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Abstract
The SPIRAL2 linac is now successfully commissioned;

H+, 4He2+, D+ and 18O6+have been accelerated up to nom-
inal parameters and 18O7+ and 40Ar14+ beams have been
also accelerated up to 7 MeV/A. The main steps with 5 mA
H+, D+ beams and with 0.6 mA 18O6+ are described. The
general results of the commissioning of the RF, cryogenic
and diagnostics systems, as well as the preliminary results
of the first experiments on NFS are presented. In addition of
an improvement of the matching to the linac, the tuning pro-
cedures of the 3 Medium Energy Beam Transport (MEBT)
rebunchers and 26 linac SC cavities were progressively im-
proved to reach the nominal parameters in operation, starting
from the classical “signature matching method”. The dif-
ferent cavity tuning methods developed to take into account
our particular situation (very low energy and large phase ex-
tension) are described. The tools developed for an efficient
linac tuning in operation, e.g., beam energy and intensity
changes are also discussed.

INTRODUCTION
The Grand Accélérateur National d’Ions (GANIL) accel-

erator complex in France has now two machines in operation,
the cyclotrons and the SC linear accelerator SPIRAL2 [1].
Research with these beams covers mainly nuclear physics,
nuclear astrophysics and astrochemistry, as well as interdisci-
plinary topics such as materials irradiation, nanostructuring
and radiobiology. These beams are also used to irradiate
electronic components and polymer membranes [2]. In con-
trast to the original GANIL facility comprising 5 cyclotrons
in operation since 1983, the SPIRAL2 linear accelerator
started delivering beams in 2021 [3].

This new accelerator has two injectors (Low Energy Beam
Transport LEBT1 and LEBT2), one for heavy ions with
a mass-to-charge ratio 𝐴/𝑄 ≤ 3 and another for H+/ D+

beams, with maximum intensities of 1 mA and 5 mA CW,
respectively. This is followed by the LEBTc where the beam
can be chopped with a frequency between 1 Hz to 100 Hz,
and the intensity and emittance controlled by a set of 6 H
and V slits [4, 5]. The MEBT includes three rebunchers for
longitudinal beam tuning and one Single-Bunch-Selector
(SBS) used for NFS experiments [6]. The SC linac is divided
into a low 𝛽 (0.07) and high 𝛽 (0.12) section, the first one
composed by 12 cryomodules, each containing 1 quarter
wave resonator (QWR) designed by CEA and the second
one composed by 7 cryomodules, each containing 2 QWR
designed by CNRS [7, 8]. A global layout of SPIRAL2 is
shown in Fig. 1. Finally, three High Energy Beam Transport
∗ angie.orduz@ganil.fr

(HEBT) lines drive the beam to the experimental rooms Neu-
tron For Science (NFS) and Super Separator Spectrometer
(𝑆3), or to the main beam dump (SAFARI) [9, 10]. The di-
agnostics along the linac are located in the “warm sections”
between cryomodules, as shown in Fig. 1, which contain
the quadrupole doublets, Beam Position Monitors (BPMs),
Beam Extension Monitors (BEMs) and vacuum gauges and
pumping systems [11].

Table 1 summarizes the variety of beams available in
SPIRAL2. The 4th column includes the parameters of the
new injector NEWGAIN which is in the construction phase
and is described later in this paper.

Table 1: SPIRAL2 Beam Specifications

Parameter H+ D+ 𝐴/𝑄 ≤ 3 𝐴/𝑄 ≤ 7

A/Q 1 2 3 7
Max I (mA) 5 5 1 1
Max E (MeV/A) 33 20 14.5 7
Beam power (kW) 165 200 45 16

The linac commissioning was carried out between 2019
and 2021 at the same time as the transition to operation with
first tests performed in NFS [12, 13]. H+, D+ and 4He2+

beams were successfully tuned and sent through the LEBT,
Radio frequency Quadrupole (RFQ), MEBT, SC linac and
HEBT to SAFARI at their nominal energy of 33 MeV for
H+ and 40 MeV for D+ and 4He2+ with 100% transmission.
Results obtained during power ramps up to 16 kW with
a H+ beam and to 10 kW with a D+ beam showed that
SPIRAL2 can operate at its full power of 165 and 200 kW,
respectively [1, 14]. Losses were studied and controlled by
monitoring the 27 Beam Loss Monitors (BLMs) located
along the linac and HEBT as shown in Fig. 1. In addition,
the beam losses were controlled by different measurements
such as the transmission with ACCT and DCCT, the vacuum
pressure variation with vacuum gauges, the beam position
and ellipticity with BPM and the segmented ring current
with the temperature of SAFARI thermocouples [15].

