
Equipment 380k€ detectors| 420k€ reaction | 200k€ beam 1030 k€
and electronics chambers and| monitors

manipulators

Travel 10 k€ 10 k€ 10 k€ 20 k€ 10 k€ 60 k€
Personnel PhD (40 k€) PhD(40 k€) PhD(40 k€) 12@k
Total 390 k€ 430 k€ 250 k€ 60 k€ 50 k€ 1180 KE

Important: We have applied for funding to the ANR-DFG and ERQ019. In case any of these
applications is successful, our requested resouwabe IN2P3 will be drastically reduced. See
[Jurl9] for the details on the needed resources.

3.4.6. Available human resources: PhD, post-dodH2&3 permanent staff

2020 2021 2022 2023 2024 | Total

etp etp etp etp etp etp
International PhD CNRS CENBG 1 1 1 3
Marie Curie postdoc A. Henriques CENBG 1 0.6 1.6
Permanent IN2P3 researchers 11 1.25 1.25 15 0.7 5.8

CENBG: B. Jurado, L. Mathieu, I. Tsekhanovich, CR
IPNO: L. Audouin
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Mechanical Engineer T. Chiron CENBG 0.5 0.5 0.5 5.

Electronics Engineer J. Pibernat CENBG 0.6 0.6 0.6 B. 2.3
Instrumentation Engineers B. Thomas, P. Alfaurt CENBES | 0.3 0.3 0.4 0.3 1.3
Total ETP 4.5 4.25 3.75 2.3 0.7 15.5

Important: We insist that the above resources are alreadiablegg an additional PhD student would
increase the total ETP to 17.5. Besides, the prejealves within a strong international collabawati
with the GSI/FAIR, the University of Frankfurt atide Max-Planck Institute of Nuclear Physics in
Heidelberg. There is also a strong collaboratioRremce with the CEA. See [Jurl9] for the detarls o
the collaboration.

3.5. High-precision nuclear fission studies with F®
Coordinator: L. Audouin, IPNO

3.5.1 Motivation

Fission fragments are a remarkable window on nudission and nuclear structure. Furthermore,
many fragment-related observables such as isotgplds, recoil energy or neutron yields have a
direct interest for energy applications, since thrapact macroscopic quantities such as the prompt
energy, the residual heat and the radiotoxicitythef fuel, or the reactivity of the core. Although
fission-fragment mass yields are generally wellsknponly a few data exist for isotopic yields.
Furthermore, outside of the region of long-livedirides, data on fission become extremely scarce.
Measuring fission on exotic systems would providgrangent test for models of fission and strongly
improve our general knowledge of the nuclear dyweamivhile improving the precision and range of
nuclear data is very important for the developnamew options for nuclear energy. For example,
several questions remain pending, such as thenasfgasymmetric fission in actinides whose fission-
fragment yields are centred at Z=54. This stabdity=54, has been explained only recently as being
due to the softness against octupole deformatioruolei around Z=54 [Scal8]. Also, the asymmetry
observed for very light systems such'#¥lg [And10] can only be understood based on collecti
effects from the father nuclei [Warl12]. In orderttiong new elements on these subjects, the SOFIA
collaboration intends to produce data of unprecedemuality for a large variety of fissioning
systems, many of them never-measured previously.

3.5.2 State of the art

An enduring challenge in fission experiments isréach exclusive measurements, in which both
fragments would be fully identified (mass and cledrgnd the fissioning system would be fully
characterized (mass, charge, excitation energyy).sfirect kinematics measurements offer a
complete control on the incident energy; but irtespif recent progresses (especially from the FIPPS
array at Lohengrin), they only bring partial infation on charges and have a very limited range of
systems to explore. The advent of inverse kinematiche 90s has brought two major innovations:
high-precision measurements of nuclear chargesaacelss to a wide range of systems by means of
radioactive beams. The previous SOFIA measureneartsbe considered as state-of-the-art in this
field, since they present an unprecedented resalatn nuclear charge and are the only experiments
world-wide able to direct identify both fragmentsmass and charge. Combined to the identification
of the fissioning system, it allows the measurenaémteutron yields on an event-by-event basis. The
missing parameter in this case is the excitatiargyn it is not measurable due to the use of Coblom
excitation. Note that the SOFIA setup is highly pdamentary with the recent VAMOS fission
experiments [Rod14], in which only one fragmentfidly identified, but where the detailed
reconstruction of the kinematics allows to chandotethe fissioning system and its excitation egerg

