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GANIL -SPIRALZ FACILITY -RECENT ACHIEVEMENTS AND °
UPGRADES ¢
R. Ferdinand, P. Anger,-B. Bernaudin, F. Chautard, H. Franb&sglahaye, M. Lewitowicz, _
X. Ledoux, FLutton,A. Orduz, H. &vajols, A. Savalle,-C. Thomas S
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Abstract based facility. The SPIRAL2 LINAC commissioningfg

started in July 2019 immediately after the authorizatiors
The first test experiments started from Dec 2019 using prg-
ton beams and froec 2021with deuteron beams. Three ©
new experimental halls for exploiting stable, neutron ang

(SPIRAL?2) facility covering an exceptionally broad inten-fadioactive ion beams are available. The GANIL facility is-

: - multi-beam facility, operatingup to 5 simultaneous y
sity range, from nanoamperes to milliamperes further ep- ) . 2
hancesthe scientific opportunities of the laboratory. Th eams: IRRSUD, SME, CSS high energy, CIME, SPI

first proton beams from the LINAC were produced in 201 AL2, which renders GAIL unique in the world. Com- é,’@
and is operational for physics experiments since Z08e. plementary atomic physic studies are also made in ARIBE.

: P . The paper will briefly summarize the cyclotrons operas’
lotron ration and the initi rational challen . X . . .
cyclotronoperation and the perational challenges tion and discuss in more detail the LINAC operation. Some

The GrandAccélérateur National d'lons Lourds (GA-
NIL) is a multi-beam facility, unique in intensity, particle
types and simultaneous productidme Systéeme de Pro-
duction d’lons Radioactifs en Ligne dé™2 génération

ilnl\c: Ajgssggstlirrgﬁg 't:hoer gfiter){s: r(T\lng;) ?aecrizlj‘i;g; gfret?e new results related to time optimized LINAC tuning ands
i 3 N

sented The physics program at GANEPIRAL2 is théV\%O'{‘ﬁ&tscﬁjérgutlgxg%nxﬁyagtoC;'g"(\jlg‘s C(rsigEdSIR ?

briefly presentedTheongoing upgrades and developmenté\I ' ' : °

es_sentlal to sustain increasingly ambitious pure and applied GANIL -SPIRAL2 FACILITY p

science prograsarealsopresented. _ 0

Figure 1 shows the cyclotrermand SPIRAL2accelera- *°

INTRODUCTION torsalong with the associated experimental halls
GANIL-SPIRAL2 [1, 2] is primarily focused on cutting GANIL constructionwas decided in 197[3]. Between

edge research in nuclear physics, nuclear astrophysics, %8?3 and 1990, the facility relied on a cascade of three

clear data with complementary programmes in astroche

arm cyclotrons (i&o1,=30, Kcsg=400, Kcss=400.
istry, material irradiation, nanstructuration, radiobiology here is aebuncher between the injectors andfirse sep- 3
and industrial and medical applications.

arate sectors cyclotron (CSSahd a stripper between o
The field of lowenergy nuclegphysics is undergoing an
important transformation based results obtained at var-

CSS1andCSS2 A wide spectrum of stable and radioactive”
ious facilities in Europe such as GANIL in France, GSI

ion beams hze been deliveredisce 1983. Y
FAIR in Germany, ISOLDE at CERN, JYFL in Finland an

