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Abstract
The IFMIF-DONES facility provides a very high intensity flux of neutrons for research on
materials of future fusion reactors and other complementary applications. The generation of
those neutrons is driven by stripping reactions between energetic deuteron particles and a liquid
lithium jet. The requirements on the deuteron beam are to deliver a 40MeV beam with a
constant current of 125mA. All the systems involved in the generation, acceleration, transport
and shaping of the deuteron beam are grouped in the so-called accelerator systems (AS). The
design of this high-power driver has been ongoing for a long time, and many prototypes of the
critical technologies have been tested. During the last decade, the design has been consolidated
and evolved into an engineering design ready for construction. The overview of the main
features of the design and the current status is presented in this article.

Keywords: particle accelerator, nuclear fusion, materials, radiofrequency,
superconducting LINAC’s

(Some figures may appear in colour only in the online journal)

a See the Appendix in Ibarra et al (https://doi.org/10.1088/1741-4326/
adb864) for the EUROfusion WPENS Team.
∗

Author to whom any correspondence should be addressed.

Original Content from this work may be used under the
terms of the Creative CommonsAttribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

1741-4326/25/122011+30$33.00 Printed in the UK 1 © 2025 The Author(s). Published by IOP Publishing Ltd on behalf of the IAEA

https://doi.org/10.1088/1741-4326/ade267
https://orcid.org/0000-0002-3459-4631
https://orcid.org/0000-0002-2141-5147
https://orcid.org/0000-0003-1559-2179
https://orcid.org/0000-0001-8470-4571
https://orcid.org/0000-0002-4322-8828
https://orcid.org/0000-0002-2420-2497
mailto:ivan.podadera@ifmif-dones.es
http://crossmark.crossref.org/dialog/?doi=10.1088/1741-4326/ade267&domain=pdf&date_stamp=2025-9-30
https://doi.org/10.1088/1741-4326/adb864
https://doi.org/10.1088/1741-4326/adb864
https://creativecommons.org/licenses/by/4.0/


Nucl. Fusion 65 (2025) 122011 I. Podadera et al

1. Introduction

IFMIF-DONES [1, 2] is a research infrastructure under con-
struction in Granada, Spain, with the main goal of irradiating
the candidate materials for their use in future fusion reactors.
An irradiation damage similar to the one produced by fusion
reactors is replicated experimentally with the bombardment
of neutrons produced at stripping reactions between a high-
energy deuteron beam at 40MeV and a liquid lithium cur-
tain. Combined with a high number of impinging deuterons
provided by an intense current of 125mA, this produces a high
rate damage in the materials samples near the lithium target,
of up to 20 dpa yr−1, and a production of helium and hydro-
gen within the materials similar to those of the future fusion
reactors.

1.1. Design background

The IFMIF-DONES accelerator based its design on the
grounds of the IFMIF accelerator, which was developed since
the start of this century in a bunch of projects. In par-
ticular, a one-to-one mock-up of the front-end section of
the accelerator has been carrying out validation within the
IFMIF/EVEDA project of the Broader Approach collabora-
tion between Europe and Japan [3], the so-called Linear IFMIF
Prototype Accelerator, LIPAc [4]. The configuration of the
accelerator is first given by the plant requirements, which ask
to provide a neutron flux sufficient to cause a damage equival-
ent to more than 20 dpaNRT in less than 2.5 yr in a volume of
0.3 dm3, or 50 dpaNRT in 3 yr in a volume of 0.1 dm3, just after
impinging the liquid lithium target.

After optimization of the design along the years, the energy
of the deuterons interactingwith the lithiumwas set to 40MeV,
and the average beam current of 125mA. Regarding the beam-
on-target (BOT) profile, a nominal beam profile of 20 cm in
horizontal and 5 cm in vertical has been used as a reference.
An specific discussion on the influence and sensitivity of those
parameters can be found in [5]. The main parameters of the
accelerator are listed in table 1.

During the start of the IFMIF project design, the experience
operating accelerators at the multi-MW power level around
the world was scarce. However, the recent years have boos-
ted the limit of the intensity frontier at low energies, pushed
by the necessities of neutron sources and ADS (Accelerator-
driven subcritical systems) [6] facilities. Figure 1 shows the
high power hadron accelerators under design, under commis-
sioning and the already operational. The present record is
at SNS SC LINAC, where a beam of 1.7MW is operated
routinely, with plans to increase it further to 2.8MW with a
new second target station [7]. Many projects are now under
commissioning which are designed for a similar range of oper-
ation, such as ESS or CiADS. In the low-energy high-intensity
CW regime, the old test accelerator LEDA has still the record,
with 670 kW achieved using a 100mA CW proton beam from
an Radio Frequency Quadrupole (RFQ) with an output energy
of 6.7MeV. Nevertheless in the very recent years, CAFE has

Table 1. Main beam accelerator systems nominal parameters. Ipeak
is the peak current, DC is the beam duty cycle, Ef is the final particle
kinetic energy, Pf is the final beam power, f 0 the bunch frequency,
SBOT,x is the nominal horizontal size of the beam-on-target and
SBOT,y the vertical one.

Particle D+(p)
IOpeak 125mA
DC CW
Ef 40± 5MeV FWHM
Pf 5MW
f 0 175MHz
SBOT,x 10–20 cm
SBOT,y 5 cm

reported almost 200 kW [8], using a room temperature front-
end based on an RFQ, and four cryomodules in a similar con-
figuration to IFMIF-DONES, accelerating a CW 10mA pro-
ton beam up to ca. 20MeV for more than 10 h. SPIRAL2 has
also reported exciting results with a deuteron beam at the same
energy as IFMIF-DONES, 40MeV. In this case, they acceler-
ated around 16 kW of deuteron beam, corresponding to 5mA
at an energy of 33MeV, but in pulsed mode due to safety limit-
ations. However, the limit was more imposed by safety licens-
ing than by the accelerator operation and could have increased
the duty cycle up to the CW design regime and the hundreds
of kW. Last but not least, the LIPAc accelerator, prototype of
the front-end of IFMIF-DONES, accelerated very recently ca.
120mA up to 9MeV, at a duty cycle of 8.75%, resulting in
around 50 kW of average beam power transported down to
a high power beam dump [9]. Together with the validation
during the previous phases, it gave very important hints of
many of the IFMIF-DONES systems, such as the injector, the
RFQ, the Medium Energy Beam Transport Line (MEBT), the
Radio Frequency Power System (RFPS), the ancillaries or the
High Energy Beam Transport line (HEBT) including the High
Power Beam Dump (HPBD).

2. Accelerator design

The main parameter driving all the aspects of the design of the
IFMIF-DONES accelerator is the high availability requested
to the whole facility, 70%, which translates to a overall avail-
ability for the accelerator systems (ASs) of 87% [10]. This has
huge implications in theway the systems aremaintained, as the
Mean-Time-To-Repair (MTTR) should be kept to a minimum,
while Mean-Time-To-Failure (MTTF) increased as much as
possible.

Using the knowledge acquired from the previous designs
and prototypes, the current design of the IFMIF-DONES
accelerator is a LINAC with three main stages (see figures 2
and 3): (1) a normal conducting front-end where the deuteron
(or proton) beam is generated, injected at 100 keV into a nor-
mal conducting RFQ accelerating the particles up to an indi-
vidual kinetic energy of 5MeV (β= 0.07); (2) a small trans-
port line at medium energy (MEBT) matching the beam with
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Figure 1. Landscape of foreseen and current status of high power hadron accelerators around the world.

the input parameters of a superconducting radio frequency
LINAC (SRF LINAC), which brings the particle beam to the
final kinetic energy of 40MeV; and (3) a HEBT line transport-
ing the beam down to the target and shaping and controlling
the BOT parameters.

The 49 RF resonant cavities (1 RFQ, 2 re-buncher cavities
and 46 superconducting cavities) are powered by solid-state
RF power amplifiers.

The starting point for the whole accelerator design is
the beam physics design (section 2.1), supported mainly
by TraceWin simulations [11]. This provides the input for
the systems design (section 3), which is complemented by
other machine transversal studies, such as beam pipe vacuum
(section 2.2), control systems (section 2.3) or commission-
ing studies (section 2.4). Each of these points are further
developed hereafter.

2.1. Beam physics

The primary objective of the IFMIF-DONES accelerator is to
generate a 125mA continuous deuteron beam, accelerate it
to an energy of 40MeV, and transport and finally shape this
beam to optimize its interaction with the lithium neutron con-
verter. While doing so, one has to minimize beam losses in
the accelerator, as power deposition can be harmful and the
accelerator components could be activated. The final beam
power of the IFMIF-DONES accelerator reaches an unpre-
cedented level of 5MW. Besides, the beam power exceeds

1MW throughout a substantial portion of the accelerator (after
the first cryomodule, see section 2.1.5). In order to maintain
power losses within the target range of around awatt per meter,
losses shall be kept below 1× 10−6 of the total beam power.
Moreover, the beam transport throughout the entire DONES
accelerator is performed under a high space charge regime.
Space charge refers to the repulsive forces between charged
particles of the same sign, which are in general, non-linear and
can deteriorate the beam quality. The criteria to quantify the
space charge is the generalized perveance, K, defined as:

K= qI/2πϵ0m0βγc
3 (1)

where I is the beam intensity, q and m0 represent the charge
and rest mass of the particles, ϵ0 is the vacuum permittivity, γ
is the Lorentz factor and β is the ratio of particle’s velocity to
the speed of light in vacuum. Due to the high intensity of the
IFMIF-DONES beam (in the numerator of equation (1)) and
its relatively low energy (in the denominator of equation (1)),
the perveance reaches the highest values among existing or
planned megawatt-class linacs (such as SNS, ESS or J-PARC,
for instance) [12]. Consequently, the beam is expected to be
submitted to strong space charge forces which often dominate
the focusing forces. The beam physics, simulations, and accel-
erator design for DONESwere mainly driven by the unpreced-
ented challenges arising from the simultaneous combination
of extremely high intensity and power [13]. The accelerator
design began in the late 2000s in the framework of the IFMIF

3
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Figure 2. Layout and mockup of the IFMIF-DONES accelerator beamline.

Figure 3. The configuration of the systems of the IFMIF-DONES
accelerator inside the main building including its ancillaries (ASA)
and the RFPS. Systems are spread among three floor levels: RFPS
and LICS (not shown) in Level 2, accelerator line and ancillaries in
Level 0, and experimental lines in Level -1 (not shown).

project. Since then, it has undergone significant evolution, par-
ticularly the superconducting linac and high-energy beam line,
to meet new requirements and engineering design constraints.
The final layout of the accelerator (see figure 4) is as follows
(each accelerator part will be detailed in the next sections):

• An ECR ion source generates D+ ions, which are extracted
by a five-electrode system that accelerates the particles to
100 keV.

• A Low Energy Beam Transport (LEBT) line focuses the
beam with solenoids and adapts it to optimize its injection
into the RFQ.

• A RFQ provides strong transverse focusing while bunching
and accelerating the beam to the energy of 5MeV.

• A Mean Energy Beam Transport (MEBT) line focuses
the beam transversally with quadrupoles and longitudinally
with rebuncher, in order to adapt it for its injection into the
SRF LINAC.

• A SRF LINAC, composed of 5 cryomodules, focuses the
beam with solenoids and accelerates it with Half-Wave-
Resonator cavities up to the energy of 40MeV.

• A HEBT line focuses the beam with quadrupoles, bends
it with two dipoles, homogenizes the beam density using
higher-order multipoles, and expands and shapes it to the
required size and profile at the target.

2.1.1. Source extraction system. A beam extraction sys-
tem, consisting of a set of electrodes, is designed to extract
D+ particles from the ECR ion source plasma and acceler-
ate them to 100 keV. To anticipate a potential transmission of
the injector-RFQ sections of around 90%, 140mA of D+ has
to be extracted. As a D+ fraction of around 85% is expec-
ted in the low energy beam, a total extracted current from
the source of 165mA, including molecular ions D2+ and D3+

ions is targeted. The input beam emittance must remain below
0.30πmm ·mrad (with a target value of 0.25πmm ·mrad)
at the RFQ entrance, after the transport through the LEBT,
to ensure good transmission. High current and low emit-
tance often present conflicting requirements, particularly at
low energy. Since the beam, and consequently its emittance,
is generated by the ion source, the extraction system has to
be carefully designed and studied. Various extraction config-
urations have been investigated [14], including variations in
electrode number, aperture diameter, geometry, and voltage.
Beam extraction system and particle trajectories have been cal-
culated using the AXCEL [15] code and, more recently, with
IBSimu [16].

2.1.2. Low energy transport line. The LEBT utilizes a dual
solenoid focusing scheme to transport the beam and match
it in order to optimize its injection into the RFQ. In order
to keep the LEBT as short as possible, horizontal and ver-
tical magnetic dipole correctors are inserted inside each solen-
oid. The total beamline length, from the plasma electrode to
the inner face of the RFQ entrance flange, measures 2.05m
(see figure 5). At the end of the LEBT, a cone is positioned
just before RFQ injection, allowing the injection of the D+

beam while blocking other species (D2+ and D3+) that are
extracted from the source and transported through the line.
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Figure 4. Beam density in the transverse x and y planes along the IFMIF-DONES accelerator.

Figure 5. IFMIF-DONES LEBT layout.