3.5.3 Objectives and method

The aim of the SOFIA collaboration is to providgHhprecision data on isotopic yields for a very
large range of nuclear systems, including exotigrtslived nuclei. To reach this goal, the inverse
kinematics technique is used: the fissioning systethe beam. Due to the high velocity of the aentr
of mass, the fission fragments are strongly forwfamlised in the laboratory frame, thus allowing
their full identification (mass and charge) witldirmagnetic recoil spectrometer. Such an experiment
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is only possible at GSI, the sole facility worldwiavhere relativistic uranium beams are availe
Practically, we take advantage of the secondarynbg@duction by the Fragment Separator (FI
using a primary*®U beam at JA GeV. The nuclei of interest are directed into ¢hge C where th
SOFIA setup is installed, thus allowing the studiysotopes with ha-life as short as a millisecon
The fission is triggered iflight by an electromagnetic interaction on a uwamiol lead target. The
choice of this interaction mode, rather than a eackollision, is motivated by its very large cr
section and the low excitation energy it provide$:MeV on average, a range in which the struc
effects still play a decisive rgland close enough to the excitation induced byeanmal neutror—
hence, relevant for applications. The downsid&ésabsence of precise information on the excite
energy on an event-lgwvent basis: only the global energy distributiokriswn

The SOFIA setup revolves around the le-acceptance GLAD magnet, see Fig. 6. It includ
detectors (possibly more in the future), to trac# aentify both the secondary beam and the 2dfie

Secondary beam Fission fragments fragments
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The mass and charge identification process is ainfidr all nuclei: the charge iserived from the
energy loss in an ionization chamber, and the nsaderived from the measurement of the magr
rigidity, time of flight, and charge. The high velty of the fragments allows for a perfectly cle
charge identification (full separatioof peaks is achieved). The mass measurement is
challenging: the excellent precision obtaindd\(A as low as 0,55 FWHM) relies on cutt-edge
performances on the time-fifght measurement (resolution better than 30 psHM\Vis routinely
achieved).

While CEADAM has the leadership of the project, the CNRSRR2s an essential contributor, w
a strong involvement and visibility. IPNO is respiife for the position detectors, namely n-wires
chambers MWPC; they were entirely designed and gally. Similarly, CENBG is operating tt
active target. These systems are upgraded betveedrcampaign. For example, the electronics o
MWPC are currently in full refurbishment: one ofetlichambers has been significantly upgre
mechanically and andditional chamber will be built for the next expeédnt, scheduled in Marc
2020. The performance and flexibility of these MW&E@ such that it has attracted interest fron
Super-FRS community.

SOFIA is not a new project per se: two experimeasahpigns already took place (2012 and 20:
The first served as a demonstration for the mefffedl7] and provided data on a wide range
isotopes in the Th} region. Remarkable consistency was obtained Wighsole previous chart
yields measurement [SAD[) and the data on the Thorium chain [Chal9] sffmsight of a nev
fission mode. The second campaign was dedicatad/émy higl-precision measurement 2°U*, the
analogue of*U+n reaction, the most important reaction in nucteactors. A third capaign is now
scheduled for March 2020, with the ambition to exglfission near the very neut-deficient Hg
isotopes, where fission data are extremely scdroe.2020 campaign should include two additic
fission experiments, one dedicateda first demonstration of a measurement devoteenergy-
dependence of theaction mechanis; and the other to nuclear astrophysics.