WD

The five cyclotrons of GANIL allowhe acceleration of o
ions up to 99MeV/u for “light” ions and up to 25 MeV/u "@”
LNL & LNS in Italy andworldwide facilities in Canada or\/urgnlurr}[. hni h b d | dt h b
Ching JapanKorea,RussiaUSA. These results have fur- arious techniques have been developed 1o en anégﬁe
ther motivated very ambitious efforts worldwide to pro-beam intensities, expand the_ range of a\(allable Isotop o
duce and study nuclei far from stability using Radioactiv’émd improve °Vefa” bea_m reliability. .A major uE)grade OC"I
lon Beams In the European roadmaBAIR and GANIL- curred in 2001 with the |m'plem_er1tat|on of the _Cyclotron@
SPIRAL2are clasified as ESFRI landmark facilitiesith pour lons de_ Moyenng Engrgl_e (CINIEenabling the i
complementaryradioactive beamsroduction methods postacceleration of radioactive ions produced at the SP;
The FAIR facility will use highkstable energy beams (up toR'f“L1 facility. In this sc_:heme, th_e CS.S cyclot_rons SErve as
1 GeV/u) of heavyiens and will have an unrivalled poten-dr'vers for the producthn of r§d|oact|ve species, using sta,}
tial to produce the heaviest exotic nuclei far from stabilit)?r:(; tl)Segantseirsg_megted in a thick carbon target accordmgio
The GANIL cyclotron facility delivers higfintensity sta- These beam?gré delivered to different experimental ;r-
ble beams up to uranium, as well as exotic nuclei produced hosting #a . fd d P &
via both inflight fragmentation and the ISOL (Isotope Sep;[ehast (I)lstln% trglge(;/artle(tjy 0 fetectl(grant spect(;ometer o
aration OnLine) technique through the SPIRALL1 facility. . ata ?W ae alde stu .|e|s of huc uclure ?n i reac-
Radioactive beams from SPIRAL1 can be used directly 'f;:sna ('zm::nai? T]:re”z SCL?inf;:ZSIXVGI,?l%pRﬁa |rorns. o
re-accelerated while preserving high optical quality. Toéon?bi%es?he' Ia? Ce so?gh ?:co(i/era eo_f tHNDRz d?-/ o
gether with facilities such as SPIRALESOLDE, and tector with the h? h isotogic resoluti%n of tRAZIA de- o
JYFL, and in the future SPESat LNL and : > g pic )
ISOL@MYRRHA GANIL will enable highprecision tector. This unique combination makes FAZIINDRA a
measurementat I’ow energy that are com?rhentary to powerful instrument for studying reaction dynamics, frage
those performed with the more energetic beams of FAIREI](SQ: ::;tr::tlon, and isospttependat properties of nu-
GANIL has been operational since 1983, as a cyclotro "The GANIL ACTAR TPC detector is a nexienersion
al|t oa/D T DQO363x EOEEOHD3 al|fapU
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CANIL

Figurel: Schematicview of GANIL accelerator complex.

activetarget designed for experiments with verydow [10]). The choice of cryomodules containing oilge or
tensity radioactive ion beams. It uses a gas volume that at® cavities results from an optimization driven by the
simultaneously as the reaction target and as a detector,@lysicsprogram requiringa wide range of beasin terms
lowing the threedimensional tracking of charged particlesof energy, intensity, and ion mass. Such a configuration
produced in nucleaeactions. ACTAR TPC is particularly cryomoduless challenging to operate
suited to studying rare processes and the structure of exotic
nuclei near the limits of stability, including resonant reac Table 1 SPIRAL2SCLINAC Bearrs

tions, clustering phenomenaxotic decay modeand nu-  Farticles H* D™ lons gi\m
clear astrophysics reactions. AIQ 1 2 3 7
The LISE spectrometer JAvas the pioneering instru- Max | (mA) 5 5 1 1
ment todemonstratand exploit the potential of producing Max E (MeV/A) 33 20 15 7
nucleiand study reaction mechanisuesy far from stabil- Beam power (KW) 165 200 45 49