Beam transport in such a LEBT operates under a space charge
compensation regime. This phenomenon has been thoroughly
studied [17, 18] using self-consistent PIC codes like WARP
[19], which take into account secondary particle generation
through collision processes, but require a lot of CPU time.
To incorporate space charge compensation into tracking codes
such as Tracewin [11], a model outlined in [20], based on
a semi-empirical approach developed by Gabovitch, is used.
This model preserves a certain level of self-consistency by
computing the space charge compensation degree along the
beam line considering, mainly, the beam radius, beam cur-
rent and vacuum level. Simulation results from this LEBT
model have shown good agreement with those obtained using
PIC codes, as well as with experimental data from the LIPAC
injector [21].

2.1.3. Medium energy acceleration. After being extrac-
ted from the ion source and focused by the LEBT, the beam

is accelerated by a RFQ resonant cavity up to an energy of
2.5MeVu−1. The beam physics design of the RFQ is com-
posed of an RMS, Shaper, Gentle Buncher (three meters long),
and an Accelerator (around 7m long) [22]. The main points of
the design include the use of the standard LANL chain of RFQ
Codes: Curl, RFQuick, Pari, Parmteqm, and Vanes [23]. This
allows for very fast feedback on the full multiparticle response
to every parameter variation studied in the RFQ. An important
aspect of the design is using an analytic law on voltage shape
(equation (2)), which can increase the voltage smoothly in the
accelerator part, as seen in [24]. The average aperture R0 fol-
lows the same law to keep the surface field under control. The
maximum emittance, i.e. acceptance, in the accelerator part
has been increased to reduce losses at high energy. The RFQ
design has a high value of focusing factor B, to keep the beam
in the linear part of the focusing fields [25]. In table 2 the main
RFQ parameters are listed.

V(z) = V1 +(V2 −V1)

×
[
1
2
+

15
8

(
−sinδz12 −

1
3
sin3δz12 +

1
5
δz12

)]
(2)

R0 (z) = R01 +(R02 −R01)

×
[
1
2
+

15
8

(
−sinδz34 −

1
3
sin3δz34 +

1
5
δz34

)]
(3)
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Table 2. Main parameters of the IFMIF-DONES RFQ.L is the total
length of the RFQ, f 0 the resonance frequency, Ii the input deuteron
current, Vmin and Vmax the minimum and maximum voltage
respectively, Ei and Eo the input and output beam kinetic energy
respectively and Es,max the maximum surface electric field.

L 9.78m (5.7 λ)
f 0 175MHz
Ii 130mA
Vmin/Vmax 79.29/132 kV
Ei/Eo 0.1/5MeV
Es,max 25.2MVm−1 (1.8 kp)

with δz12 = π
6 −

π(z−z1)
3(z2−z1)

and δz34 = π
6 −

π(z−z3)
3(z4−z3)

.

2.1.4. Medium energy transport. The role of the MEBT
section is essential for a proper beam transport from the RFQ
and an optimized injection into the SRF LINAC. It consists of
two beam scrapers (horizontal and vertical) to limit the beam
halo, two buncher cavities (five-gap IH resonators with a β of
0.073) operating at 175MHz, and five magnetic quadrupoles,
all within a total length of 2.35m. Five quadrupoles are needed
for matching the beam size and divergence in the two trans-
verse plane, and managing its extent throughout the MEBT.

2.1.5. High energy acceleration. The acceleration and
transport of high-intensity beams necessitates both a large
beam pipe aperture and a conservative accelerating field
to minimize beam losses and reduce RF power demands.
However, a larger aperture increases the peak-to-accelerating
field ratio, which in turn requires lowering the accelerating
gradient to maintain the peak surface field within accept-
able limits. Consequently, an accelerating gradient below
4.5MVm−1 and apertures in the 40–50mm range were selec-
ted for the superconducting resonators. Two resonator famil-
ies, each with different geometric β-values, are sufficient to
handle the acceleration from the RFQ exit at 5MeV to the
final energy of 40MeV. An initial SRF LINAC layout, with
four cryomodules, was initially developed in the framework
of the IFMIF project [26]. However, during the development
of the SRF cavities, new frequency tuners had to be designed,
resulting in each cavity being 100mm longer than originally
planned. Beam dynamics studies showed that initial IFMIF
SRF LINAC design (with four cryomodules) with the cavity
additional lengths lead to beam losses above the requirements.
Consequently, a new SRF LINAC layout was proposed, aim-
ing for a less aggressive synchronous phase law, in order to
increase the longitudinal acceptance and a higher transverse
phase advance per meter. As a result, the final DONES SRF
LINAC is composed by five cryomodules:

• the first cryomodule contains eight periods of one solenoid
and one resonator (βopt = 0.115).

• the second cryomodule contains five periods of one solenoid
and one resonators (βopt = 0.115) and ends with one solen-
oid and one resonator.

• the last three cryomodules, which are identical, contain four
periods of one solenoid and two resonators (βopt = 0.175)
and ends with one solenoid and one resonator.

The total length of the SRF LINAC, as shown in figure 1,
is 32.67m. With a beam intensity of 125mA, the maximum
RF power per cavity is 75 kW for the low-β resonators and
150 kW for the high-β resonators. The axial field induced by
the superconducting solenoids is maintained at approximately
6 T to allow the use of conventional NbTi technology for the
coils. The solenoid package includes bucking coils to cancel
fringe fields at the cavity location, as well as steering coils
paired with button-type BPMs for orbit correction.

The beam dynamics studies performed to validate the
MEBT and SRF LINAC design were conducted using
TraceWin [11]. The magnetic fields generated by the solenoid
and resonators were modeled using 3D field maps calculated
by finite element method.

In a high-intensity, high-power accelerator like IFMIF-
DONES, the primary objective is to transport the beam while
minimizing its halo to prevent beam losses and meet hands-
on machine requirements. Since the beam is directed onto a
neutron production target, the final emittance is no longer the
main figure of merit. Therefore, in theMEBT and SRF LINAC
sections, beam tuning is performed using a ‘halo matching’
method, which smooths the outer boundary of the beam,
reduces halo formation [26], and ultimately minimize poten-
tial beam losses. This approach minimizes the radial spread
of the outermost macro-particles, particularly at focusing ele-
ments, by optimizing the entire lattice with a particle swarm
optimization algorithm [27].

The beamwas simulated using 1× 106 macro-particles, the
minimum required to have enough statistic in order to ensure
that beam losses remain below 1Wm−1, as specified. This
implies that fewer than one particle over 1× 106 can be lost,
a phenomenon referred to as ‘micro-losses.’ The simulation
and optimization method can be directly applied to the real
accelerator during its commissioning and operational phases.
The process relies on beam diagnostics that will be available
in the actual machine, specifically micro beam loss monitors
(µBLMs) (see section 3.6.1). These detectors will be placed
at each period, close to the beam, to provide independent data
collection for micro-losses minimization by adjusting focus-
ing forces.

2.1.6. High energy transport and shaping. The HEBT
is designed to safely transport the beam from the SRF to
the target and shape it to meet strict size and uniformity
requirements. A summary of the main beam specifications
is presented in table 3. Variable beam size in the horizontal
direction (10–20 cm), side peaks and general beam distribu-
tion are required to provide additional flexibility for neutron
irradiation [5].

The use of non-linear magnets has been chosen as the
method to achieve the required rectangular uniform beam pro-
file at the target. This aligns well with the features of DONES,
particularly in terms of high beam power and the use of a

6
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Table 3. New beam on-target requirements [5]. Ef is the particle
kinetic energy, Sx,90 the horizontal size containing 90% of the
particles, PDav,90 the power density containing 90% of the particles,
PDmax the maximum power density, α the beam incidence angle on
the target, δx,y the beam position accuracy an smax the maximum
horizontal beam extension.

Ef (40.0± 0.5)MeV
Sx,90 10–20 cm (16.6 cm reference)
PDav,90 480Wmm−2

PDmax <700Wmm−2 (vLi = 15m s−1)
α 9 deg
δx,y ±5mm
Tails ⩽0.2Wmm−2 > 22 cm
Side peaks (hor) ⩽30% average current density
sx,max 25 cm

liquid target. It is based on modifying the transverse velocity
of particles by using a nonlinear magnetic field that depends on
the transverse coordinates. While particles in the center of the
beam distribution remain unaffected by the non-linear mag-
netic field, the divergence of particles far from the center is
modified so that after subsequent transport, the beam edges
are folded into the core. Octupoles are primarily responsible
for producing the uniform distribution, whereas the main pur-
pose of the dodecapoles, located upstream of the octupoles,
is to independently manage beam halo particles. The design
of the HEBT has been determined by challenging conditions
such as beam power, space charge conditions, and continu-
ous operation mode. The final layout has been optimized to
provide a flexible and operational line, resulting from a com-
promise between beam dynamics, beam diagnostics, radiopro-
tection issues, and component design and integration require-
ments. The layout of the HEBT can be seen in figure 26.

The particles are guided through the nearly 49m long
HEBT using 18 resistive quadrupoles. A bend of 9◦ relative
to the main accelerator axis has been implemented to balance
maximizing the high flux volume in the test cell (TC) (using
smaller angles) and minimizing machine activation due to
neutron back-streaming into the active beam line components
(using larger angles) [28]. Non-linear magnets (two octupoles
and dodecapoles) are included for beam shaping. During beam
commissioning, the beam will be deviated to the so-called
Beam Dump Transport line (BDTL) through a 34.5◦ bending
magnet, followed by 6 quadrupoles to adapt the beam to the
beam dump requirements. A residual bunch beam extraction
has been incorporated for additional experiments on the lower
floor.

In the HEBT layout, we can identify three main functional
sections from the perspective of beam dynamics.

• HEBT-S1: this first section of the transport line aims
to reduce the backward radiation from the target on the
upstream accelerator components. A quasi-achromat system
composed of two 4.5◦ dipoles with a quadrupole to minim-
ize beam dispersion has been considered. Six quadrupoles
positioned upstream of the dipoles are required to adapt the
beam from the SRF to specific conditions at the entry of the
second section. In addition, two residual extraction lines are

integrated into this section: one for commissioning activit-
ies, which goes through the BDTL, and the other for exper-
imental activities, which extracts residual bunches to the
ground floor.

• The beam shaping by using non-linear magnetic fields (octu-
poles and dodecapoles magnets) is introduced in the next
section, HEBT-S2. The use of these non-linear magnets
allows for the shaping of the beam phase space by folding
the beam tails and modifying it from a quasi-Gaussian beam
to a more rectangular beam profile as required in the target.
To shape the beam with such high-order fields, a specific
linear optics arrangement is needed. One direction of the
beam profile needs to be enlarged while the other needs to
be very small to reduce transverse coupling. To achieve this,
a quadrupole triplet is placed before the pair of non-linear
magnets to ensure proper beam evolution in the octupoles
or dodecapoles.

• Finally, the third section, HEBT-S3, matches the phase
advance and beam size to the target requirements by using
the last six quadrupoles.

Given the high beam power combined with the halo pro-
duction caused by the strong space charge regime and the
non-linear magnets shaping implementation, potential beam
losses are safely concentrated in specific elements installed in
the HEBT line. Water-cooled mobile scrapers are integrated
among dodecapoles to effectively remove particles located in
the very far beam distribution tails. Additionally, an alsowater-
cooled variable aperture collimator is being installed in the last
drift to the target to ensure no losses occur in the target vacuum
chamber (TVC).

2.1.7. Failure scenarios

• Assessment of beam line component failures and their
implications. Excessive beam losses on accelerator com-
ponents can significantly impact operational reliability and
functionality, distinct from distributed operational losses.
Any failures, such as control, human error, cooling, loss
of cryo, power outage, . . . are manifested by the failure or
degraded performance of the active elements in the beam
line. Using the code TraceWin, we evaluated failures of all
active beam line elements, i.e. solenoids, dipoles, quadru-
poles, multipoles, and cavities, on the DONES linac, with
a focus on energy deposition, loss distribution, and in the
case of dipoles the direction of the lost beam at different
field levels during the decay of the dipole field. A func-
tional Machine Protection System (MPS) is crucial to halt
the beam within microseconds of detecting anomalies. The
study explored worst-case scenarios without an effective
MPS and looked at the loss value in units of µJµs−1. Such a
unit would be helpful in setting the response time of theMPS
following an energy deposition analysis. Not all particle
energy deposited in accelerator components directly causes
damage; secondary particles carry away a portion of energy.
While for machine protection, rapid localized losses are crit-
ical, the time-averaged amplitude is important for radiation
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Figure 6. Integrated losses along the LINAC and the transferline
due to failure of each solenoid and the nominal field of the solenoid
which is failed.

safety, and hence in the dipole case, which has a very long
decay time with respect to the MPS’ reaction time, the dir-
ection of the loss was the figure of merit.

• Simulation details and results. The simulation of the failures
is using 1× 105 macro particles from a distribution (V16)
which has been stored at the exit of RFQ, with an energy
of ≈5MeV and a beam current of ≈125mA. The nom-
inal end-to-end lattice of DONES in TraceWin code is used,
with several elements such as the cavities and solenoids rep-
resented by fieldmaps. The study focused on understand-
ing single-component failures without considering other
errors.