Since 2022, SPIRAL2 delivers beams for physics exper-
iments, mainly to the NFS room and also to carry out the
preliminary studies for the 𝑆3 commissioning in 2024. The
studies carried out were related to the heavy ions tuning
and transport at low energy through the linac. This article
focuses on the last commissioning results and the first year
of operation of SPIRAL2. The first part presents the tuning
process and the results of the first heavy ion acceleration.
Finally, the second part describes the operation timetable
in 2022, the development of applications to optimize the

68th Adv. Beam Dyn. Workshop High-Intensity High-Brightness Hadron Beams HB2023, Geneva, Switzerland JACoW Publishing

ISBN: 978-3-95450-253-0 ISSN: 2673-5571 doi:10.18429/JACoW-HB2023-TUA3I1

TUA3I1

Co
n
te
n
t
fr
o
m

th
is

w
o
rk

m
ay

b
e
u
se
d
u
n
d
er

th
e
te
rm

s
o
f
th
e
CC
-B
Y-
4
.0

li
ce
n
ce

(©
20

23
).
A
n
y
d
is
tr
ib
u
ti
o
n
o
f
th
is

w
o
rk

m
u
st

m
ai
n
ta
in

at
tr
ib
u
ti
o
n
to

th
e
au

th
o
r(
s)
,t
it
le

o
f
th
e
w
o
rk
,p

u
b
li
sh

er
,a

n
d
D
O
I

106 Operations and Commissioning



Figure 1: SPIRAL2 SC linac layout.

tuning procedures and the latest cryogenic and diagnostics
systems improvements.

SPIRAL2 COMMISSIONING
The SPIRAL2 commissioning was successfully com-

pleted in 2021 with H+, D+ and 4He2+ beams. However, as
part of the preparation for 𝑆3 commissioning, heavy ion
beams 18O6+,7+ and 40Ar14+ are tuned and accelerated
since 2022. In order to access very low cross section in
fusion reactions, 𝑆3 demands low energy and high intensity
beams, hence beam tunings were set for a maximum energy
of 7 MeV/A [10]. In addition, 0.6 mA 18O6+ beam was
accelerated to 14.5 MeV/A, its nominal energy in 2023.

In 2020 as a preparatory step for the commissioning with
a D+ beam, the tuning of the linac was done with a 4He2+

beam to avoid linac activation. The signature matching pro-
cedure [16] used to tune the linac cavities presented some dif-
ficulties. The energy measurement at the linac exit showed a
deviation up to 9% with the reference value. Two main prob-
lems were found: i) a difference of bunch centroid between
the measurement and the reference particle computation,
ii) the use of the input energy in the free parameters of the

Figure 2: SPIRAL2 Transit Time Factor for: the maximal
(line) and the operational (points) electric fields.

signature matching optimization leads to a divergence in
the energy in the SPIRAL2 case for the last 3 cavities of
the low 𝛽 section and all high 𝛽 section cavities, due to
position in the TTF (Transit Time Factor) slopes as is shown
in Fig. 2. In this case it is impossible to distinguish between
cavity voltage error and input energy error. The origins of
these problems were: the cavities are too short (no “real
signature”), the energy in the first section is low but the ac-
celeration gradients are strong [17] and the bunch has a large
phase spread, mainly in the first cavities. In conclusion, the
signature matching method is not adapted to the SPIRAL2
case [12,16,18]. Having understood the problem, the tuning
method was modified limiting the scan around the rebuncher
phase and using the theoretical energy at the cavity entrance.

The linac beam tuning was improved by a fine adjustment
of the last two quadrupole fields and rebuncher #3 phase and
voltage in the MEBT, reducing the losses. Also, the tuning
strategy for operation has been improved since the commis-
sioning and is now based on three methods. The first one,
the “advanced method”, is an evolution of the classical “sig-
nature matching” method including improvements to avoid
energy deviation induced by the non-linear effects previously
described. Then, the following beam tunings are done using
the “with-reference method” (i.e., using a previous tuning
as reference) allowing to tune a cavity phase without phase
scan and without having to detune the downstream cavities,
which allows a significant time saving. Finally, the third
method, mainly used for heavy ion beams, allows to switch
between ions at the same energy very quickly. In this case,
the cavity phases were not modified while all the electric
and magnetic fields of the accelerator were multiplied by the
coefficient [19]

𝐶 = 𝐴2/𝑄2
𝐴1/𝑄1

where 𝐴1 and 𝑄1 are the mass and the charge of the reference
ion and 𝐴2 and 𝑄2 those of the new one.