The indepth exploration of the effect of the excitatiamergy will be the next step in the fissi
studies. This would be acled by coupling the SOFIA setup to a major instroimef R3B, the
CALIFA array. Using a hydrogen target, CALIFA allewo measure the excitation energy ut
(p,2p) reactions as fission trigger, with a resolutexpected to reach 1 MeV. Such coupling Id
be demonstrated in 2020 using primary beam, andr& womplete experiment is expected in |
years using secondary beams.
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Additionally, coupling the NeuLAND detector woultlaav to directly track neutrons and therefore to
assign them to fission fragments, thus permittinghier testing of the energy-sorting mechanism
[Sch10].

Finally, an exciting challenge for the upcomingngeia the use of #Pu primary beam, which would
allow to study the fission of the whole U-Pu regiomost notably**®Pu* (analogue of**Pu+n, the
main reaction of the U/Pu fuel cycle): high-prearsidata for these nuclei are of paramount
importance for nuclear energy. The development éfuabeam is a major challenge in terms of
radioprotection, but the idea is not regarded asobtange anymore. One should note that many
experiments could also benefit from such a beanichwtvill necessarily be a one-time opportunity
because of the heavy decontamination that wilbfelits use. However, the technical study for this
specific project is not detailed enough to writevda budget or a schedule.

3.5.4 Timeline

2012: First campaign to study the U-Th region (SOFIA-1)

2014: Second campaign focusseddt (SOFIA-2)

2020: Construction of a MWPC, revamp of the readout bf MWPC, SOFIA-3 experiment
(dedicated to the study of the transition towarghasetric fission in very neutron-deficient nuclei).
Data analysis.

2021:Data analysis

2022: Preparation of the SOFIA-4 experiment (dedicatethé influence of excitation energy on the
fission yields for a range of nuclei, possibly ffechain)

2023: SOFIA-4 experiment and data analysis.

2024:Data analysis and possibly development of thedurb

3.5.5 Requested support
The overall investment cost is limited since theF80Osetup is already a reality. Therefore, only
improvements are foreseen.

Type of 2020 2021 2022 2023 2024 Total
budget
Equipment 65 k€ 20 k€ 85 k€
(detectors and electronics) (mechanics)
Travel 8 k€ 2 k€ 4 k€ 15 k€ 10 k€ 39 k€
Personnel Post-doc (1) | Post-doc (1) 100 k€
(50 k€) (50 kE)
Total 73 k€ (2) 2 ke 74 k€ 65 k€ 10 224k€

(1) Considering the lack of manpower at IPNO onttigc of fission, a postdoc position is clearly a
priority. Since the 2020 experiment is now a clpsespective, we assign it for the next-in-line
SOFIA measurement.

(2) Due to the large magnetic field leak of GLAD, additional MWPC will be built for the 2020
campaign. The largest part of the budget correspomch full replacement of the readout of these
detectors (1000 channels total). In addition, tb2Rcampaign requires a strong presence at GSI.

3.5.6 Human resources

The present human resources dedicated to SOFEnmstof permanent researchers are fairly limited
(mainly 1 MCF at IPNO). While the visibility and pact of CNRS would clearly benefit from an
increase in human power, the CNRS has well-idedtifinon-replaceable responsibilities in the
collaboration and gains weight due to the involvetnw# its technical services.

2020 | 2021 | 2022 | 2023 | 2024 | Total
(etp) | (etp) | (etp) | (etp) [ (etp) [ (etp)

PhD (expected from Graduate School of Saclay) 1 1 1 3
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Post-doc (CNRS) 1 1 2

Permanent researchers : 0.6 0.5 0.5 0.5 0.5 2.6

L. Audouin (IPNO)
B. Jurado (CENBG)

Instrumentation engineers : J. Bettane, L. Vatrinet(IPNO) 0.50 1 1.5
Electronics Engineer : T. N. Trung (IPNO) 0.20 0.2
Instrumentation technicians : 1 2 3

M. Imre, L. Seminor, B. Geoffroy (IPNO)

Total 2.3 15 5.5 2 0.5 12.3

3.6. High-resolution laser spectroscopy of Supeaye Nuclei
Coordinator: N. Lecesne, GANIL

3.6.1. Motivation

Despite of the prediction of a so-called islandstaibility, characterized for superheavy nuclei (HN
by the next proton and neutron shell closures ba¢S®b, already in the mid-sixties of last century
[Sob66, Mel67], the quest for superheavy elemeditt) is still at the forefront of interest in nuate
chemistry, nuclear and atomic physics researchvitees. This is illustrated and underlined in
[Dull5], covering all aspects of SHE research, anthe more recent reviews on SHE synthesis
[Ogal7] and SHN structure features [Ack17].