• Failure impact analysis. Solenoids: figure 6 illustrates the
downstream losses resulting from solenoid failures. The
impact of solenoid field variations on total losses is shown,
highlighting the critical role of phase advance in loss
distribution. Quadrupoles: figure 7 depicts the downstream
losses caused by quadrupole failures, similarly to the solen-
oids one can see that the lattice design, or the phase advance,
has a bigger impact on the loss from a single focusing ele-
ment than the strength of the failed component. The max-
imum integrated loss due to a failed quadrupole is approxim-
ately 4 J µs−1, necessitating rapid response times of 5–10µs
for effective MPS operation. Multipoles: figure 8 shows the
downstream loss distribution from multipole failures, indic-
ating localized losses near the target. The maximum integ-
rated loss for a failed multipole is minimal, this was an
expected outcome as these elements are mainly shaping the
beam distribution on the target. Cavities: the simulations
consider varying levels of cavity field decay, affecting beam
energy gain and focusing. Figure 9 presents the impact of
cavity failures on downstream losses, when the field has
totally decayed but the beam loading is not yet decelerat-
ing the beam. The maximum integrated loss for a failed cav-
ity reaches approximately 1.6 Jµs−1, less than that of the
quadrupoles, making protection against quadrupole failure
the most demanding.

Figure 7. Integrated losses along the linac and the transferline due
to failure of each quadrupole and the nominal gradient of the
quadrupole which is failed.

Figure 8. Integrated losses along the transferline due to failure of
each multipole and the nominal gradient failed element.

Figure 9. Integrated losses along the linac and the transferline due
to failure of a cavity (at −100%) and the nominal voltage and phase
of the failed cavity.

2.1.8. Optimization strategies. The required irradiation
conditions of high energy deuteron beam are accomplished
by shaping the beam profile by using non-linear magnetic
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fields at the interaction point with the lithium jet. The irra-
diation requirements pertain to trade-off between the max-
imum beam power delivered by the accelerator driver, and
the needs of neutron flux and minimum volume of irradiated
materials. Note that there are uncertainties in a set of input
parameters having impact in the output of interest pertain-
ing in the simulations of neutron flux within TC. The uncer-
tainties in the input parameter set can be handled using the
stochastic approach, i.e. through the implementation of some
stochastic approaches [29]. It is worth noting that traditional
and the most commonly used methods are based on statistical
approaches such as Monte Carlo (MC) simulations and vari-
ous sampling techniques, being easy to implement but with
the huge sample sizes, and also exhibiting rather slow con-
vergence rate. Contrary to statistical approaches, the nons-
tatistical based techniques represent the unknown stochastic
solution as a function of random input variables featuring an
intrusive and non-intrusive approach, respectively. The intrus-
ive methods imply more demanding implementation requiring
a development of new codes, while the non-intrusive methods
provide the use of a reliable deterministic model as a black
box in stochastic computations. Generally, both intrusive and
non-intrusive approaches exhibit fast convergence and high
accuracy under different conditions. Recently, non-intrusive
Stochastic Collocation (SC) method for uncertainty propaga-
tion (UP), uncertainty quantification (UQ) and sensitivity ana-
lysis (SA) has been implemented in static and dynamic sim-
ulations of neutron flux within TC [30]. SC can be regarded
as a non-intrusive method applied to carry out UP and UQ.
The advantage of SC vs MC is lower computational cost
accomplished within the spectral approach framework. The
successful implementation of SC method is illustrated on UP,
UQ and SA of horizontal and vertical RMS beam sizes at
the beam dump entrance [30]. Three quadrupoles of the last
triplet of the BDTL are regarded as random variables, each
represented by the uniform distribution as probability dens-
ity function (pdf). Single deterministic simulation has been
based on Tracewin calculations for the evolution of the beam
along the BDTL. Additional example of UQ via SC method
is carried out in case of RFQ transmission. Namely, mag-
netic fields of LEBT solenoids are modeled as RV. The out-
puts of interest are RFQ input current, RFQ output current and
RFQ transmission. Thus, two stochastic problems are tested,
one three-dimensional and the other two-dimensional. In both
case studies, uncertainty of input parameters is propagated to
the outputs of interest providing the computation of mean,
variance, Kurtosis and skewness. Using the mean and vari-
ance, the confidence intervals for outputs are also calculated.
SC is validated via MC with appreciably larger sample size.
Furthermore, SA is carried out to rank input parameters from
the most to the least significant regarding their impact on
the output variance. Note that SA is performed by means of
via one-at-a-time (OAT) and analysis-of-variance (ANOVA)
approaches, thus using both local and global SA approach,
respectively.

2.1.9. Start-to-end design. During the first year of the
project, beam dynamics design and optimizations have been
carried out separately for the different subsystems of the
IFMIF-DONES accelerator. The input beam utilized for each
subsystem is derived from the output beam of the preced-
ing subsystem whenever relevant. With the completion of the
design and analysis of each individual subsystem, the next cru-
cial step involves simulating particle transportation from the
start to the end of the accelerator. This simulation serves a dual
purpose. Firstly, it ensures the coherence of the entire acceler-
ation system and allows for the characterization of beam losses
in the ideal case where no errors are considered. Then, error
studies [31] for the entire accelerator will be based on the S2E
model and will offer the opportunity to observe the cumulative
effects of errors from one subsystem to the next. Start to end
simulation results The beam density in the horizontal plane (x)
and the vertical plane (y) is represented in figure 4. The posi-
tion z= 0 is where the simulation starts, 189mm after the ion
source plasma electrode. The end of the beam line corresponds
to the interface point between the deuteron beam and the lith-
ium jet of the neutron production target. The black lines on this
figure represent the beam pipes, which are entered in the sim-
ulation according to the design value. A precise definition of
the beam pipe in the model is crucial, as any simulated particle
exceeding this limit is regarded as lost. The MEBT scrapers
are visible around z= 12.2m, while the HEBT scrapers are
located approximately at z= 65.1m.

The beam losses along the DONES accelerator for the nom-
inal case are represented in figure 10. Losses occur in the RFQ
and in the first part of the MEBT (where the two scrapers are
located), mainly at energies much less than 5MeV. The power
lost amounts several tens of watts locally, with a peak of 12W
just before the RFQ accelerating section, where the particles
that are not correctly bunched are lost. Then, some losses are
also observed on the scraper of the HEBT. Those scrapers
are dedicated to eliminate beam halo, which would degrade
the shape of the beam on the lithium target. Overall, in the
MEBT, SRFLINAC, andHEBT, under the ideal assumption of
no errors along the accelerator, no beam losses are observed,
except in the components specifically designed for this pur-
pose (scrapers).
Error study principle. To validate the design of the DONES

accelerator, it is essential to assess the impact of errors on
each component of the machine. For example, the alignment
of accelerator elements will be performed within specified
tolerance ranges. Furthermore, the power supplies will feed
the various optical elements (solenoids, quadrupoles, dipoles,
multipoles) or cavities (rebunchers or HWR)with a certain res-
olution and ripple. Conducting error studies enables determin-
ation of necessary tolerances and evaluation of their effects on
the beam that can cause subsequent beam losses. Two main
kinds of errors are considered are: static errors, and dynamic
errors.

Static errors represent the possible misalignment of every
elements of the accelerator. Typically, the order of magnitude
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Figure 10. Beam losses along the IFMIF-DONES accelerator.

Figure 11. Beam power loss probabilities in the IFMIF-DONES accelerator (statistics over 500 accelerators with errors).

of the error considered, in accordance with alignment team,
is around ±0.1mm for component at room temperature and
around±1mm for component that are inside the cryomodule.
Off-axis beam excursions induced by these errors can limited
by using an appropriate correction scheme. It relies on steer-
ing coils (H and V) associated with downstream beam posi-
tion monitors (BPMs) (H and V). Each steering coil adjusts
the beam center (the first-order moment of the beam distribu-
tion) to align with 0 (on the accelerator axis) at the position
of the subsequent BPM. Dynamic errors represent imperfec-
tions such as vibrations or fluctuations or ripple in applied field

or phase of the focusing/accelerating elements. These phe-
nomena induce high-frequency perturbations on the beam for
which no correction scheme is currently applied. A Monte-
Carlo simulation method has been carried out by tracking 105
particles through 500 different accelerator, each of them hav-
ing a different set of random static errors. The beam power
loss probabilities along the DONES accelerator are shown
in figure 11. Compared to the ideal machine without any
error, the loss locations are similar: they occur mainly within
the RFQ and on the HEBT scrapers. In rare cases (0.2%)
losses can be observed in the SRF LINAC but remain below
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Table 4. Outgassing rates qout for hydrogen used in simulations.

qout (mbar l s−1 cm−2)

AISI 316L 9× 10−11

Aluminum 9× 10−12

OFHC Copper 9× 10−12

Electroplated copper 6× 10−10

1Wm−1. Overall, in 90% of the cases in this error study, the
losses are broadly comparable to those of the ideal case. In
a next step, the dynamics errors will be included to the error
study to further assess the robustness of the IFMIF-DONES
accelerator design.

2.2. Vacuum

The vacuum subsystem of the IFMIF-DONES linear accel-
erator is designed to maintain optimal conditions for beam
transport. Understanding gas sources is crucial for assessing
their impact on pressure profiles and ensuring system perform-
ance. Key sources include beam neutral flow, thermal outgass-
ing, beam losses, and injected gases. Accurate modeling using
TPMC simulations, particularly with Molflow+, provides
essential insights into gas behavior, deposition rates, and
vacuum stability, informing design and operational strategies.
Recent studies have been conducted to describe the subsystem
in depth [32].

2.2.1. Gas sources. There are five different gas sources that
can be found in the internal vacuum of the accelerator beam
line. All these gas sources have been used as the boundary con-
dition of vacuum modeling: (1) beam neutral flow, (2) thermal
outgassing, (3) beam losses, (4) argon Injection, (5) krypton
Injection, and (6) metal evaporation. The beam neutral flow
has been calculated assuming an injection of a certain quant-
ity of gas of D2 for the beam. This is a conservative value that
has been taken from knowledge of LIPAc, at 162mA 3.9 sccm
was reached in 2022. Subtracting from this value the beam
losses and the required particle flow to get to a 162mA beam,
the beam neutral flow has been estimated as 1.97 sccm, or
3.3× 10−2 mbar l s−1. The gas composition within the beam-
line vacuum systems, when not in operation, primarily con-
sists of gases thermally desorbed from internal surfaces what
include all the chambers and beam instrument (main source
of outgassing). It is expected that the residual gas after the
commissioning period for vacuum (100A h) will be composed
mostly by water (<50), 30% hydrogen, 10% carbon monox-
ide, 4% carbon dioxide, and 1% argon. The outgassing rates of
thesematerials depend on their composition, conditioning, and
production history, potentially varying by several magnitudes.
The thermal outgassing values from pre-baked stainless steel,
aluminum, OFHC copper, and galvanized copper, can be seen
in table 4. Niobium surfaces, presumed to be nearly saturated
with a monolayer of hydrogen at 4.5K, contribute negligibly
to outgassing.

Table 5. Total and specific desorption rates for hydrogen
isotopologue from the liquid lithium surface [18]. q is the specific
outgassing rate, and Q the total desorption rate in two different units.

Q q

Species (g h−1) (mbar l s−1) (mbar l s−1 cm−2)

H2 4× 10−8 2.63× 10−7 2.83× 10−10

HD 3× 10−9 1.31× 10−8 1.41× 10−11

HT 2× 10−9 6.65× 10−9 7.05× 10−12

D2 8× 10−9 2.63× 10−8 2.83× 10−11

T2 1.2× 10−8 2.63× 10−8 2.83× 10−11

Figure 12. Gas load per tip along the position inside the RFQ
caused by beam losses.

Additionally, the heated lithium surface contributes to
thermal outgassing. Although the outgassing values for lith-
ium are generally lower than those for other materials (see
table 5), they are still considered. Beam losses are estimated
based on the assumption that deuterium ions fully recom-
bine into molecules upon reaching the surface. In the LEBT
section, these losses are presumed to be evenly spread along
the injection cone before the RFQ section. Within the RFQ,
beam losses per tip follow a distribution that has been calcu-
lated through simulations (figure 12).

For the MEBT, SRF LINAC, HEBT, and Target sections,
beam losses are assumed to be uniformly distributed at a
rate of 1Wm−1 along the beamline tube. Some beam losses
(and correspondent gas source) are expected: 30W at the first
MEBT scrapers, 1.1 kW at the HEBT scrapers and 1.6 kW at
the HEBT collimator, and they are taken in account for the
simulations. During normal operations, the lithium target is
heated to around 570K. To prevent boiling or significant vapor
pressure of lithium, argon is introduced, maintaining the total
pressure in the target chamber (TCV) between 1× 10−5 and
1× 10−4 mbar. Recent simulations for argon injection during
standard beam operations at the lithium target have suggested
an optimal gas injection rate of 7.1× 10−3 mbar l s−1, ensur-
ing an argon partial pressure of approximately 1× 10−4 mbar
in the TCV. Krypton is planned to be used as a space charge
compensation gas in the ECR source. The injection rate of
Krypton from the ion source is 8.4× 10−3 mbar l s−1. Vapors
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Table 6. Gas loads in mbar l s−1 the different subsections of IFMIF-DONES: Qi from the deuteron gas neutral flow injected in the ion
source, QTH from the thermal outgassing, Qt from the deuteron gas flow (neutral gas or beam losses), QAr from argon injection, QKr from
Krypton injection and Qm from metal evaporation.

