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Abstract
The PERLE project aims to build a high-power electron

Energy Recovery Linac (ERL) demonstrator (5 MW) to de-
velop and apply the energy recovery technique in a multi-turn
configuration. In an initial intermediate phase, PERLE will
operate in a single-turn mode with a 5 mA beam at 89 MeV.
In its final layout, the machine will run in a three-turn mode,
delivering a 20 mA electron beam at 250 MeV. These chal-
lenging parameters make PERLE a unique multi-turn ERL
facility operating in an unexplored power regime, enabling
the study and validation of a broad range of accelerator phe-
nomena and paving the way for future, larger-scale ERLs.
The principal advantage of ERLs lies in their ability to return
the power of a spent beam to the RF system. This recovered
power can then be used for acceleration with practically no
losses, thereby improving the sustainability of high-power
machines. One of PERLE’s goals is to assess the overall
sustainability of a multi-megawatt ERL. In this work, we
present the current status of the studies carried out to evalu-
ate the total electrical power consumption (“plug-to-grid”)
of the accelerator and relate this consumption to the average
beam power delivered at the interaction point. The power
balance of a high-power multi-turn ERL is discussed and its
efficiency is compared with that of conventional accelerator
types (e.g. linacs). The impact of configuration (single-turn
and multi-turn) is also briefly discussed.

CONTEXT
Efficiency and Power Consumption

The sustainability of research infrastructures is a multi-
dimensional challenge. It is not limited to electrical energy
consumption alone, but also encompasses issues related to
the management of cooling and cryogenic systems, including
water and helium consumption, as well as the use of critical
materials and component lifecycle management. Neverthe-
less, for many accelerator-based facilities, reducing electrical
power consumption has become a primary concern and an
important factor to optimise operation.As a first example,
one could consider CERN. Its annual electricity consump-
tion is approximately ∼1.3 TWh. During accelerator shut-
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down periods, this consumption decreases by about ∼60 %
[1,2]. These figures highlight the sustainability challenges
for future large-scale facilities, such as high-power supercon-
ducting (SC) linacs like ESS (European Spallation Source)
or SNS (Spallation Neutron Source). For the latter, the over-
all efficiency (see Eq. 1) has been measured to be around
10 % [3] : the linac requires more than 16 MW of electrical
power to deliver an average beam power of 1.4 MW. Nearly
half of this consumption originates from the RF power sys-
tems (high-voltage modulators + klystrons), which are also
one of the most failure-sensitive subsystems [4]. To reduce
these risks and improve efficiency, several approaches can
be considered. One option is the modernisation of existing
facilities using more efficient technologies. For example, the
Swiss Light Source aims to reduce its energy consumption
by ∼30 % through the use of permanent magnets, upgraded
cooling pump systems, and more efficient RF amplifiers
(solid-state based) [5]. Efficiency also depends on beam
availability and, consequently, on subsystem reliability. In
some cases, fast fault-compensation strategies and retuning
procedures [6–8] can help ensure sustainable operation and
maximise beam availability. For applications that are non-
destructive or only minimally perturb the beam, alternative
accelerator concepts have been developed. Energy Recov-
ery Linacs (ERLs), based on well-established technologies,
enable the recovery of beam power and thereby allow a sub-
stantial reduction in overall energy consumption [9].

ERL POWER CONSUMPTION

PERLE & Linac
The aim of this study was to provide a first estimate of the

overall power consumption of the PERLE facility and to as-
sess the efficiency gain of an ERL relative to a conventional
SC linac. In this context, a first comparison was performed
between the PERLE ERL configuration and a SC linac deliv-
ering the same electron beam at the interaction point: 20 mA
at 250 MeV ( i.e. 5 MW) in continuous wave (CW) mode
(cf. Fig. 1). The metric used to quantify efficiency is the
ratio between the beam power at the interaction point (i.e.
the power transferred to the beam, Δ𝑃𝑏) and the electrical
power drawn from the grid (𝑃grid):

𝜂 = Δ𝑃𝑏
𝑃grid

. (1)
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Electrical Power [kW]

Type PERLE 3 Turns
(250 MeV, 20 mA)

SC Linac
(250 MeV, 20 mA)

Magnets
Incl. Sol., Quads, Bends
Power Supply efficiency ∼80%

233.6 16.3

Injector 0.3 0.3
Merger 0.5 0.5

ERL or SC linac 232.8 15.5

RF Power
Amplifier efficiency ∼55%
Margins for errors/attenuation : +5% in booster & linac, +10% in ERL

481.3 9741.0

Injector (Booster + Buncher) 278.8 278.8
ERL (4 cav.) or Linac (3×4 cav.) 202.5 9462.2

Cryogenic Systems 192.4 427.2
Cryomodule Booster

Static load 21.75 21.75
Dynamic load 10.4 10.4

LHe (FPC) 8.3 8.3
ERL Cryomodule or 3 Linac Cryomodules

Static load 17.9 53.8
Dynamic load 84.3 253.0

HOM (Static & Dynamic) 16.7 < 3
LHe (FPC) 8.3 24.9

Cryolines & Valves box 24.7 51.9
Diagnostics ∼2.5 ∼1.5
DC Gun (HV, laser, laser room) 7.9 7.9

TOTAL 917.8 kW
(∼1 MW)

10 194.0 kW
(∼10 MW)

Power dissipated in dump 140 kW 5000 kW

Table 1: Preliminary estimate of the electrical power consumption of PERLE and comparison with a linac. Contributions
from cooling circulation pumps and associated chillers, building facilities, control systems and datacentres, as well as
vacuum systems and experiments, are not included. The beam dump power is indicated but not yet included in the total
power balance.