The nuclear properties of quantum mechanical orfgirell effects) allow for the stability of SHN
beyond Z=100-104. They make the synthesis of nweiii up to 118 protons possible and are the
basis for predictions of the existence of even legasystems with higher atomic numbers. These
features manifest themselves in trends towards Bigh nuclear deformation, metastable states (K-
isomers) and other single particle and collectivel@ar properties. Some quantities, like nuclear
quadrupole moments, charge radii, etc. can be figated by employing complementary atomic
physics methods, such as precise mass measuremepénning traps [Ram12] and, in particular,
laser spectroscopy as highlighted by the first nlzd@n of an optical transition in nobelium (Z=302
[Laal6].

The variation of the spectral energy of a givenmatoexcitation along a chain of isotopes as well as
the hyperfine structure (HFS) splitting for isotedeaturing a non-zero nuclear spigQ) has been
investigated for*>**No [Rae18a]. Those measurements provide accedssevables like magnetic
and quadrupole moments, and isotope shift, revgalive character of the underlying nuclear
configuration. In particular K-isomers combininggie particle with collective properties are ide=al
benchmark nuclear models, as they are formed lgfesor multiple 2-quasi-particle excitations built
on the basis of an axially deformed nucleus [Mel67]

3.6.2. State of the art

High-resolution optical measurements of the atolei@l structure readily yield fundamental and
model-independent data on nuclear ground and isorsetes, namely changes in the size and shape
of the nucleus, as well as the nuclear spin anttrelmagnetic moments [Cam16]. Laser spectroscopy
combined with on-line isotope separators and nawelmanipulation techniques provides the only
mechanism for such studies in exotic nuclear system

One challenge is to access the heavy element regitme nuclear landscape, which exhibits rather
scarce information from optical studies. This refdea combination of the difficulty in producingcsu
elements (low production cross sections) and a tdcétable isotopes (thus few optical transitions
available in literature). Indeed, the past yeargelseen a number of exciting developments including
optical studies of exotic atoms produced at theellef one atom-at-a-time [Laal6], and high-
resolution spectroscopy in supersonic gas expaskarl?].
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Laser spectroscopy on nobelium was performed irRABRIS experiments U290 and U293 behind
the velocity filter SHIP at GSI. In these experigeean optical 18> 1P, ground state transition in
nobelium has been identified for the first time §ll&]. This transition has been measured for the
isotopes®No, *No, and*No. From the obtained isotope shifts in combinatieith atomic
calculations the change in the mean square chadpesrhas been deduced. This shows that nobelium
features a maximal deformation in this region adjmted by nuclear-model calculations and results
of in-beam data for nuclear excitations of rotagiobands beyond 2@. Further investigations
employing laser spectroscopy at SHIP will conceaten more exotic nobelium isotopes and on the
extension of laser spectroscopy towards the neattibeelement Lr (Z=103). However, the technique
suffers from limitations regarding resolution aruk thalf-life of the investigated nuclides. These
limitations can be overcome by performing lasercgpscopy in the gas jet as it was demonstrated
recently on-line for short-lived Ac isotopes [FeflA new set-up realizing this concept at the
velocity filter SHIP has been designed for highstagon spectroscopy on short-lived isotopes and
isomers and is part of this project as describdalhe

3.6.3. Objectives

To achieve a higher spectral resolution for theedapectroscopy in the gas jet effusing from the g
cell, an advanced setup is presently being impléateat the velocity filter SHIP at GSI/FAIR
[Rael8b] (see fig. 7). We propose to provide theHOpump laser for the high repetition rate narrow
bandwidth laser system that is needed for thisgeepA similar configuration will be implemented
in the near future at the super separator spectesrelow energy branch ¢4.EB) presently under
construction at SPIRAL2 of GANIL [Fer13].