(mbar l s−1) Qi QTH Qt QAr QKr Qm

LEBT 3.3× 10−2 1.8× 10−6 7.8× 10−3 7.1× 10−3 8.4× 10−3 —
RFQ — 1.7× 10−5 1.2× 10−3 — — —
MEBT — 1.1× 10−5 8.1× 10−7 — — —
SRF — 8.3× 10−6 3.1× 10−5 — — —
HEBT — 4.0× 10−5 8.7× 10−6 — — —
LT — 2.0× 10−6 3.3× 10−8a — — (Li) 65

(K) 86
(Na) 19

a Desorption of D2 and HT from the liquid lithium surface at target.

of lithium, potassium, and sodium from the TCV may enter
the beamline, where they condense on its cooler components.
The deposition rates for various sections of the beamline near
the target have been calculated, assuming a period of operation
time of 340 days.

Table 6 summarizes the gas loads by thermal outgassing,
beam losses, argon injection at target and krypton injection in
the ECR and metal evaporation at the liquid lithium surface.

2.2.2. Modeling. Multiple investigations have been con-
ducted to provide an initial estimation of the pressure pro-
files within the linear accelerator of IFMIF-DONES [33].
The primary computational tool utilized for these analyses is
the direct test-particle MC (TPMC) method, specifically the
Molflow+ software [34] developed by CERN Additionally,
studies have incorporated findings from the prototype acceler-
ator LIPAc, given that its initial section corresponds to that of
IFMIF-DONES. The scope of these studies encompasses the
following areas: (1) analysis of metal re-sublimation affecting
beamline components, (2) determination of monolayer form-
ation time within the cryomodules, (3) evaluation of effect-
ive pumping speeds in the cryomodules and (4) comprehens-
ive simulation of the linear accelerator. The study on metal
re-sublimation focused on estimating the deposition rates of
metallic layers on beamline components near the target over an
operational period of one year. To achieve this, distinct models
were employed for lithium, potassium, and sodium. The result-
ingmetal layer thicknesses exhibit significant spatial variation,
as demonstrated in figure 13. Gaps observed in the distribution
diagrams correspond to regions within the model that were not
impacted, primarily due to shadowing effects. The thickness of
deposited layers decreases markedly with increasing distance
from the target, though lithium accumulation near the target
chamber can reach several millimeters within one year. The
presence of peaks in deposition thickness is attributed to local-
ized reductions in cross-sectional areas. Despite these accumu-
lations, the vacuum performance is expected to remain stable,
provided that the deposited layers do not substantially elevate
the overall outgassing rate.

To ensure compliance with reliability and cleanliness
requirements, the monolayer formation time in the first and
last cryomodules was computed. The time required for the

Figure 13. Metal layer thickness of lithium, sodium and potassium
after one year of operation.

formation of a complete monolayer in the initial and final cav-
ities was determined to be 423 days and 278 days, respectively.
Tomitigate excessive adsorption, the final cavitymust undergo
thermal cycling every three years, thereby preventing the accu-
mulation of more than four monolayers. The effective pump-
ing speed of the cryomodule was determined through a sub-
model that integrates the HEBT system and the linking tube
between the final cavity of the SRF-Linac and the HEBT. The
calculated effective pumping speed at the exit of the last cavity
was 8.5 l s−1, based on nitrogen gas at a temperature of 293K.
A full-scale simulation of the accelerator was performed using
TPMC methods to analyze particles with molar masses of 4
(primarily originating from beam losses), 2, 28, and 44 (arising
from thermal outgassing), 40 (introduced through argon injec-
tion and thermal outgassing), and 84 (resulting from krypton
injection at the electron cyclotron resonance (ECR) source).
Partial pressures were quantified by tracking particle interac-
tions with designated surfaces along the beam axis, enabling
the computation of total pressure through the summation of
these individual contributions. The distribution of gas pres-
sure within the IFMIF-DONES accelerator is illustrated in
figure 14, while figure 15 presents the pressure values nor-
malized to a temperature of 293K. The pressure distribution
elucidates the spatial variation of gas loads induced by beam
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Figure 14. Gas pressure profile for deuterium (mainly beam losses),
hydrogen, carbon monoxide, carbon dioxide (thermal outgassing),
argon and krypton injection and total pressure in the IFMIF-DONES
accelerator at beam operation (beam goes to target). Reprinted from
[32], Copyright (2025), with permission from Elsevier.

Figure 15. Gas pressure profile for deuterium (mainly beam losses),
hydrogen, carbon monoxide, carbon dioxide (thermal outgassing),
argon and krypton injection and total pressure in the
IFMIF-DONES accelerator at beam operation (beam goes to target).
All pressures are normalized to 293K.

losses in the LEBT, RFQ, Medium-Energy Beam Transport
(MEBT), and SRF-Linac sections. Furthermore, the pressure
levels in proximity to the target within the HEBT region are
significantly influenced by the injected argon. Notable pres-
sure peaks between LINAC modules are primarily attributed
to localized temperature variations and the associated increase
in outgassing rates.

2.2.3. Engineering design. The vacuum system of the
linear accelerator of IFMIF-DONES has been divided into
sections corresponding to those of the accelerator itself. Two
of these sections are further divided into subsections. The
sections of the vacuum system are as follows: (1) Injector or

LEBT, (2) RFQ, (3) MEBT, (4) SRF LINAC) (5) One sub-
section per each cryomodule (five in total), (6) HEBT, splitted
in section 1, dipole junction, beam dump section, section 2,
section 3 and radiation isolation room (RIR)/target interface
room (TIR) to target.

The vacuum requirement of the LEBT and RFQ is to main-
tain a pressure lower than 5× 10−7 mbar, while the require-
ment for the remaining sections is to be lower than 5×
10−8 mbar. Also, the SRF LINAc and its neighboring sections
(at least 5m) must be particle-free to avoid field emission on
the surface of SRF cavity due to the high electric fields, minim-
ize surface resistance since particles can disrupt the supercon-
ducting state and consequently degrade the quality factor (Q0),
and prevent thermal instabilities caused by localized heating
when exposed to RF fields. It is also possible for particles to
be transported by the electrical and magnetic fields associated
with a charged beam. To meet these requirements, only tur-
bomolecular pumps (TMPs) and non-evaporable getter (NEG)
pumps are used as high vacuum pumps. In every section, there
are vacuum stations where at least two TMPs are connected
to the beam cavity. The outlet of these TMPs is connected to
two backing pumps in parallel. These backing pumps are dry
multi-stage roots pumps. They are in an adjacent room to ease
maintenance. The NEG pumps are used near the SRF LINAC,
where the pressure requirement and particle free requirements
are more restrictive. Each vacuum station is equipped with
Pirani and Penning gauges to monitor the pressure continu-
ously, as well as throughout the beam chamber. Residual Gas
Analyzers (RGAs) area is also used in each section to bet-
ter control the gas composition of the beamline. The injector
vacuum consists of two vacuum stations, each with only one
TMP. It is a special case as the gas load near the source is
quite high. The RFQ vacuum section consists of two groups
of TMPs each, one at each side. They are distributed asym-
metrically to be able to pump the expected high beam loss
at the beginning of the section. The MEBT vacuum section
comprises a vacuum station of three TMPs and a NEG pump,
it also allows a connection to a slow pumping system (SPS)
for its initial pump-down. The SPS is a vacuum station moun-
ted in a trolley; however, the inlet of its TMP can be regu-
lated through a mass flow controller (MFC), ensuring a lam-
inar regime during the pump-down. The SRF LINAc vacuum
is divided into three different locations: the beamline, the insu-
lation and the warm sections. First, the beamline vacuum of
each cryomodule is done by using the SPS, only one pump
down is needed before cooling them down. Then, the insula-
tion vacuum is achieved by one TMP in each of the cryomod-
ules, and each warm section has a NEG pump, and if there
is enough space a TMP. Finally, the HEBT section consists of
five sections each pumped by groups of four turbopumps each,
with the exception of the Dipole junction that only has two.
The closest vacuum station of the first section of the HEBT
is pumped down by an SPS to ensure that it is particle free.
Additionally, an Argon Cold Trap is expected in the dipole
junction section of HEBT to reduce the gas load of Ar and sig-
nificantly increase the monolayer formation time in the SRF
LINAc.
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Figure 16. Picture (top) and sketch (bottom) of the MuVacAS facility.

2.2.4. Accidental scenarios. One of the particularities of
the IFMIF-DONES accelerator is the lack of separation win-
dow between the TVC and the rest of the accelerator vacuum
line. This is due to the high power and low energy of the beam,
whichwould imply a huge power deposition in such a thinwin-
dow, with no material that could withstand this load and no
means of cooling it. This particularity has some safety implic-
ations since in loss of vacuum accidents (LOVAs) [35], the
entering air could reach the liquid lithium of the target or activ-
ated material from it could be transported through the accel-
erator line. To mitigate this, we rely on Fast Safety Isolation
Valves (FSIVs) which, when closing, can isolate the TVC in
100ms in case a LOVA is detected, acting as a safety confine-
ment barrier. The MuVacAS (Multipurpose Vacuum Accident
Scenarios) is an experimental setup (figure 16) installed in an
auxiliary building at the DONES site to study these LOVAs
due to leaks or abrupt inrushes to validate the FSIVs and
assist their Safety Qualification in views of the licensing of
IFMIF-DONES.

In addition, MuVacAS is serving as a laboratory to test and
validate relevant vacuum components that will be installed in
the IFMIF-DONES LINAC, such as pumping system, meas-
urement systems, aluminum chambers, flanges MKS ISO, dif-
ferential pressure system, the control systems, and integration
of remote handling (RH)QuickDisconnection Systems (QDS)

to evaluate the connection between the TIR and TVC-HEBT
elements.

For this purpose, MuVacAS reproduces as close as possible
the characteristics and specifications of the vacuum chambers
of the IFMIF-DONES HEBT+TVC as illustrated in figure 16.
It also includes three experimental modules to recreate the
identified scenarios as the injection of gas (N2, Ar, air, He) or
water demineralized, and the recreation of sudden air inrush;
and fast acquisition system (20 kHz) to record and characterize
these events, and the effectiveness of the mitigation measures.

The vacuum system of MuVacAS consists of three main
zones (figure 16) The Control Volume Vacuum Chamber
(CVVC), which allows a precise measurement of the amount
of incoming gas at the extremity of the target chamber dur-
ing the vacuum loss experiments. The vacuum line, which
represents the HEBT geometry in terms of its duct diamet-
ers according to the most updated HEBT design. Most of the
fixed flanges used are ISO CF flanges with diameters ranging
from DN40 to DN250. And the TVC, where the main geo-
metrical characteristics are taken from the design of the TVC
IFMIF-DONES, which look-like a cylinder with a diameter of
600mm, and a length of 1135mm.

The total length of MuVacAS is 28m due to space
limitations, compared to the 49m of the IFMIF-DONES
HEBT+TVC chambers. The setup is composed of two main
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zones (A, B) as shown in (figure 16). Zone A is scaled down
with respect to IFMIF-DONES (14m vs 35m). Zone B, on the
other hand, retains a longitudinal and transversal scale of 1:1
(14m), from the TVC to the last meters of the HEBT (down-
stream of the FIV DN250), which is the region of greatest
interest in the accident scenarios. In terms of materials, zone
A is made of aluminum, and zone B of stainless steel AISI
316L, consistently with the current HEBT design. The TVC,
however, is made of 304L Stainless Steel with a wall thickness
of 1 cm. This is to evaluate its eventual implementation in the
final HEBT design.

There are six pumping groups (PGs) distributed along the
vacuum line as shown in (figure 16). If required, they can be
reconfigured to a different location on the vacuum line. Each
PG can be isolated when performing the test. The vacuum line
has seven gate valves (GV1–GV7) along the line.

The differential pressure system contains an argon injection
module composed of oneMFCwith a range of 1× 10−4 sccm–
1 sccm, one remote-controlled valve, with connections to be
fully compatible with the high vacuum line, and one external
controller. The injection can be controlled by a closed loop,
considering the pressures of the TVC to keep themwithin their
limits of 1× 10−4 mbar–1× 10−5 mbar.

The MuVacAS control houses the I/O PC (DELL), the I/O
controller based on PLC (redundant system with two CPUs),
the safety system (PILZ), the fast gate valve controller, two
cDAQ for the fast instrumentation, the TPG 500 controller
to acquire the signals of the pressure gauges. The system
has three protocols used for communication: EPICS protocols
with process variables (PV), the protocol of PLC, and the pro-
tocol TSN (based on a protocol IEEE802.1) for the fast acquis-
ition data.

2.3. Accelerator control and operation

Every system of the accelerator (section 3) provides its con-
trols as part of amore complex control architecture of the facil-
ity, which involves low-level control and high-level orches-
tration. The entire control system architecture realizes a two-
layer structure where the lower layer contains both the field
device interface and low-level control logic. In contrast, the
upper layer handles high-level control, control services, and
the Human-Machine Interfaces. The last version of the EPICS
framework, EPICS 7 [36], provides the interface between
these layers. EPICS 7 introduces several new features and
improvements compared to thewell-knownEPICSV3, includ-
ing support for structured data, improved network protocols,
and better performance and scalability. In addition, due to the
characteristic of integration of heterogeneous kinds of hard-
ware, software, and protocols, EPICS is used to implement a
part of the controls related to different functional subsystems
(radio frequency, vacuum, cooling, etc), providing a common
middle layer which standardizes the communication among
the various hardware and software solutions.