ity. The complementary spectrometer VAM®SIs a high
acceptance spectrometer and has the highest A, Z resoluFhe number of cryomodules (19) is comparable to those
tion at energies around theoomb barrier. Itprovides of the larger and more powerful SNS accelerator (23), how-
new avenues to nuclear structure and reactiodies ever, the latter has a much larger number of accelerating
The European AGATA detector is a highly segmentedaps.The choice of modern superconducting vs room tem-
high-purity germanium detectarrayusing -ray tracking. perature cawt design is not only linked to higher beam
When coupled with VAMOS++ and other ancillary detecintensities and energies but also to the availability of larger
torsincluding EXOGAM it allows in-beamand off beam apertures necessary for better control over beam losses.
-ray spectroscopy of exotic nuclei produced with stable or However, this configuration may introduce an opera-
radioactive ion beam#GATA presently at LNL, Italy tional risk over time, as the cavities are located in close
will return to GANIL fornew campaigs coupled with proximity to the warm focusing sections, which can repre-
GRIT in 2029. sent potential sources of contamination that could induce
SPIRAL2o0n the other hand isreewhighpowersuper- performance degradatiorRF and cryo performances are
conductingLINAC (SC LINAC) acceleratof5-7]. It is therefore carefully monitoreds we observe limitingield
based onwo injectors, one for light iong( d and one for emission for two cavities down from 6.5MV/m to
KHDY\ LRQV . A&third"one NEWGAIN (NEW 5.8MV/m. No further degradation k&#een observed since
GAnil Injector) is under construction for A/Q7ions The 2022.
RFQL acceleratebeams to 0.781eV/u, followed by the Among he main achievement of the 2029-commis-
SC LINAC with 26 cavities and the high enerdines sioning was the SCINAC designvalidationby demon-
(HEBT).ThisSCLINAC can accelerateothCW lightand  stratingduty cycle 0fL0% of the nominal beam powgYe
heavy ions up to energies shown in tabl&He SPIRAL2 achievedl6 kW [11] in October2020,which represeistan
SCLINAC [6, 8] includes 12 Atype cryomodules, each operation equivalent and validation of the designed power
comprising one lowbeta cavity ( = 0.07,developed by of 165kW (theoperationat 16kW was limited only by the
CEA/IRFU [9]) and 7 Btype cryomodules, each housingsafety rules of GANILrelated to the allowed activatiari
two higherbeta cavities ( developed by 1JCLab the beam dumpThisdemonstrationvas possible due to a
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comprehensivanalysis of the transverse and longitudinalo study nuclei produced by fusi@vaporation reactian o
tuning and the improvement of the LLRF feedback andith extremely small cross sections using kligh-inten-
feedforward systems.t®lies were also made using alphaity heavyion beamgqFig. 2). Its primary goal igthe nu-
beamsThe last step of the commissioning was the powelear structure studyf superheavyucleiandneutronde-
rampup to 10 kW with a 5 mAleuterorbeam transported ficient isotopes near the proton drip linesing a various
to the beam dump in CW modé&2[13], validating the techniquesranging from laser spectroscomnd mass
200kw deuteronpower design. The measured losses, aneasuremertb decay spectroscopyhe spectrometer op-
for theproton16 kW power rampip, were controlled and tics relieson a twostage configuration combining a mo-
limited, using transmission monitoring (ACCT, DCCT), mentumachromat section followed by a higésolution
BLMs, BPMsand pressre variations in the warm sections.massseparation stag&? is constructed by national and in-’
During thetwo power rampups, the BLM measurements ternationakollaboration
were below théSANIL 1W/m limits and the operation of = Thespectrometer relies on a series of laagerture mul-
SPIRAL2 up tofull power was validated from extrapola-tipole elements, dominated by sevenp&rconducting
tions [12,13]. SC LINAC tuningswith 0% and “°Ar'#*  Multipole Triplet (SMT) magnetsbased on NbTi Technol-
beams, at energies @fand 14.5MeV/A, were also suc- ogy. Each SMT integrates dipolguadrupole, sextupole, 1 W
cessfullycarried outin 2022[14]. and octupole field components within a single compact
The Neutrons for Science (NFS) halb], using high- cryogenic assembl82]. This multifunctional magnet con-
intensity primary proton or deuteron beams from SE€ept enables strong focusing while simultaneously correct-
LINAC on a Be convertor provides the mostintensasy  ing upto the thirdorder optical aberratiorend preserving