The tuning used as a reference in 2022 was a 5 mA
H+ beam at 33 MeV. From there, D+, 4He2+ and 18O6+

beams were tuned and accelerated using the ”with-reference
method” to 20 MeV/A and 7 MeV/A. Applying the same
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procedure in 2023, with a reference tuning with 1 mA 4He2+

beam, D+ and 18O6+ beams were tuned to 20 MeV/A and
14.5 Me/AV, respectively. Finally, starting from the tuning
for the 18O6+ and using the above-mentioned A/Q coefficient
method, the 18O7+ and 40Ar14+ beams were transported in
rebuncher mode (0.73 MeV/A) then accelerated to 7 MeV/A.
Table 2 summarizes the parameters of the beams that have
been tuned in SPIRAL2.

Table 2: Accelerated Heavy Ions in SPIRAL2

Parameter 18O6+ 18O7+ 40Ar14+

Max E (MeV/A) 14.5 7 7
Max I (µA) 50 78 80
Transmission (%) 99 98 99
Beam power (kW) 2 0.6 1.6

Heavy Ion Results
The MEBT transverse emittances are in agreement with

the expected ones for 18O6+ beam as shown in Fig. 3.
Transverse rms emittance measurements were 0.32 and
0.46 π · mm · mrad in the horizontal and vertical planes,
respectively. The Courant-Snyder parameters are in good
agreement with the reference simulation in TraceWin (see
Table 3) [20].

Figure 3: Transversal phase space in the MEBT for 0.7 mA
18O6+ beam: reference simulation (left) and measurement
(right).

Table 3: MEBT Simulated and Measured Courant-Snyder
Parameters for 0.7 mA 18O6+

Parameter Sim Meas Δ(%)

𝛼𝑋,𝑋′ -0.83 -0.99 19
𝛽𝑋,𝑋′ [mm/(π · mrad)] 3.44 3.40 1
𝛼𝑌,𝑌 ′ -0.29 -0.49 69
𝛽𝑌,𝑌 ′ [mm/(π · mrad)] 0.32 0.38 19

The 18O6+,7+ and 40Ar14+ tunings in 2022 were per-
formed to obtain a final energy of 7 MeV/A, a value
higher than that required for physics experiments at this
time. To obtain this energy lower than the nominal en-
ergy (14.5 MeV/A), the cavities downstream cavity #15 were
switched off and detuned, while the last cavity (#26) was
used in rebuncher mode to reduce the energy spread.The
18O6+,7+ and 40Ar14+ beams were then accelerated up to
7 MeV/A. In 2023, the 18O6+ beam was accelerated to
14.5 MeV/A. The measured linac transmission was higher

than 99% for18O6+,7+ and for 40Ar14+. To qualify the tun-
ing quality, a power ramp up to 2 kW with a 50 µA 18O6+

beam at 14.5 MeV/A was performed. The strategy in this
case was to accelerate the beam with a peak current of 50 µA
through the linac and increase the pulse length up to 100%
duty cycle. The evolution of the duty cycle, energy, trans-
mission and average current are shown in Fig. 4.

Figure 4: Power ramp up of 50 µA 18O6+ beam: Duty
cycle (red), transmission (black), energy (green) and average
current (orange).

The next step was to apply the A/Q method to switch
to the 18O7+ beam, and to optimise the beam transport in
LBE1. After the particle switch without modifying any
parameters in the linac, a 78 µA (peak current) 18O7+ beam
was accelerated up to 7 MeV/A as expected with a 1h duty
cycle. The measured transmission was only 95% due to
the fact that no transport optimisation was carried out after
the switch. The same process was repeated to switch from
18O6+ to 18O7+ with an energy of 0.73 MeV/A, confirming
the results obtained in the first study.

Figure 5: Power ramp up of 80 µA 40Ar14+ beam: Trans-
mission (red) and beam power (blue).