Different systems need different characteristics in terms of
requirements. Therefore, various technologies must be used
in different contexts: industrial technologies such as PLC-
based solutions are chosen for tasks where security is the most

critical feature. PLCs provide reliable and robust control in
environments where safety is paramount. In scenarios where
the acquisition speed rate is crucial, a fast acquisition system
based on the VersaModule Eurocard (VME) bus can be a good
candidate. However, due to its age, the VME system shall be
migrated to a newer solution. Currently, micro telecommunic-
ations computing architecture (µTCA) is under investigation
as a potential replacement, offering faster processing speeds,
higher reliability, and better support for modern applications.
Common hardware (such as embedded systems) is chosen
when only integration is required. These systems provide flex-
ibility and ease of integration without the need for specialized
hardware. Additionally, all the technologies used in the LIPAc
project require upgrading and migration to newer solutions.
This includes a comprehensive evaluation of current techno-
logies and the identification of suitable modern alternatives.
Several studies are underway to identify good candidates for
these upgrades, focusing on improving performance and com-
patibility. A significant effort in standardizing the architecture,
devices, hardware, software tools, and applications has been
performed to ensure seamless integration and interoperability
across the entire system. The standardization work is crucial
in the early stages and the developing of unified guidelines
and protocols for device communication and data exchange,
the selection of standardized hardware platforms and inter-
faces to simplify maintenance and upgrades, the implement-
ation of consistent software tools and development environ-
ments to streamline application development and deployment,
and ensuring that all components conform to the same set of
standards to reduce complexity and improve system reliability.
Preliminary indications and guidelines for this standardization
process are already being formulated, laying the groundwork
for a more cohesive and efficient control system architecture.
Furthermore, the adoption of EPICS seven opens possibilities
for integrating machine learning technologies and solutions.
The advanced data handling capabilities and improved per-
formance of EPICS 7, in addition to the different APIs to the
principal program languages (i.e. Python), facilitate the incor-
poration of machine learning algorithms, which can enhance
system diagnostics, predictive maintenance, and overall oper-
ational efficiency. Preliminary studies on ML/AI are already
ongoing by different partners in the DONES project, and the
results can be used as guidelines for future requirements in
the control architecture, to achieve smarter andmore autonom-
ous control systems, further advancing the capabilities of the
project.

2.4. Accelerator commissioning

The accelerator will be commissioned in four main phases (see
figure 17), which are similar to the ones in comparable acceler-
ator facilities. During the first phase (Phase 1), the injector will
be tested and characterized up to CW, and in themainmodes of
operation. This is a crucial stage for the success of the accel-
erator beam transport during the following stages, since the
characterization of the beam at injector is limited. Besides the
nominal operation of the 40MeV deuteron beam, during the
staged commissioning phases, the accelerator will be tested
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with protons at scaled energy of 20MeV, and peak beam cur-
rent of 70mA.

The second phase (Phase 2) corresponds to the commis-
sioning of the RFQ together with the MEBT. A very care-
ful and detailed characterization of the beam at this stage
is mandatory in order to ensure a proper acceleration of the
beam along the superconducting LINAC. For this reason, a
Diagnostics Plate is installed at the output of the MEBT dur-
ing this phase. The plate contains all the necessary diagnostics
for the characterization of the main beam parameters. At this
stage, the beam will be operated in pulse mode, but ramping
up to a relevant duty cycle of up to 20%. This percentage is
considered already relevant to validate the good behavior and
the tuning of all the components. For this reason, a HPBD is
required during this phase. In order to optimize the hardware,
the beam dump used at the HEBT will be used during this
phase, located downstream the RFQ.

Once Phase 2 is completed, the diagnostics plate and the
beam dump will be moved to the final location at the BDTL
of the HEBT (section 3.5). The SRF LINAC will be installed
downstream the MEBT, together with the HEBT. At first
moment, the SRF LINAC will be characterized with a pulsed
beam using the BDTL of the HEBT with a duty cycle up to
1% (50 kW).

The last stage before nominal operation (Phase 4) is the
ramp up with the BOT. A pilot beam with very short pulses
will be first used to tune critical parameters of this line: the
profile at the multipole area, the transport down the target, and
the position and profile at the target.

At least five years are allocated for the completion of the
four phases before switching to normal experimental operation
irradiating materials.

3. Systems design

The complexity of the engineering design of IFMIF-DONES
is handled by the application of system engineering to the
accelerator components. The functions of delivering a high-
energy and current deuteron beam are accomplished by the
ASs, which are formed by the following systems: (1) the
injector (section 3.1) composed of the ion source and LEBT,
(2) the RFQ (section 3.2), (3) the MEBT line (section 3.3),
(4) the SRF LINAC (section 3.4), (5) the HEBT (section 3.5),
(6) the RFPS (section 3.7) and (7) the ASs Ancillaries (ASA,
section 3.8). For each of them, a bunch of system require-
ments and interfaces have been defined. In the following, the
most important features of the design of each system will be
developed.

3.1. Ion source and LEBT

The injector system (IS) aims at injecting in direct current
(DC) operation a stable 100 keV–140mA deuteron ion beam
into the RFQ with small transverse emittances and low energy
dispersion, and with D+ species fraction of 99% or more.
This intensity at the level of the IS is defined considering
both the beam intensity required at the lithium target location

Figure 17. Commissioning phases of the IFMIF-DONES
accelerator.

(125mA) and the transmission through the whole accelerator
(above 90%). An ECR ion source has been selected since it
is recognized worldwide as the most efficient devices to reach
such performances with high reliability—availability [37–41].
During commissioning phase, other modes of operation are
requested: production of an equal perveance proton beam of
half current and half energy as nominal with deuteron beam
to avoid activation of the accelerator components due to beam
losses, and pulsed operation mode either by only switching
the magnetron of the ECR source or by inserting a chopper (in
addition to the switch of the magnetron) in the LEBT line to
produce beam pulses as short as 100µs length and to decrease
thus the average beam power. In order to match the beam at the
entrance of the RFQ, appropriate characteristics in the trans-
verse phase planes shall be met, that is defined by the nor-
malized transverse (horizontal and vertical) emittances which
shall remain below 0.30πmm ·mrad, and also by the Twiss
parameters that can be varied in a certain range thanks to the
tuning of the currents of the LEBT solenoids. The IS shall
stop the beam production in less than 10microseconds to avoid
damage of the systems concerned. For that, a fast magnetron
shutdown system (FMSS) is implemented. In order to ensure
the required inherent availability of the whole AS of 87% over
the whole lifetime of the project (30 yr) [42], the injector shall
be designed to fulfill the RAMI requirements with an inherent
availability higher than 87%. Table 7 shows the main paramet-
ers that are required for the DONES IS.

The IS (figure 18) is made of three subsystems. First, the
ECR source and the accelerator column composed of five elec-
trodes allow the creation, extraction and acceleration of deu-
teron ions in order to generate a high intensity DC deuteron
beam at 100 keV. Then, the LEBT line aims at guiding and
matching the beam to the RFQ by means of two solenoids
with integrated steerers. It also allows to chop the beam in the
pulsed operation mode. Several beam diagnostics are installed
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Table 7. Main parameters of the DONES Injector System where:
Iout is the value of the extracted D+ or H+ current out of the
LEBT,Eout is the output energy of D+ or H+ out of the LEBT, FD+
the fraction of D+ current in the total current extracted, Iout (rms)
the value of the jitter of the extracted current, ϵout,norm the value of
the normalized emittance of the extracted current, DC the value of
the duty cycle, tb,off the switch off time of the beam, tLT the lifetime
of the source, and IA the inherent availability.

Parameter Value Remarks

Ion type D+ H+ (comm.)
Iout (mA) 140 70 (H+)
Eout (keV) 100 50 (H+)
FD+ (%) 99 out LEBT
Iout (rms) 1% rms ⩽1MHz
ϵout,norm (π mm·mrad ⩽0.30
Twiss TBD
DC (%) 100 Pulsed (comm.)
tb,off (µs) <10
tLT (years) 30
IA (%) <87

Figure 18. Mockup of the DONES Injector.

in the LEBT to characterize and control the beam. Finally, the
local instrumentation and control subsystem (LICS) enables
the tuning, monitoring and analysis of injector parameters dur-
ing the conditioning and operation phases.

The Injector of LIPAc, prototype for DONES, was designed
and constructed by CEA Paris-Saclay. Its ECR ion source is
based on the SILHI source design [43]. It has been under com-
missioning since 2014 in Rokkasho, Japan. Using an electrode
plasmawith an opening of 11mm diameter, requirements have
been met since 137mA of 100 keV D+ beam could be extrac-
ted in a stable way during 11 h in DC operation. The nor-
malized emittance was measured at low duty cycle and was
of 0.24 pi mm.mrad, which is under specifications. The noise
of the beam current was measured with the beam stopper and
was of 2.6% rms, which is in the same level that the required
value. Commissioning have been then pursued using an elec-
trode plasma with an opening slightly higher (11.5mm) for

Table 8. Main RF parameters of the DONES RFQ. RS is the Shunt
Impedance, Q0 the unloaded quality factor of the cavity, Pdis the
dissipated power, Est the stored energy, and PRF,tot the total RF
Power. Q0, Pdis and PRF,tot include a 20% margin for RF regulations
and residual reflections.

RS 206–270 kΩ
Q0 12 800
Pdis 585 kW
Est 6.6 J
PRF,tot 1345 kW

optimization and first results are promising [9]. Taking benefit
from the experience gained with the LIPAc injector, compon-
ents of this injector that are satisfactory are kept unchanged
for DONES injector. Other components should need improve-
ments and proposals have been given to fulfill the current
requirements and interfaces of DONES. As a high priority,
it has been identified for instance the design improvement of
the accelerator column to ease the assembly, alignment pro-
cedure, and therefore final position accuracy of the electrodes,
of the EMU to provide easier alignment of the slits and of the
chopper to chop completely the beam outside the chopper gate.
Several other improvements have been identified [44].

3.2. RFQ

The IFMIF-DONES RFQ is a CW accelerating structure and
one of the engineering challenges of the DONES design.
Currently, a lot of research is ongoing within the accelerator
field on RFQ as a driver of CW accelerators [45]. In case of
the DONES RFQ, the structure must handle a power dissip-
ation of more than 600 kW while keeping the activation due
to beam losses as low as possible. The resonator of IFMIF-
DONES RFQ (figure 19) is a 10m length four-vane structure
with and the necessary tuning of the cut off frequency due to
R0 and Voltage variation is obtained by varying the electrode
thickness (inductive region tuning) along the structure [46];
in this way the shunt impedance is higher where the voltage
is larger. The RFQ section is also optimized to reduce RF
losses Q0 > 10000. As the cavity is significantly longer than
the wavelength, in order to guarantee a proper implementa-
tion of the voltage law (maximum deviation of ±2% from the
nominal one, due to contamination of the mode induced by
geometrical errors) and the attainment of the operational fre-
quency, the RF tuning of this long cavity is performed by a set
of 108 tuners, to be machined to length after the assembly of
the module according to the RF measurements and the imple-
mentation of a tuning algorithm [47]. The main RF parameters
of the RFQ are listed in table 8.

The structure is made of copper (CuC2) and is expected
to be precisely machined in several modules that contain the
couplers, tuners and vacuum ports which are later joined in a
so-called supermodule using vacuum brazing. The complete
structure is then combined with three supermodules.

The control of the frequency in the cavity is performed
using the input temperature of the water cooling to the RFQ
vanes. This method of operation was verified first with thermal
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Figure 19. Mockup of the DONES RFQ.

simulations [48] and then recently experimentally during the
Phase B+ of commissioning of the LIPAc RFQ full-scale pro-
totype. Therefore, the RFQ cooling loop plays a crucial role
in tuning the cavity and maintaining the desired voltage pro-
file along the structure by precisely controlling the temperat-
ure within±0.1 ◦C (see also in section 3.8.1). To achieve this,
the RFQ features two distinct manifolds and cooling circuits—
warm and cold—each equipped with three water inlets. In the
design phase, The FEM analysis revealed that the turbulent
flow was not uniform along the duct. Since temperature uni-
formity is essential for proper cavity operation, we opted for a
smooth duct design on the vessel, despite the resulting reduc-
tion in the heat transfer coefficient. Consequently, in this way,
the relative positioning of the cooling channels was designed.
To account for temperature, rise, and variations in the convect-
ive coefficient along the module, we enhanced the integrated
thermal-CFD analysis using Ansys CFX 12 and the thermal-
structural analysis with AnsysWorkbench 12. These improve-
ments also ensure a consistent mass flow in the vane cooling
ducts. A 3D detail about the undercut thermal design is repor-
ted in figure 20. From [49]. More details about the cooling
design are reported in [50, 51].

The field level and field distribution in the cavity is mon-
itored by pick-up loops distributed throughout the cavity.
Some of these pickups also give the signal for actual power
level to the LICS and LLRF. An additional voltage adjust-
ment during operation is achieved by independently varying
the vessel inlet water temperature in each of the three RFQ
supermodules [52]. RF power is injected into the RFQ via
eight independent loop power couplers, based on Alumina
planar brazed RF windows. Each RF line is equipped with dir-
ectional couplers for monitoring forward and reverse power at
each line.