- ES -Z

§|6€°86D3 DO 366&E YD|

>

mono-€nergetic neutron beams tp33 MeV and continu- a large acceptance o
ous neutron spectra up 40 MeV respectively Various . P
characterizatiosito better define the beam properties have 0
been madell, 17]. The neutron beasnare being used for é
a rich prgram in applied and fundamensaience. Among o
others these includgsecise measurements related athb o
fission and fusion react®f18, 19|, nuclear dataZ0, 21] °
andmaterial scienc€22]. In addition these neutron beam @
have also beensed fo studies related to activation in ra- <
diotherapy acceleratof23]. The proton and alphparticle C.“" ' -
beams from LINAC have also been used in the NFS hall,, ..a =
to optimize production isotopes for medical use, IiR&lb ©
[24] and innovative -emitting 2!!At isotopes[25]. De- Figure2: Super Separator Spectrometer o
tailed studies were also performed of the fission processThe $ spectrometer is still under assembly, due to tecfg
and of pygmy resonances [26] nical challenges with the operation of the SMTs. Wy

To further increas¢he beam intensity, a new injector, By combining innovative magnet technology with high-@L
optimizedfor lower charge states (A/Q=7) with super- intensity beamand stateof-the-art detectioomeansthe § .
conducting ion sourcand a new RFQis under construc- spectrometer will significantly extend the capability of the@

tion —the NEWGAIN project. SPIRAL?2 facility to explore the limits of nuclear stability
SPIRALZ2’s experimental hall DESIR (Decay Excitationand the structure of the heaviest and most exotic nuclei. o
and Storage of Radioactive lon&)7[ will be a new low Both the cyclotrons complex and the SPIRAL2 facilitye

energy facility dedicated to precision seslof ground are connected through the DESbRilding completed at

|
state nuclear properties like mass, nuclear shapedeand the end of 2025. 8
cay mode using trapping, decayand lasesspectroscopy |
techniques. It will receive radioactiveeams from both OPERATIONAL EXPERIENCE ©
SPIRAL1 and & The construction of the associated build- 8
ing was completed in 2025 and we expect to start the facﬁ:y(:lotroﬂS N

ity operation in2028. From the beginning of operation, the cyclotrons at
The main asset of the DESIR facility thehigh purity  GANIL typically delivered$000 hours of beam per year. 2
and optical qualityf the secondary beams R¥Q cooler Investigationson downtime cause§-ig. 3 have shown
will reduce the emittance of the ion beams (@ntEnrad, that many are related to the aging of the cyclotron systems.
(E ~1leV @ 30 keV) before they are sent to a high resolln particular, water leaks inside the cyclotroveye identi-
tion massseparator (M{M~20000) recently commis- fied as a critical concern. )
sioned[28]. Radioactive ion beams will be further purified In addition, a short circuit was recently detected in the
(M/ M up to 10) before being sent to the experimentamain coil of the CSS2 cyclotrofihis event likely resulted
setups with the combination of a General Purpose Idrom rainwater damaging the resin protection of the coi
Buncher and Cooler (GPIB, [P9and a double Penning and drying successfully resolved this issiecaused sig- @
trap (PIPERADE [30]). nificant downtime impacting experiments scheduling. A~
The S Super Separator Spectrome]fis a new large- dedicated study has been initiated to evaluate possible coll
acceptance magnetic separator under installation, desigmeglacement strategies and to estimate the associated
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maintenance time. The availability (including beam time for physics, beam
tuning, machine studies, and standby operation) is shown
e : in Fig. 5 It reached high values in the early years of oper-
EF T ation, exceeding 90% in 2022 and 2024. In 2023, however,
oy e availability was reduced due to the loss of the SC LINAC
reference phase aridle malfunction of the NFS rotating

deuterorto-neutronconverter 85, 36].

14%

Beam downtime (%)
(=] _- N w - w <)) ~J 0o

12%

Water leak  RF system Power Sources Safety z 10%
supply particles systems E -
Figure3: Distribution of the 5 main reasons for the cyclo-§ . Tor beam tme I}
tron downtime @ o m2023 1767 |
W 2024 1527
SPIRAL2 SC LINAC o | | | 1L &
Since 2022, SPIRAL2 is operating f€ monthsayear, i T :: Prai e
providing beams not only fgzhysicsexperiments at NFS i3 & L 58 5 ¢ 8
- but also for dedicatestudies of beam dynamics, diagnos- £ 5 2
tics developmentand RF studiesThe objective is to opti- Figure5: Breakdowndowntime of theLINAC.
mize the tuning time and increase automation. o o )
During its fouryears ofoperation about 25 physics ex- In 2025, beam availability was significantly impacted by