Finally, starting from the 18O6+ tuning and applying the
A/Q method, a 80 µA 40Ar14+ beam was accelerated to
7 MeV/A. A power of 1.6 kW was achieved with a 100%
duty cycle, and a maximum transmission higher than 99%.
Figure 5 shows the evolution of the transmission and beam
power during the power ramp up, the large variations in
transmission were due to measurement electronics noise.
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SPIRAL2 OPERATION
The beam time of SPIRAL2 in 2022 was approximately

3 months, starting on August 28 and ending on December
12. Seven physics experiments and three main preparatory
studies for 𝑆3 were conducted. Figure 6 shows the beam
time distribution. The time for physics experiments repre-
sented 49.8% of which 76% was with D+ beams between
9 µA and 47 µA on the target, mainly with a selection of 1
bunch /100 using the SBS. The physics experiments were
performed with H+, D+ and 4He2+ beams with energies
from 10 MeV/A up to their nominal values. The tuning time
comprises both accelerator and HEBT tunings. The latter
includes HEBT switch from SAFARI to NFS with strict con-
trol and safety procedures. In 2022, accelerator trips were
reduced from 32% to 8% compared to 2021.

Figure 6: SPIRAL2 beam time sharing in 2022.

Concerning the 16.5% of the total time used for ma-
chine studies, 75% was used for beam dynamics studies
with 4He2+, D+, 18O6+ and 40Ar14+ beams. Tests were
performed on: i) validation of the new reference and A/Q
tuning methods as well as the implementation of the related
EPICS applications [19], ii) the energy change procedure
in full operation and iii) linac operation in case of cavity
failure. For the energy change during an experiment, two
methods were tested in order to study the losses and to be
able to define a procedure, then to generate its application for
an efficient operation. The final “energy change procedure”
consists to define the last cavity to be used, where the output
energy is the desired one, then all the downstream cavities
must be detuned. The BRho coefficient is then applied to all
the magnets up to the experimental room. Finally, a general
alignment is done before delivering the beam again. The
application is currently being developed to be used this year.

Preliminary results from the third study also showed that
SPIRAL2 can deliver the beam in the event of cavity failure
in the high 𝛽 section. In the case of low 𝛽 cavity failure the
beam transport without losses is impossible, then the tun-
ing is very difficult at low energy due to a high debunching
between two cavities. As the energy increases the debunch-
ing decreases, so if one of the last low 𝛽 cavity fails, it is
easier to recover a beam dynamics without losses. To do so,
one must retune the downstream cavities to get the required
phase acceptance, the price to pay being a reduction of the

linac final energy and/or an obligation to increase the cavity
voltages. Studies on this topic will continue this year.

The remaining “machine studies” time was spent mainly
performing studies related to the RF and diagnostics systems.

This physics studies performed in the NFS room can be
divided into three areas: i) neutron beam characterization, ii)
production of quasi-monoenergetic or continuous spectrum
neutron beams and iii) neutron beam induced reactions and
activation. The NFS commissioning started the same year
as the accelerator commissioning with successful measure-
ments of proton-induced reaction cross sections and neutron
beam characteristics. At the next stage, the results obtained
in the production of effective 62Zn or 54𝑚Co cross sections
showed good agreement with previously published data as
well as demonstrating the ability of the setup to study the
production cross sections of short-lived isotopes. In 2022,
the first experiment for neutron-induced reactions in a 235U
actinide target was carried out. The evolution of the energy
and velocity distributions as a function of the incident neu-
tron beam energy was detected with FALSTAFF [21, 22].
Preliminary results show that these measurements allow to
determine the masses of the fragments successfully.

The SPIRAL2 linac is currently in operation, from August
28 to November 19. The beam time planned for users is
79%, including experiments int he NFS room and accelerator
studies. The planned experiments in the NFS room represent
65% of the total time using mainly D+ beams .The remaining
14% is used for beam dynamics and technical studies [24].

Accelerator Subsystems Issues and Improvements
The most relevant developments and aspects of cryogenic

systems, beam diagnostics, MEBT beam dump enhancement,
as well as the latest RF observations are discussed below.

Thermo-acoustic oscillations (TAO) were identified late
in 2017 in each cold valves boxes of the LINAC. The pres-
sure oscillation generated by the TAO was strong enough to
prevent the use of the superconducting cavities. A temporary
solution was developed and implemented. It restored the
stability of the cryogenic system but had some drawbacks
(periodical pressure perturbations, helium level sensors mea-
suring range limitation). Therefore, a new TAO compen-
sation system was developed: it is a RLC resonator which
counterbalances the resonance. Resistance is provided by a
micrometer needle valve, inductance by a length of tube, and
capacitance by a helium storage volume. The new system
was tested during the 2022 accelerator run and performed
satisfactorily [23].