3.3. Medium-energy transport line

In the case of IFMIF-DONES, the very high space charge
forces require a very short distance of the focusing elements
to counteract them, as can be seen in figure 21. The MEBT is
thus a very compact line. Five short quadrupole electromag-
nets with a maximum gradient of 25 Tm−1 control the trans-
verse beam dynamics. The same iron yoke has nested coils

Figure 20. Temperature distribution in the vane undercuts with
nominal RF power. The maximum value is equal to 66 ◦C.

Figure 21. Mockup of the DONES MEBT.

to create dipolar magnetic fields in the horizontal and ver-
tical fields to steer the beam trajectory. Four BPMs, located
in the middle of the electromagnets axis, provide the feedback
to tune the beam position. In the longitudinal plane, two re-
buncher cavities adapt the bunch time structure to the needs
of the first superconducting cavity downstream. The cavities
provide a maximum effective field of 350 kV, based on the
use of an interdigital H (IH) cavity with five gaps created in-
between four drift tubes. The cavity tanks are made of cop-
per coated stainless steel, which contain water cooled chan-
nels. Screened vacuum ports are located at each buncher. In
addition, a couple of beam scrapers, with four movable cop-
per blades, help the purification of the beam particles with the
wrong dynamics. Up to 500W can be removed per each water
cooled blade. An additional set of beam diagnostics monitor
the line performance, such as current transformers to monitor
the beam current at the interface with the RFQ, or beam loss
monitors along the line. Main parameters of the MEBT are
summarized in table 9.

3.4. Superconducting acceleration

The beam acceleration is provided by superconducting radio
frequency (SRF) Half Wave Resonators (HWR) operating at a
central frequency of 175 MHz and 4.45K. This frequency can
be adjusted with a mechanical frequency tuner which deforms
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Table 9. Main MEBT parameters. L is the beam dynamics length,
Enom the nominal particle energy, ϵin,norm the maximum beam
emittance at the input interface, Iin the maximum average particle
current at the input, DC the duty cycle, Iin the average particle
current at the output, E0LT the maximum effective voltage of the
re-buncher cavities, Pc,max the maximum power of the couplers of
the re-buncher cavities, Bquad,max the maximum magnetic field
density of the quadrupole magnets, Blst,max the maximum integrated
magnetic field of the correctors, pin the pressure at the interface with
the RFQ, pout the pressure at the interface with the SRF LINAC.

L 2.35m
Enom 2.5MeVu−1

ϵin,norm 0.3πmm ·mrad
Iin 125mA
DC CW
Iout/Iin >99.9%
E0LT 350 kV
Pc,max 15 kW
Bquad,max 25Tm−1

Blst,max 25Gm
pin <5× 10−7 hPa
pout <5× 10−8 hPa

Table 10. Main parameters of the SRF LINAC components. Enom is
the nominal cavity acceleration field, Q0 the cavity unloaded quality
factor, fc the resonance frequency of the cavity, Twc the cavity
cooling temperature, Ptr the transmitted RF power of the coupler, Bz
the magnetic field at the axis of the solenoid, Bzl the integrated
magnetic field along the axis, and Tws the solenoid coolant
temperature.

Component Parameters βlow–βhigh

Cavity Enom (MV m−1) 4.5
Q0 @ E_acc_nom 5× 108–1× 109

fc (MHz) ∼175
Twc (K) 4.45

Power coupler Ptr (kW) 100–200

Solenoid Bz (T) 6
Bsl (mT ·m) 7
Tws (K) 4.45

the HWR to slightly shift their resonant frequency (−50 kHz).
The beam is also focused with superconducting solenoids
operating at 6 T and 4.45Kwhich are equippedwith horizontal
& vertical pairs of coils for beam steering and BPMs for beam
monitoring. The accelerating electromagnetic wave is trans-
mitted to the HWRs through the RF power couplers which
were designed for a maximum continuous transmitted power
of 200 kW. Main parameters of the SRF LINAC components
are compiled in table 10.

As it can be seen in figure 22, the SRF LiNAC is split into
five cryomodules (two low-β and three high-β), each linked
by warm sections incorporating a pumping system associated
to a gate valve and with the potential to add some beam dia-
gnostics like SEM-grids for beam commissioning. The main
parameters of the cryomodules are summarized in table 11.

The main components were designed based on the LIPAc
cryomodule [53] which is currently being assembled for the

Figure 22. Mockup of the DONES SRF LINAC.

Table 11. SRF LINAC main parameters: CM is the cryomodule, β
is the optimized deuteron speed at the cavities, Seq. the lattice
sequence at each cryomodule, S are solenoids, C are cavities, NC the
total number of cavities, NS the total number of solenoids and Tout
the output deuteron energy.

CM CM1 CM2 CM3, 4 & 5

β 0.116 0.116 0.179
Seq. 8× (1S+1C) 5× (1S+2C) 4× (1S+2C)

+ (1S+1C) + (1S+1C)
NC 8 11 9× 3
NS 8 6 5× 3
Tout (MeV) 8.3 13.9 21.3, 30.3, 40

IFMIF/EVEDA accelerator in Rokkasho, Japan. From the RF
perspective, the low-β HWRs and couplers are identical to the
LIPAc one. Some of their mechanical features will bemodified
either to adapt them to the new overpressure protection envi-
sioned (≈2 bar(a) Maximum Allowable Pressure) or to adapt
their interfaces to the top loading assembly scheme of the
DONES cryomodule as opposition to the side loaded assembly
adopted for the Lipac cryomodule. Top loading offers sev-
eral advantages like the reduction of the tooling required to
insert the cavity string in the cryostat, the smaller footprint
required in the assembly hall to perform the operation and the
smaller number of mechanical interfaces to monitor during
this critical operation. These positive aspects were observed
and confirmed during the assembly of the top loaded SARAF
cryomodules [54]. Regarding cryomodule transportation, two
scenario are being analyzed, the case of the cryomodules trans-
ported fully assembled (#1) and the case of the cryomod-
ules which are transported into two packages (#2), including a
mechanical damping frame for the critical components (string
of cavities and couplers). Experience from the SARAF HWR
cryomodules [54] shows that that cryomodule 1 was success-
fully transported by plane and truck as two packages (case #2).
The transportation frame of the cavity string and its top plate
is shown on figure 23. If analyzed and designed early enough
in the project, case #1 could offer many advantages (smal-
ler number of operation at the DONES site) while providing
mitigations to the critical transportation preparation steps. To
complete this evaluation, a mechanical study accounting for
transport accelerations is necessary to check the compatibility
of the cryomodule transportation scheme with the final design
of the cryomodules.

For the high-β cryomodule, a design and prototyping effort
was led at CEA Saclay [55]. This naked high-β cavity proto-
type (figure 24) which has a 10mm wider beam port diameter
(50mm), was manufactured by Zanon R&I. It was made from
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Figure 23. Damped transportation frame of the cavity string and
top plate of the 1st SARAF cryomodule.

Figure 24. Prototype of a naked high-β cavity.

Figure 25. Vertical cryogenic tests without helium tank.

Nb sheets except for the central drift and beam tubes fabric-
ated from blocks. It went through two series of vertical cryo-
stat tests with successful results despite field emission due to
surface pollution encountered during the first series of tests.
As can be seen in figure 25, the cavity reached a 12MVm−1

accelerating field without quenching and at nominal condition
(4.5MVm−1) it reached a quality factor of 2.3× 109 which is
more than twice compared to the requirement. The next step is
to add the helium tank to the cavity and check the capability of
the SARAF likemechanical tuner to shift its central frequency.
Preliminary warm tuner tests were successfully performed at
the end of 2023 on the naked cavity demonstrating its ability
to reach frequency shift greater than the expected 100 kHz.

Due to the greater diameter of this cavity, the interface
for high-β coupler is 70mm lower when compared to the

Figure 26. Mockup of the DONES HEBT.

low beta whereas the coupler body cannot shift further down
without interfering with the RF transition box which is already
close to the accelerator vault (AV) floor. Consequently, the
high-β coupler antenna must be shortened accordingly and
design studies will be led to optimize the coupling factor and
check that the outer conductor is properly cooled in this new
configuration.

3.5. High-energy transport line

The HEBT line (figure 26) is designed to ensure the beam
meets the required footprint upon collision with the LT [56].
The main parameters for the footprint of the HEBT system
are summarized in table 12. The HEBT has a secondary line,
the BDTL, to deflect the beam from the target and dissipate
its power with a HPBD. The BDTL will be used during the
commissioning and start-up operations [57]. The 28 non-linear
magnets (figure 27) shape the beam to deliver the requested
footprint, whereas the two dipoles (figure 27) bend it by 9◦.

Two shutters placed within the HEBT (figure 27) prevent
back-scattering radiation during beam stop maintenance. A
scraper (positioned in the middle of the HEBT, shown in
figure 27) and a collimator remove the undesired halo beam
and the particles diverted from the beam. In recent modifica-
tions, the collimator was moved closer to the target, meeting
the 10m proximity requirement, which required changing the
collimator cooling fluid from water to liquid He [58].

By introducing a 77% aluminum-to-stainless steel ratio in
all beam-facing elements, residual doses have decreased sig-
nificantly through a minimized Co-56 production, allowing
hands-on maintenance during beam stop periods [59]. High
radiation areas are inaccessible to personnel, such as the RIR
and the TIR. The precision manipulation and alignment of ele-
ments in those areas employ large replacement units (LRUs),
pre-aligned boxes housing all elements, deployed via RH
tools [60]. Mitigating accident risks, as described in [61], two
fast isolation valves (FSIVs) are located within the RIR area,
inside the AV. Enhanced by local shieldings [62], these protec-
tions ensure uninterrupted functionality of the FSIV through-
out the demanding year-long service cycle, extending up to
the annual maintenance period. The FSIV requires an inner
gas atmosphere, which is provided by argon gas. The installa-
tion of a dedicated argon cabinet (see figure 27) inside the AV,
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Table 12. Requirements of the HEBT&BD system.

Requirement Target value

Particle type D+
Beam energy 40MeV
Beam emittance 0.3 πmm ·mrad
Nominal beam peak current 125mA
Nominal duty cycle 100 %
Nominal transmission ratio >99.8 %
Achromatic bending 9◦

Length SRF Linac—Target 48.8m
Beam footprint at Li Target 20× 5 cm2(10× 5 cm2)
BD peak power 5MW
BD average power <50 kW
RMS beam size at BD cone ∼40mm
Divergence at BD cone 14–16mrad
Off axis <3mm
Pressure at SRF Linac <5 · 10−6 Pa
Pressure at Li Target <10−4 Pa

is foreseen to host the FSIV and the argon gas. Made of alu-
minum alloy to reduce residual doses, the argon cabinet has
two access points: a ceiling entry for RH extraction to main-
tain the LRU containing both FSIV and a door for personnel
to perform quick operations [58].

A cold trap is planned to be installed between the first dipole
and the nearest quadrupole magnet of section 1 (see figure 27,
but exact location pending) to protect the SRF LINAC cavities
from evaporated lithium and other gases from the target.

Monitoring the beam footprint is crucial as it approaches
the target, marking the final stage of the AS. The HEBT is
equipped with essential diagnostic sensors, including: Current
Transforms (CT), BPM and Beam Profile Chamber (BPC).

3.6. Beam diagnostics

The handling of such a powerful beam is not affordable
without the full availability of a complete set of diagnostics
which serve to tune and control the machine during all the
commissioning and later operation phase. The main paramet-
ers to control during operation are: (1) the beam current, (2)
the beam transverse and longitudinal centroid, (3) the trans-
verse and longitudinal profile and (4) the beam losses. They are
mainly focused in the transport control (section 3.6.1), in order
to protect the machine and avoid machine activation, minim-
izing the machine downtime. Additional beam parameters are
required to be identified during the commissioning phase, such
as the beam emittance. A good qualification of those para-
meters is essential in order to optimize the acceleration in the
superconducting structure or the matching with the RFQ.

3.6.1. Beam transport control. Several types of beam dia-
gnostics are used to control the beam during the normal oper-
ation of the facility. The beam current is controlled mainly
by current transformers: DC ones for CW operation, and AC
for pulsed operations. In addition, a Fast version of the trans-
formers is used to resolve the bunch structure as well as giving
information of CW current in short bunch operation.

The beam losses were in principle going to be measured
by ionization chambers as done in LIPAc along the trans-
port lines. However, a new type of beam loss monitor, the
neutron beam loss monitor (nBLM) [63], has been tested and
integrated in the design. Developed by CEA in collaboration
with ESS, this system is sensitive to fast neutrons produced
by beam losses in the low energy parts of a hadron accel-
erator. It is based on Micromegas gaseous detectors, which
can discriminate between gamma rays and signals produced
by heavier particles. In the event of a beam loss, in the low
energy region of a linear hadron accelerator, only neutrons and
gamma rays escape. RF gamma rays can obscure the detec-
tion of actual beam losses, but Micromegas can distinguish
between gamma rays and the ionization signals from neut-
rons, which are converted into alphas or protons. The nBLM
system comprises two modules: a so-called fast module with
a 100 ns response time for large losses, and a slow module
with a delayed response due to neutron moderation but with
an efficiency roughly 100 times greater than the fast mod-
ule. Both modules operates in counting mode, with the same
front end card, allowing being sensitive to small losses and
they can switch to current mode in case of a high rate loss.
Currently under commissioning at ESS [64], the system has
also been tested at LINAC4 [63, 65], demonstrating its cap-
ability to detect small losses, with a better sensitivity than the
BLM’s based on ionization chambers. Additionally, the fast
module can help identify the position of the loss. This year,
nBLMmodules have been tested at LIPAC. Preliminary results
show a good response to deuterons losses also at low energy
making the system adequate for DONES needs. Analysis of
this data is on-going.