Figure 7: Concept of the gas cell for laser
Laser beam spectroscopy of heavy elements in a

m supersonic gas jet. The recoil ions (green) are
DC Cage DC Funnel ) therm_ahz_ed in the_ gas cell and gu_ldeq by
. i . electric fields to a filament for neutralization.
1l The neutral atoms (orange) leave the cell
Filament 11 .
- Jel through the nozzle and laser spectroscopy is
IN— "f:* performed by resonant ionization in the low-
wll% ====®" ) aser density and low-temperature gas jet. For
g |. | RFQ beam  jqt4iis see ref. [Rae18b]. (Figure and caption
nozate taken from [Rae18b]).
Entrance ) L . .
window Gas cell Jet chamber These improvements will allow us to

determine nuclear moments BfNo and
#*No with high precision. They will also enable intigations of the K= 8 isomer (T,= 270 ms) in
#No, for which contradicting interpretations of gsasi-particle excitation configuration have been
put forward based on decay spectroscopy, and ppds#tp to understand the much-debated short-
lived K™ = 16" isomer (.= 200 s) at 2 MeV.

The proposed experiments are a natural continuafionr successful laser spectroscopy program and
are presently only feasible in combination with tleocity filter SHIP at GSI. In the future, those
experiments will continue at’Swhich will offer higher production rates to acséeavier nuclei and

a unique Low Energy Branch setup [Ferl13], combiriigh resolution laser spectroscopy with mass
measurement capabilities. Those new opportunitere wtated in the 2017 IN2P3 Scientific Council:
“S3-LEB offers unique opportunities in terms of imeype and intensities. This installation will be a
flagship tool for the community in the coming dex’ad

3.6.4. Timeline

2017: Proposals accepted at the GSI G-PAC for RADRIS andas-jet laser spectroscopy
experiments (U313, U314)

2018: Construction of the new detection set-up protofigpdnigh-resolution spectroscopy

2019: Realization of RADRIS studies at SHIP of GSI/FAI® *No and first tests for in-gas-jet
laser spectroscopy experiments (U313, U314)

2019-2022:Realization of the in-gas-jet laser spectroscofpeements with an improved setup (high
repetition rate narrow bandwidth laser system)

2019-2021:Final construction of the®3.EB instrumentation and off-line commissioning L&RC
Caen
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2022:Mounting of LEB instrumentation at Sommission and first test in-beam
2023: Start of Day-1 experimental program &t S

3.6.5. Requested resources

Type of budget 2020 2021 2022 2023 2024  Total

Equipment 100 k€ pump laser| 15 k€ Laser| 10 k& Laser 125 k€
10kHz consumable consumable

Travel & meetings 2 ke 2 ke 2 k€ 2 k€ 2 k€ 10 k€

(+accord IN2P3)

Personnel PhD (40 k€) PhD (40 k€) PhD (40 k€) 120 k€

Total 142 k€ 57 k€ 52 k€ 2 k€ 2 k€ 255 k€

Important: This contribution covers part of the new lasertesysneeded at GSI and a PhD Student
located part time at GSI and at GANIL

3.6.6. Available human resources: IN2P3 and CEAnpeent staff

2020 | 2021 | 2022 | 2023 | 2024 | Total
etp etp |etp |[etp [etp |etp

Permanent staff 2 2 2 2 2 10
GANIL: N. Lecesne, H. Savajols, D. Ackermann, J. PigtC. Stodel
IPNO: E. Minaya

Irfu/DPhN : M. Vandebrouck, B. Sulignano

Important: The project evolves within a strong internationallaboration with the GSI/FAIR, the
Helmholtz Institute of Mainz, KU Leuven, the JohaanGutenberg-University of Mainz, the
University of Liverpool, TU Darmstadt, the Ernst-Ma-Arndt-University of Greifswald, CEA

Saclay, IPN Orsay, the Max-Planck Institute of MaclIPhysics in Heidelberg, GANIL and TRIUMF.