The development of a numerical model of the cryogenics
system is an ongoing project which started in 2017 as a
collaboration with CEA DSBT Grenoble. Using MatLab
and the SimCryogenics library developed by DSBT, it was
possible to build an accurate model of the cryomodules,
which is the base of the linear quadratic (LQ) loop used for
helium pressure and level control in the PLC. This same
model was recently developed as a soft sensor. Based on the
helium parameters (level, pressure) and the control valves
positions, the software is able to compute the heat load on
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the cryomodule helium bath. This feature, implemented
in the cryogenics’ PLCs, has been tested during 2022. In
particular, it helped to pinpoint a powerful field emission
phenomenon in cavity #14 during the 2022 run, thus proving
its usefulness. Developments are still ongoing in order to
enhance the precision and the speed of the soft sensor.

A new electronics for the distribution of the RF reference
signals to the BPM electronics was designed, manufactured
and installed. The SPIRAL2 frequency at 88.0525 MHz
is first distributed to the different RF systems: rebunchers,
RFQ, cavities but also to the RF diagnostics such as BPM,
Time-of-Flight (TOF) or BEM. The 2 RF reference signals
(low 𝛽 and high 𝛽 sections) are distributed to the 20 elec-
tronic components of the BPM via distribution frames. The
3 distribution frames are adjusted to have a maximum phase
difference of 0.5∘ between the outputs. These frames are
also used to automate the electronics calibration. The cali-
bration of a BPM module can be done remotely, by injecting
4 identical signals in amplitude and phase into the 4 inputs
of a BPM electronics, thanks to two Calboxes that can be
connected to the frames. Calibration of all BPMs was re-
duced from one week to three days, compared to previous
calibrations.

Current measurements by the ACCT and DCCT located
at the end of the MEBT had an offset of ≈ 100 µA in 2019.
In the following run, it was found that the beam dump re-
ceiving the unused bunches deviated by the SBS (≤ 7.5 kW)
was affected by Coulomb scattering producing an important
heating degrading the beam current measurements. To re-
duce these effects, the beam dump was redesigned (surface
changed from flat to staircase), constructed and installed,
which successfully decreased the temperature and the cur-
rent offset [25].

X-ray emissions have started from 2020 in cavities #2 (low
𝛽 section) #14 and #26 (high 𝛽 section). No modifications
have been made to cavity #2 as its voltage is low and it is op-
erating without problem under normal conditions. However,
the voltage of cavities #14 and #26 had to be reduced (<8%)
in order to run them reliability. To compensate, voltage of
the neighbouring high 𝛽 cavities has been increased; most
of the high 𝛽 cavities have been qualified and can operate
up to 8 MV/m.

FUTURE PERSPECTIVES
The SPIRAL2 beam time is planned to be progressively

increased through parallel operation with the cyclotrons.
The 𝑆3 experimental room is in its last phase of instal-

lation. Tests, measurements and conditioning works are
currently being carried out on: target station, beam dump,
electric dipole, superconducting multipole triplets, power-
supply system and the associated cryogenic system [26]. The
integration of the Super Separator Spectrometer - Low En-
ergy Branch (𝑆3-LEB) and laser system, the beam transport,
the start-up of physics, and the detection system commis-
sioning are planned in 2024.

The low-energy beam experimental room “Decay, Exci-
tation and Storage of Radioactive Ions” (DESIR) will be
built in the next few years and will use ion beams from both
GANIL/SPIRAL1 and SPIRAL2 facilities [27]. Nuclear
physics, fundamental weak-interaction physics and astro-
physics questions will be studied using laser spectroscopy
techniques, decay spectroscopy of radioactive species, mass
spectrometry and other trap-assisted measurements. The
building permit was obtained on 23 June 2023. Construc-
tion work then started with earthworks in July 2023. The
building is scheduled to be handed over in spring 2025.

NEWGAIN is a new injector project which aims to pro-
duce and deliver ions with mass to charge ratio 𝐴/𝑄 ≤ 7
to the linac. The design phase started on May 2020. The
preliminary design study phase was completed in June 2021
and the detailed study phase in April 2023 [28]. The project
is currently in the construction phase. The injector will be lo-
cated in an existing cave in the SPIRAL2 building as shown
in Fig. 7.

Figure 7: SPIRAL2 NEWGAIN injector.

CONCLUSIONS
The SPIRAL2 SC linac has been running successfully

in 2022, during its first year of nominal operation. Half
beam time has been used for NFS physics experiments, the
remaining time being used for beam dynamics checks, RF
and diagnostics system improvements. For the preparatory
phase of 𝑆3, 18O6+ beam was accelerated for the first time in
the linac up to 14.5 MeV/A and 18O7+ and 40Ar14+ beams
(≤ 80 µA) up to 7 MeV/A.
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