Inside the cryomodule, special beam loss detectors should
be used, the so-called µLM. The performance of a scCVD dia-
mond detector envisioned for the role of µBLMs was stud-
ied in mixed radiation environments and at cryogenic tem-
peratures. As previously reported in [66], it was further con-
firmed that the charge collection efficiency of a diamond
based detector decreased at cryogenic temperature by over
80% of its room temperature value for heavier ions such as
helium (alpha particles), lithium and carbon [67]. This study
was further expanded by evaluating the performance of the
detector in neutron and γ-ray fields which more closely mimic
the environment expected in the accelerator. It was found
that the charge collection efficiency for γ-rays drops by 10%
at 46K while for neutrons it decreased to 50% by 80K.
Measuring the charge collection efficiency at 46K in neut-
ron fields was not possible as the signal was indistinguish-
able from the background noise. The drastic decrease in charge
collection efficiency to neutrons and relatively small decrease
to γ-rays present a challenge for neutron/γ-ray discrimination
algorithms [68].Methods to increase the charge collection effi-
ciency of a diamond detector at cryogenic temperatures are
currently being explored with very positive initial results. This
would increase the effectiveness of discrimination algorithms
and allow diamond detectors to function reliably as µBLM.

Another critical diagnostics to optimize the beam trans-
port are the BPM’s which measure the position of the beam
centroid. The technology normally used is based in the pickup
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Figure 27. Sections 1 (a), 2 (b) and (3) of HEBT layout. The elements are: Magnets, Diagnostics and Vacuum, Shutter and stopper elements.

of the radiofrequency signal generated by the beam passing
through the metallic beam pipe, which does not disturb the
beam. Using this technology, an additional function is incor-
porated to the instrument: the measurement of the longitudinal
position with respect to a master RF reference. In this way, the
beam energy can be calculated and used for tuning of cavities
or monitoring purposes along the line.

3.6.2. Characterization diagnostics. Transverse 2D phase
space distributions, or transverse emittances, will be measured
at IFMIF-DONES in the LEBT and MEBT to ensure that the
beam phase space is matched to the acceptance criteria of the
RFQ and SRF Linac accelerating structures. Another meas-
urement location will be in the HEBT to characterize the beam
before its interaction with the Lithium target.

• Emittance measurement in the LEBT. Allison type emit-
tance scanners are high resolution scanners mostly used
to measure the transverse emittance of ion beams at ener-
gies of tens of keV [69–73]. They have been selected for
the LEBT of IFMIF-DONES. The Allison scanner of the
LEBT of LIPAc is a single unit composed of a water cooled
copper block made of two parts to form a front slit and

covered with Tungsten tiles using HIP technique, two elec-
trostatic deflecting plates, an electron repeller, a rear slit and
a Faraday cup, see figure 28. This unit is scanned across
one transverse plane of the beam with a stepper motor. At
each stepper position, the beamlet passing through the front
slit is swept across the rear slit by the deflecting plates and
the beamlet current is measured by the Faraday cup. The
Allison Scanner of LIPAc has been successfully commis-
sioned at Rokkasho, Japan [74, 75]. For the nominal beam
power of 15 kW (140mA–100 keV D+ beam + 10mA of
D+

2 and D+
3 ion species), transverse beam size and duty

cycle must be carefully controlled to avoid deposition of too
high power density. As a function of the beam diameter, the
power density can reach more than 2 kWcm−2. For beam
density close to 2 kWcm−2, simulations performed with
COMSOL software show that the temperature can reach
up to 1300 ◦C at the surface of the thermal shield made of
Tungsten, leading to non negligible elastic deformation of
the front slit due to thermal expansion and consequently
to incorrect measurement. For this reason, the duty cycle
must remain under 10% to decrease the average beam power
and to ensure correct measurement even for small transverse
beam size. The design of the Allison Scanner of LIPAc ful-
fill IFMIF-DONES requirements. However, the design will
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Figure 28. Allison scanner in the LEBT of LIPAc.

be improved in order to facilitate the alignment of each slit
along their length.

• Emittance measurement in the MEBT/HEBT. In the MeV
range, the majority of ion accelerators use other types of
scanners, mostly double slit systems [76], slit-grid systems
[77], slit-wire systems [78] or quadrupole scan technique
[79]. For DONES, a slit-grid system has been chosen to
be installed in a moveable diagnostic-plate that will be first
placed downstream of the MEBT (phase B) and finally
upstream of the HEBT (phases B+, C and D). This sys-
tem has the advantage to allow also beam profile measure-
ment using the SEM-Grids alone (slit in home position).
The slit-grid system of LIPAc allows horizontal (H) and ver-
tical (V) emittance measurement of a 125mA D+ beam up
to an energy of 5MeV (MEBT) and 9MeV (HEBT). It is
composed of two identical slits (H and V), of an electro-
magnetic steerer with two pairs of coils (H and V) and of
a SEM-Grids with Tungsten wires in H and V planes, see
figure 29. The slit is scanned across one transverse plane
of the beam with a stepper motor, letting a beamlet tra-
versing a drift of 1520mm up to the SEM-Grid where the
beamlet profile is measured. The steerer is used to increase
the angular resolution of the measurement since the SEM-
Grids has large wire gaps (1, 2 and 3mm). The design of
the slit of LIPAc is shown in figure 30. It is a water cooled
copper block with teeth shape in front in order to decrease
the beam power density. Layers, made of Graphite for the
MEBT and of TZM for the HEBT (the latter to avoid sput-
tering and thus breakdown in the SRF Linac), are mounted
with clamps in front of the copper block. Thermomechanical
simulations show a negligible elastic displacement of the
slit when subjected to the nominal high beam peak power
of up to 1.125MW (125mA D+ beam at 9MeV) and for
transverse beam sizes down to a sigma of 5mm, by lim-
iting the pulse length to 100µs with a repetition rate of
1Hz. The wires of the SEM-Grids have the same limitation
in order to keep negligible the thermionic current. Using a
2.5MeVH+ beamwith current around 20mA, comparisons
between simulations and measurements performed down-
stream the MEBT of LIPAc show satisfying agreements
[80]. Measurements performed with 5MeV–125mA D+

beam, and I think with higher pulse length than 100µs To
show that the slit can sustain high beam power. For DONES,
a similar design of slit-grid system will be adopted. For the
HEBT of DONES, the energy is 40MeV, thus probably not
compatible with the slit (thermal stress).

Figure 29. Principle of the beam emittance measurement at LIPAc
using the slit-grid system.

Figure 30. Design of the slit of LIPAc used for emittance
measurement downstream the MEBT and the HEBT.

3.6.3. Target area diagnostics. One of the main focus of
the accelerator development has been the control of the beam
characteristics of the BOT. To ensure them, a good design of
beam dynamics is not enough, but it is also capital to design
beam diagnostics that characterize and monitor those charac-
teristics in the real machine. The main objective is twofold:
(1) characterization of the BOT to validate the beam dynam-
ics, and (2) on-line monitoring to protect the target and asso-
ciated beamline components from accidental events. Due to
the high radiation near the target area, beam diagnostics are
better placed in an area of lower radiation field. In this case,
the room placed just before the TC area where the lithium is
hosted, the so-called TIR. The TIR beamline components (or
HEBT TIR section) are designed to ensure the desired para-
meters of the beam and lithium right before the beam hits the
lithium target. This is achieved through diagnostics elements,
as well as mechanical and safety devices. The HEBT TIR
section is divided into two beamlines (primary and second-
ary beamline), each consisting of two separate modules which
are also deemed large replaceable units. For the TIR, modular
design was chosen to simplify the necessary RH operations
due to high radiation doses. Inside the TIR all the compon-
ents are going to be maintained via RH through the hatch on
the ceiling of the room connected with the Access Cell. The
primary beamline of the TIR hosts diagnostics for measure-
ments of deuteron beam current, position, energy and profile
and vacuum components. The aims are multiple: (1) check-
ing of the exact position of the beam using BPMs, (2) track-
ing the shape of the beam using the BPC and (3) ensuring the
HV levels within the entire TIR system. Using these elements,
we have the final opportunity to control the beam paramet-
ers before the beam reaches the collimator where it will be
shaped and focused. The secondary beamline elements will
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host lithium diagnostics (such as cavity ring down spectro-
scopy, CRDS, or the lithium target thickness monitor based
on laser method) [81], ensure necessary vacuum requirements
and will also establish the upstream safety from activation
by TC neutrons through shielding. Some of the beam dia-
gnostics required a full research and development program.
In particular, the beam profile monitoring is based on the pro-
totypes developed for the LIPAc accelerator. Several exper-
imental campaigns were past to improve the design, and to
simulate similar operational conditions both theoretically and
experimentally. Main candidates for the monitoring are light
emission from the fluorescence of the beam with the lithium
vapor, the argon or the optical transition radiation occurring
at the interface point between the beam and the liquid lithium
curtain.

3.7. RF power system

The IFMIF-DONES accelerator relies on a high-power RFPS
to deliver a 175MHz continuous wave (CW) signal to the
accelerator cavities [82]. The required power at the cav-
ity coupler interfaces is around 160 kW for the RFQ (eight
couplers), around 12 kW for the re-buncher cavities (two
couplers), a range between 40 kW and 70 kW for the low-
β HWR cavities (nineteen couplers), and a range between
90 kW and 130 kW for the high-β HWR cavities (twenty-
seven couplers). Therefore, the IFMIF-DONES RFPS has
been designed with 56 RF stations capable of providing up to
200 kW, depending on the specific cavity requirement and the
margins applied, resulting in a total RF output power exceed-
ing 7MW. Each RF station feeds a single cavity, except for
the RFQ, which requires eight amplitude-phase balanced and
synchronized RF stations acting as a unique source due to its
high power demands (around 1.2MW).

The IFMIF-DONES RFPS actively regulates the cavity
field to compensate for various factors that can cause fluctu-
ations, including beam loading, thermal expansion, and amp-
lifier gain drift, using a fully digital low level RF (LLRF)
control [83] that includes all the necessary feedback loops to
control the accelerating voltage and protect the cavity subsys-
tems. This ensures that the accelerating voltage remains within
the specified limits of ±1% in amplitude and ±1◦ in phase,
critical for optimal deuteron acceleration within the IFMIF-
DONES accelerator. Although the nominal operation of the
IFMIF-DONES accelerator is CW, the pulsed beam mode is
being taken into account since the preliminary design phases
due to its high importance for the accelerator commissioning,
as demonstrated in LIPAc. The RF system can deliver a wide
range of pulse parameters and the LLRF takes into account the
specifics to tackle this even harder working mode.

3.7.1. Engineering design. Early on the IFMIF-DONES
project, the decision to use a complete solid-state technology-
based RF system was made. The conversion of the required
400V, three-phase AC power (12MVA total consumption)
into the required RF power, is done in a two-step process. First,
high-efficiency AC/DC converters (97% efficiency) provide a

DC bias for the solid-state transistors, including active circuits
for harmonics compensation (98% Power Factor Correction
(PFC)). In the second step, Laterally-Diffused Metal-Oxide
Semiconductor (LDMOS) transistors amplify the RF power
achieving a DC-to-RF efficiency better than 70% and good
reliability. Despite achieving a high global efficiency (better
than 60%) during these conversions, up to 4.8MW of heat will
be generated in the RF Stations. This heat is dissipated using a
dedicated cooling water system with a flow rate of around 550
m3/h at 25 ◦C, provided by the ASs Ancillaries. Depending
on the cooling scheme of the final architecture, between 6.5%
and 18.5% of this heat load could be released to the RF bay,
imposing a considerable requirement to the building Heating,
Ventilation, and Air Conditioning (HVAC) system.

The RFPS employs a two-level modular architecture,
being the first level the RF station and the second one the
amplifier modules (AMD) and the AC/DC power modules
(ADPM). Using the same RF station architecture and the same
sub-components for the complete system, mass scale cost
reduction and high level of maintainability are guaranteed.
Additionally, including the necessary amount of redundancy
at the second level, the stringent 88% availability required
for the IFMIF-DONES RFPS can be achieved. At the same
time, a recent proposal for the reduction of the cooling water
input temperature using a chiller, combined with an increased
coolant flow, could provide a lower junction operating tem-
perature that will increase the Mean Time Between Failures
(MTBF) of the LDMOS transistors.

Reaching high power levels with Solid-State Power
Amplifiers (SSPA) involves merging the outputs of multiple
transistors. The conventional method uses a tree or corporate
combining architecture, where several combining stages are
sequentially arranged. The higher the power, themore combin-
ing stages are required, leading to higher overall combination
losses and larger sizes. Alternatively, signal combination using
a resonant RF cavity can provide a very efficient way to com-
bine multiple radiofrequency power signals in a single step
[84–86]. This innovative technique offers significant advant-
ages over conventional corporate combiner schemes, while
such traditional topology remains a viable option due to their
proven design.

A simplified model of the RFPS architecture has been used
to calculate the electrical consumption, the manufacturing
cost, and the operating cost depending on the global efficiency
achieved. The comparison between the minimum required
efficiency of 60% and a supposed 65% system is shown in
table 13. It shows that the increase of 5% in efficiency trans-
lates directly to a 1MW smaller system, a 7GWhyr−1 con-
sumption saving and 2 kt yr−1 less carbon emissions. Related
to costs, these implications mean that the RFPSwould be 2M€
cheaper to manufacture and the electric cost would be reduced
by 1.1M€ per year (taking into account 2022 power cost).