perimentsand industrial applicaticrand10machinestud- @ Singlefaulty powerinverter, an effect amplified by the
ies were successfullgonducted. More thaB0% of the limited total SCLINAC operating timeKig. 5). Additional
physics program at the NFS experimental s carried incidents mc_:luded a failure of a rebuncher tuner system and
out with D' beamsyith delivered intensities between 9 u42 bgeam tuning error that damaghe SBS.
to 47 puAon target, using the SingRunchSelector (SBS),
after the RFQ, operating at 1 bunch/{@8perimental re-
quirements)Thuseachremainingbunchcontains particles
equivalent to a CWL88kW beanat 40 MeV

Two methods have been successivddyeloped for the
SC LINAC tuning [33]. The “advanced methodteter-
mines the voltage and phase of each cavity using an i
proved phassacan technique designed to reduce phas
measurement uncertaintied3]. The “referencésased
method" re"es on CaVity Settings Obtained during a pric 12 3 4 56 7 8 9 1011 12 13_ 14 15 16 17 18 19 20 21 22 23 24 25 26
reference tuning and determines updated parameters frpun o e cavitvd b inal tuni
the phase measured on the BPM located upstream of h'.%:”e ) a}\{lty ieldcomparison etweer) nominal tuning
cavity [34], thereby avoiding the need foavity detun- with all cavities andesttuningwithout cavity #6
ing/retuningand bearvoff measurements. To date, the shodryomodule design has not adversely

The tuning time of the SCINAC that wastypically 1- affectedLINAC performance and remains a robust and
2 days with the advanced methodafsproximately 1o 2 well-adapted solution. Nevertheless, substantial machine
hours usingthe newreferencebased method. Since 2024,development time has been devoted to implement auto-
the SC LINAC is tuned using a single taéition, reducing matic tuning procedures with cavities switched [&6]
the overall tuning time by nearly 42%s shown in Fig..4 (Fig. 6). This capability proved particularly valuabfor
This also improved beam reproducibility and increased rehe eleventh cryomodul¢CMA11), the prototype unit

4

Design value 6.5MV/m

ity field (MV/m)

—+-Actual performance

-e-Nominal

Cavi

-+ Without cavity #6 2023
-=-Without cavity #6 2024

8
7
6
5
4 +
3
2
1
0

liability [ 35]. equipped with a different RF coupler that developed a vac-
s0% o O ) uum leak during a shutdown period. In 2025 the CMA11
e was removed. Itfaulty coupler has since been replaced,

4o% mae oo _ and the cryomodule is scheduled for reinstallation in the

near futureand should bavailable by mieR026.

30%

BEAM TIME (%)

FUTURE DIRECTIONS

Severahew projects are ongoing to further improve the
| scientific, societal and industrimhpactof the facility, be-
. low some of which are briefly described

Physics Tuning time Standby Machine studies Beam trips (and
post trip tuning)
CYREN
For more than 40 years, tBANIL facility has provided