4. Summary of scientific objectives and requested stipp

We have presented six experimental programs coeduny IN2P3 researchers to be realized at the
GSI/FAIR facility in the next five years. The difnt projects aim at investigating nuclear propsrti
and nuclear reactions over a large range of nugteng from relatively light systems near beryllium
(Z=4) up to super-heavy nuclei (Z=103). The coveieuics belong to the physics included in the
NUSTAR collaboration. The proposed experimentalhods are original and based on cutting edge
technology.

Pairing correlations will be investigated at th@tedges of the nuclear chart, close to the newinon
the proton drip lines. In the first case, neutremtnon and four-neutron correlations will be
investigated by using knock out reactions and nméaguhe reaction residues with the R3B set-up.
The high energy beams and the NEULAND neutron detenake of GSI/FAIR the ideal place for
carrying out these measurements. In the second pasen-proton correlations will be investigated
by measuring the decay products of the two-prosutioactivity of very neutron deficient nuclei
located between Z=28 and Z=50 at the FRS or therSERS. The GSI/FAIR facility with its high
energy and high intensity beams offers unique dppdres to produce and study possible new
candidates for this very exotic decay.

The g-spec project will explore the single-partisteucture of isomeric states located n¥&ar*%sn
and?®Pb via the measurement of nuclear magnetic monwititsa new set-up located at the Low
Energy Branch. Magnetic moments of very exotic eualill be measured for the first time thanks to
the highly-improved beam quality and intensity, aheé much better experimental conditions at
GSI/FAIR.

High-precision probabilities for fissioy,and neutron-emission of nuclei located clos&4d will be
simultaneously measured at the CRYRING storage fihgse data will provide new insight into the
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de-excitation process of heavy nuclei and enablehmmore accurate predictions of neutron cross
sections of short-lived nuclei. These studies aally be performed at GSI/FAIR, which is the only
facility worldwide that operates two inter-connattgeavy-ion storage rings: CRYRNG@ESR. The
SOFIA set-up will provide for the first time highigxision fission-fragment isotopic yields of very
neutron-deficient and neutron-rich fissioning nucdlowing for a stringent test of fission models.
Such an experiment is only possible at GSI/FAIR; fole facility worldwide where relativistic
uranium beams are available. The project at CRYRIAIGI SOFIA provide complementary
information on the dynamics of nuclear fission. Tiret one is sensitive to the evolution of the
fissioning system from the ground state to theidisdarrier, whereas the second is sensitive to the
descent from the fission barrier to scission.

Finally, the structure of super-heavy nuclei clas@=102 will be studied by means of high-precision
laser spectroscopy, allowing for a deeper undedstgrof the shell effects that are responsibletier
existence of the heaviest nuclei. The proposedrarpats are presently only feasible by combining
laser spectroscopy in a gas jet with the velogitgrfSHIP at GSI/FAIR. In the future, the sameetyp
of experiments will continue at' 8 SPIRAL2/GANIL.

Total requested resources:

Type of budget 2020 2021 2022 2023 2024 Total
Equipment 695 k€ 1245 k€ 310 k€ 30 k€ 40 k€ 2320 k€
Travel+running costs 51.5 kE 43.5 k€ 46.5 k€ 72&E 60.5 k€ 274.5 k€
Personnel (PhD 115 k€ 155 k€ 285 k€ 170 k€ 120 k€ 845 k€
+Posdocs)
Total 861.5 k€ 1443.5 k€ 641.5 k€ 272.5kE 2206 k | 3439.5 k€
Total available human resources:

2020 | 2021 2022 2023 | 2024 | Total

etp etp etp etp etp etp
PhD 1.4 1.3 1 3.7
Postdoc (Marie Curie fellow) 1 0.6 1.6
Permanent researchers (IN2P3 and 6.5 6.05 6.35 7.6 6.5 33
University)
Permanent Engineers (IN2P3) 3.8 2.2 5.3 1.6 0.8 13.
Total ETP 12.7 10.15 | 12.65 9.2 7.3 52
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