3.7.2. High-power SSPA stations. Due to the above-
mentioned benefits of the resonant cavity combination, this
technique has been selected for the development of a high-
power RF Station prototype for the IFMIF-DONES RFPS. A
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Table 13. Comparison between a 65% and a 60% efficiency RF
power system. µRF,G is the global efficiency of the system, Preq the
required power of the system, Ec,y is the energy consumption per
year,Mc,y the mass of carbon emitted per year, Cc,y the consumption
cost per year and Cr the construction cost.

µRF,G Preq Ec,y Mc,y Cc,y Cr

% (MW) (GWh) (kt) (M€) (M€)

60 11.8 94.7 27.2 15.1 58.0
65 10.9 87.4 25.2 14.0 56.1

Figure 31. IFMIF-DONES RF station (architecture with 40 AMDs).

port-reconfigurable cavity combiner has been devised using a
quasi-cylindrical forty-sided prism. The forty flat plates that
form the cavity wall can either include or exclude input ports.
In such a manner, the 56 IFMIF-DONES RF stations, with dif-
ferent output power requirements from 20 kW to 200 kW, can
be implemented using the same combining device just modi-
fying the number of amplifiers and input ports in the cavity
combiner. This is advantageous in terms of flexibility, stand-
ardization for mass production, ease of spare parts acquisition,
and maintainability. Figure 31 depicts an RF Station with 40
SS AMD connected to the cavity combiner. Each AMD has
four outputs, which results in a total of 160 transistors and
a 160-input cavity combiner. For a half-power RF Station,
only 20 AMDs (80 transistors) would be required, that is, 20
plates with input ports and 20 blind plates. The other elements
(LLRF, RF signal distribution, Control System, AC/DC mod-
ules, and AC power distribution) are located in the racks below
the combiner and the AMDs.

A cavity combiner demonstrator has been developed to
handle up to 240 kW at 175MHz in the 160-input config-
uration. The measured combination efficiency has exceeded
99% with both small-signal and high-power tests at 100 kW
CW [86]. Four additional AMDs to reach an enhanced 48 kW
RF Station version have been fabricated and are currently
under testing. Afterward, the RF Station prototype will be
upgraded to its final configuration with 40 AMDs, resulting

Figure 32. Pictures of some components of the RF Station
prototype: (a) cavity combiner in the CIEMAT RF Laboratory (b)
4× 1.5 kW outputs SS Amplifier Module (AMD).

Figure 33. EIA 6′′ 1/8 flexible coaxial line prototype.

in a 240 kW RF Station. The AMD measured performance
reveals a high transistor efficiency of around 70%, thanks to
an advanced cooling design that guarantees a low junction
temperature and consequently better performance reliability to
fulfill the availability requirements for IFMIF-DONES. Four
additional AMDs will be available during Spring 2025, to
reach an enhanced 48 kW RF Station version. The RF Station
prototype will be upgraded to its final configuration with 40
AMDs by mid-2025, resulting in a 240 kW RF Station. The
pictures of the cavity combiner testing and one of the AMDs
are shown in figure 32.

Other innovative developments are being carried out, such
as an EIA 6′′ 1/8 flexible coaxial line prototype shown in
figure 33. This component would be used in the interfaces
between the RF Stations and the RF couplers of the accelerator
cavities, placed at the end of the rigid coaxial lines. Its func-
tion is to absorb three-dimensional displacements provoked by
thermal variations or tolerances while keeping low losses for
efficient RF signal propagation. Apart from thismain function-
ality, it also contributes to the simplification of the installation,
replacement, and maintenance processes.

3.8. Ancillaries

The main function of the ASs ancillaries (ASA) is to provide
all the utilities, equipment and resources to meet the needs of
the IFMIF-DONES accelerator throughout its life cycle. This
system adapts the plant services to the specific requirements of
the ASs and consists of five subsystems in addition to its own
LICS. The five subsystems are as follows: (1) water primary
cooling loops, (2) electrical power distribution, (3) vacuum
subsystem, (4) gas distribution subsystem and (5) cryoplant.
The following sections describe the main characteristics of
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these five subsystems, except for the vacuum one, which is
described in section 2.2.

3.8.1. Conventional ancillaries. The water primary cooling
loops, the electrical power distribution and the gas distribu-
tion subsystem are considered conventional auxiliaries and are
described below. Thewater primary cooling loops of the accel-
erator are expected to manage a thermal load of approximately
8MW. This subsystem consists of seven independent cooling
units, each with autonomous systems to regulate water quality
(such as conductivity and pH) as well as its main parameters
(flow rate, pressure, temperature, etc). The unit that needs to
dissipate the most thermal power is the one responsible for
cooling the RF system. For most of the loops, the second-
ary side water comes directly from the plant services cool-
ing towers (water temperature ⩽ 27 ◦C). However, for tem-
perature control of specific components, such as the RFQ and
re-buncher cavities, the cooled water is supplied by chillers.
The RFQ cooling loop is of high importance as it is used
to tune the cavity through temperature changes of ±0.1 ◦C.
To accomplish this, the RFQ has two different manifolds and
cooling circuits, warm and cold, each with three water inlets.
The warm circuits have a dedicated pump and three-way valve
for each inlet to ensure this restrictive tolerance. All water cir-
cuits cooling accelerator components close to the beam line
are considered potentially contaminated. Among them, only
the circuit cooling the Beam Dump cartridge should include a
decay coil. This coil delays the arrival of water in the cooling
machine room, ensuring that the water activation levels reach
acceptable values.

The electrical installation to supply all the accelerator’s
needs is dimensioned to provide around 18MVA in continu-
ous operation. Among the different ASs, the RF Power Supply
is clearly the largest consumer, requiring more than 80% of
the accelerator’s total power. The next largest consumers are
mainly the cryoplant, the water primary cooling loops and the
vacuum subsystem, whose consumptions are between 0.5 and
1MVA. The IFMIF-DONES plant includes a Safety Energy
Subsystem for the electrical supply of the safety important
components (SIC). This system incorporates on-site emer-
gency power sources such as diesel generators, uninterrupt-
ible power supplies (UPS’s) and DC batteries. In this way,
the distribution of electrical energy to the accelerator compon-
ents is carried out through two clearly differentiated systems
depending on whether the component is considered as SIC or
Non-SIC. Non-SIC equipment is powered from a conventional
electrical distribution subsystem. The great majority do not
require an UPS, although, for those that do, an UPS powered
from a conventional diesel generator is available. The IFMIF-
DONES accelerator requires the following gases for its opera-
tion andmaintenance: argon, helium, nitrogen and compressed
air. In addition, it requires liquid nitrogen for cooling the Cold
Box of the cryoplant, as described in the following section.

Argon will be used to purge the dry pumps of the vacuum
subsystem and to vent the accelerator prior to maintenance or
repair. Helium gas is required for vacuum leak testing and for
cooling the beam collimator located at the end of the HEBT.

For safety reasons, it was decided to avoid the use of water
for collimator cooling. This is due to the proximity between
the collimator and the lithium curtain of the target system and
the risk that water could enter the beamline if the collimator
were to break. Therefore, in the current design, the collimator
is cooled with helium gas. Gaseous nitrogen is required for
the operation andmaintenance of the cryoplant, for both the oil
removal system and the cold box. It is also planned to use nitro-
gen gas to vent the accelerator if needed. Finally, compressed
air is necessary for the vacuum subsystem, maintenance of dif-
ferent accelerator components and pneumatic actuators.

3.8.2. Cryogenics. The main purpose of the cryogenic sys-
tem of DONES is to fulfill all the cryogenic needs of the SRF
LINAc. The required temperature of the cryomodules is 4.45K
in the Niobium superconducting cavities and 60K for the insu-
lating thermal shield. To achieve this liquid Helium has been
selected as the cryogenic fluid. The liquefaction of Helium
is achieved by a Claude cycle, in which seven stages of heat
exchangers of the Cold Box will cool down the Helium down
to supercritical conditions (6K and 6 bar) and will be delivered
through cryogenic pipes to the valve boxes where a Joule–
Thomson valve will expand it and lower its temperature to
the required 4.45K. The Cold Box is equipped also with three
turbines that will perform a Brayton cycle to extract power to
compensate for the liquefaction load, the heat exchanger effi-
ciency and any heat-in leaks. To cool down the thermal shield
a line is extracted after the third heat exchanger and delivered
to the valve box as gas He at 60K. A simple schematic of the
cryogenic system of DONES can be seen in figure 34.

The cryogenic system is also equipped with a liquid helium
Dewar, placed between the Cold Box and the Valve Boxes, its
purpose is to store the He in case of a malfunction of the cold
box. The compressor station, located outside of the building,
delivers the Helium in the required conditions for its usage
in the Cold Box thanks as well to the oil removal system
which ensures the cleanliness and purity of the fluid. Finally,
the valve panels control the flow of GHe extracted from the
phase separator which is used to cool down the power couplers
and the current leads. The main cryo-distribution line is com-
prised of two lines (6K and 60K gas He) to feed the cryo-
modules through the valve boxes and to returning lines from
them (4.5K and 70K gas He). Additionally, there are two
more lines, one feeding the valve panels directly from the com-
pressor station and the one returning from them (see figure 35).
Each cryomodule has four different circuits that need to be
cooled down, one for the superconducting cavities and solen-
oids, the outer conductor of the power couplers, the current
leads and thermal shield. The cool down of each cryomodule is
achieved in three different steps. The first step of the cryomod-
ule cool down sequence is the cooling of the thermal shield and
the cold mass together from 300K (room temperature) to 60K
(the temperature of the high-pressure cold helium gas circuit
supplied by the Cryoplant, already under operation). The con-
trol of the gas inlet temperature decrease will be processed by
mixing cold gas (from 60K line) and 300K gas coming from
HP line of the valve panels, once the gas is cold enough the HP
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Figure 34. Block diagram of cryoplant showing the main components including the criodistribution and the connection with the SRF
LINAC.

Figure 35. Detailed diagram developed by CEA of the cryogenic
distribution for the high-β cryomodules (CM3, CM4 and CM5)
with their valve boxes and valve panels.

line is closed. The second step begins once the cold mass tem-
perature is around 60K. The cold gas coming from the 60K
high pressure circuit is no more sent to the cavity string cir-
cuit, only to the thermal shield and the cold gas coming from
the thermal shield is sent to the ‘70KGHe’ return line. To cool
down the cold mass from 60K down to a temperature close to
the liquid helium temperature (4.45K in the nominal opera-
tion of the cryomodule), the flow coming from the supercrit-
ical supply line (6K SHe) is sent in the two inlet manifolds of
the cavity string after being expanded through the valve. In this
step the GHe is not returning by the line 4.5K, it is returning
through the valve panel to a heat exchanger. Finally, when the
cryomodule reaches 5K, the Joule Thomson valve is opened,
and the gas Helium is returning by its proper line. The total
cool down time has been estimated as 65 h. Additionally, the
cryogenic system incorporates several safety devices. In the
valve box there is a dedicated line with a spring relief valve

in case of a sudden expansion of He. In the cryomodule there
are pressure relief devices and burst discs are foreseen for the
same purpose. The position of the exhausts of these devices are
being studied to assess the risk of anoxia to maintenance oper-
ators in order to find the optimal positions of He discharges.
Preliminary studies show that the risk is limited but deeper
analyses will be conducted to confirm it.

4. Conclusion and outlook

The IFMIF-DONES driver accelerator is expected to become
in few years one of the most intense and powerful hadron
LINAC’s in the world. This has imposed many challenges dur-
ing the design phase, which have been overcome by the devel-
opment of careful design analysis and prototyping work, led
by many accelerator laboratories and institutions around the
world. The design completed here represents the outcomes of
many years of hard work, driven by the target inherent avail-
ability of the machine, with the common goal of providing to
the international community a key facility in the roadmap to
obtain electricity based on commercial fusion reactors in the
next decades. Construction phase of the accelerator is already
started from 2023. Components such as the transport lines, the
RFQ or the injector are expected to launch their manufacturing
during 2025. After ending the buildings construction by 2029,
the first phase of the accelerator commissioning shall be ready
to start in 2029, with beam on target in 2034. Accelerator shall
be fully operational for the users by mid of 2030.
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Lernevall A., Viganò W. and Zamantzas C. 2023 Detector
response studies of the ESS ionization chamber Proc. 12th
Int. Beam Instrum. Conf. (IBIC’23) (Int. Beam
Instrumentation Conf. vol 12) (Saskatoon, Canada, 10–14
September) (JACoW Publishing) pp 183–6 (available at:
https://jacow.org/ibic2023/papers/tup004.pdf)

[65] Dolenc Kittelmann I. et al 2022 Phys. Rev. Accel. Beams
25 022802

[66] Jansen H. 2015 Chemical vapour deposition diamond: charge
carrier movement at low temperatures and use in
time-critical applications PhD Thesis Rheinische
Friedrich-Wilhelms-Universität Bonn (available at: https://
hdl.handle.net/20.500.11811/6405)

[67] Cosic D., Provatas G., Jaksic M. and Begusic D. 2022 Diam.
Relat. Mater. 127 109184

[68] Cosic D., Provatas G., Jakšić M. and Begusic D. 2024 IEEE
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