Figure4: Availability of SPIRAL2 LINAC.
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stable and radioactive ion beams for fundamental, appliGdANIL Accelerators)project is a strategic initiative aimed °
and industrial research using tfige cyclotrons. Since at broadening the range of technological applications ac-
2010, however, maintenance and refurbishment of the agessibleat GANIL. SAGA promotes the development of
clotrons hd been reduced to a minimum maitlye to the new experimental programs in fields such as space radia-
construction of the SPIRALZ2 facility and alte imple- tion effectsand material science. By enabling these new—
mentation of additionatompliance measures put in placeactivities, SAGA strengthens the multidisciplinary role of
required bythe French nuclear safety agengg a conse- GANIL and expands the user community teeaarchers
guence, beam availability has progressively decreassd  from applied physics and engineering. b
the years. SAGA involves the adaptation of beam lines and expef®
To address this situation, an ambitious renovation pragnental areas to accommodate a wider range of irradiatih
gram, CYREN (Qclotrons HENovation) [37], was conditions, beam species, and energies required by these
launched in 20240 ensure its continued operation for ahew application$42]. Dedicated instrumentation and irra-o
least the next 20 year§he project encompasses the moddiation setups are being developed to support experime@"js
ernization of the cyclotronsomplex with special empha- requiring high beam stability, precise dosimetry, or cone
sis on water leaks in various equipment such as the RF c&wlled irradiation environments. "Q
ities, improvements othe associated beam lines and ex- Through this diversification strategy, SAGA will allow
perimentahall, as well as building infrastructure, technicabptimizing the use of the accelerator infrastruct@pti-
utilities, and safety, security, and radiatiprotection sys- mized organization which is required for parallel opera»
tems Addressing these problems wilquire partial disas- tion, will be put in place, the objective being to allow 2000Q,:
sembly of the cavities and beam lines including modificghoursof industrial applicationpout of about 1000Boursof
tion of contro$, requiring acareful planning of mainte- beamtime per year by2031. @
S?:r‘i in order to minimize the impact on the physics pr(ﬂongelﬁterm Recommendations Z
Longerterm recommendations bynanternational ex- «
NEWGAIN pert committee in 2022 suggested building at GANIL &
The NEWGAIN (NEW GAnil INjector) project, cur- high-ntensity facility for radioisotope production using’a
rently in the construction phasgg], aims to install a sec- fission and multinucleon transfer reactions, followed by
ond injector for the SPIRAL2 facility. is designed to ac- postacceleration up to 100 MeV/f43]. An electrorion =
celerate heavy ions with a masscharge ratio (AD) be- scattering facility was also suggestegeveral different
tween 3 and 7, enabling unprecedented beam intensitissenarios to meet identified scientific objectives are being

particularly for uranium beams. The project officidllg- considered. ©
guntheconstruction phase in May 2023. o«
The injector includes several key components: a high- CONCLUSION 9

performance superconducting ECR ion source, ASTER-|n conclusion, GANIL with the completed commission-
ICS [39], deve|0ped |n collaboration with the LaboratoirQng and early Operation of the SPIRAL2 fac|||ty’ demon.@L
de Physique Subatomique et de Cosmologie (LPSC Grengraedbeam delivery over a wide range of particles, enere
ble), and a heavion RFQ designed by CEA Pai#aclay gies and intensities. Operational experience has high-
[40] to minimize beam losses in the lemergy section. |ighted both the strong performance of the superconductirfy
The beam transport lines will also allow interconnectiop|NAC and the challenges associated with system corg-
with the existing Phoenix V3 ion source, providing opergp|exity and aging cyclotron infrastructure. Significant pro<>
tional flexibility during commissioningnd operation. gress has been achieved in LINA®ing strategies, beam |
ASTERICS is an ambitious superconductiag-source reproducibility, and reliability, while ongoing efforts ad-
development targeting beam intensities of about 13 ppdyess remaining limitations. |
for intermediatemass ions up to xenon and 10 ppA for At the same time, major upgrade projeetscluding S, ©
8 i j pirst acceleration is provided with a 7m long RFQDESIR, NEWGAIN, and CYREN—will considerably ex- &
Three RFQ modules have already been manufactured a8fd the scientific reach and operational capabilities of th&
are currently undergoing qualification teptd]. GANIL facility. The SAGA project further strengthens this—
During Phase 1, the injector will be installed at GANILgyolution by promoting diversification toward applied an
Using the PhoeniX V3 source, Wh||e the ASTERICS Sourqﬁterdiscip"nary research. Yy
will be installed and commissioned in parallel at LPSC Together, these developments position GANIL as 2
Grenoble. A significant milestone was reached in Maynique multibeam facility, capable of addressing both fun:”
2025 with the installation of a nevaguum chamber in the gamental nuclear physics and a broad spectrum of emefy-

dipole magnet shared by NEWGAIN and SPIRAL2. Theng scientific and industrial applications in the coming dec®
next major step concerns civil engineering work, includingge. -

the drilling of an emergency exit. First beam production §
with the NEWGAIN injector is expected around 2029. ACKNOWLEDGEMENTS @
SAGA We warmly thankA. Navin for his insightful feedback,

and careful proofreading, which greatly contributed to the
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