It is assumed that the injector is similar for both accel-
erators, being composed of an electron gun [10], focusing
solenoids, and a booster cryomodule with 4 cavities acceler-
ating the beam up to 7 MeV [11]. The high-energy accelera-
tion section is where the two configurations differ most. In
the ERL configuration, only one 4-cavity cryomodule [12]
is required, but a large number of dipoles and quadrupoles
are needed for the recirculation arcs [13,14]. By contrast, in
the linac configuration, 3 cryomodules (12 cavities in total)
are required to reach 250 MeV, while a reduced number of
magnetic elements is used: 2 quadrupoles between each
cryomodule and a few dipoles for injection.

Results of this preliminary study are presented in Table 1.
As expected, the power consumption of the magnet systems
is higher for the ERL due to the larger number of elements.
The required power is calculated based on quadrupole and
bending magnet design parameters [15], and a power supply
efficiency of ∼80% is assumed for the conversion to grid
power.The most important contributions are from the RF

Figure 1: Compared machines structures

and cryogenic systems. With the chosen coupling (𝑄ext)
for PERLE [12], beam recirculation allows the RF power
per cavity to be reduced to∼25 kW in the ERL cryomodule,
whereas in the linac each cavity must be powered by an RF
source of at least 410 kW (at optimal 𝑄ext [12]), with the
number of cavities being tripled.

For cryogenic consumption, both static loads (without RF
power) and dynamic loads (RF operation) have been esti-
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mated according to the cryomodule design, which operates
at 2 K [16]. The dynamic load mainly originates from power
dissipation in the cavity and scales with the accelerating
voltage (𝑃diss = 𝑉2

𝑐 /(𝑄0 ⋅ (𝑅/𝑄))). Cryogenic efficiency
(cf. Fig. 3) is derived from the coefficient of performance
(COP), based on the Carnot efficiency (ideal) and an as-
sumed cryoplant efficiency of ∼20 % [17]. In addition, the
fundamental power coupler (FPC) is cooled by a 5–300 K
supercritical helium circuit, where efficiency is calculated
from Exergy and expressed as a function of the mass flow
rate (∼33.3 kWe/(g/s)). Another point of consideration is the
cooling associated with higher-order modes (HOMs) [18]
dissipation (as highlighted in cryomodule power balance of
Table 1). These modes are excited by the beam, resulting
in a power dissipation of approximately 130 W per cavity.
More than 90 % of the HOM power is extracted by absorbers
located between the cavities. The resulting heat load is evac-
uated through a cooling loop operating at 50–80 K. The re-
maining power (a few watts) is dissipated through dedicated
couplers on the cavities and therefore at 2 K [18]. In the ERL
case, HOM excitation is higher due to beam recirculation.
However, because of the larger number of cryomodules, the
overall linac power consumption is estimated to be roughly
twice as high.
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Figure 2: The ideal COP (Carnot efficiency) is shown to-
gether with the estimated practical COP for the PERLE
cryoplant.

Finally, the total consumption for the ERL configuration
is found to be higher than 0.9 MW (𝜂 ≈ 5.4), compared with
∼10 MW for the linac (𝜂 ≈ 0.49). It should also be noted
that the beam power to be absorbed in the beam dump is
significantly lower in the ERL case, which greatly simplifies
its design, as well as the associated cooling and radiation
protection requirements. Nevertheless, this study remains
preliminary and should be extended by including, for in-
stance, the water cooling and chiller systems, which will in
particular impact the ERL efficiency. A comparison with
other accelerator configurations (such as ”racetrack” recir-
culating linacs) is also envisaged.

RF Efficiency Consideration
It is clear that one of the main advantages of an ERL is the

saving in RF power consumption. Fig. 3 shows the evolution
of the RF-to-beam efficiency (𝜂𝑅𝐹), here defined according

to the RF power required for the injector (𝑃RF inj) and the
ERL cryomodules (𝑃RF ERL), with cavity operation assumed
at optimal detuning and chosen FPC coupling [12]:

𝜂𝑅𝐹 = Δ𝑃𝑏
𝑃RF inj + 𝑃RF ERL

. (2)
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Figure 3: ERL RF-to-beam power efficiency as a function
of beam current. Calculated at optimal detuning, assuming
no tuning errors and 𝑄ext values given in [12].

While for a linac the coupling can be optimised for a
given operating beam current, the coupling for ERL oper-
ation is optimised to minimise power consumption while
ensuring a sufficiently large cavity bandwidth to guarantee
stable LLRF control and operation [12, 19]. Assuming that,
at an optimised coupling for a given operating current, the
linac RF-to-beam efficiency is 𝜂𝑅𝐹,𝑙𝑖𝑛𝑎𝑐 ≈ 1, it can be seen
from Fig. 3 that the PERLE ERL becomes advantageous
for average beam currents above ∼2 mA. Furthermore, the
efficiency improves with increasing number of recirculations
and increasing average beam current.

CONCLUSIONS & PERSPECTIVES

A first estimate of PERLE efficiency has been performed
and compared with that of a conventional SC linac; showing
possibly ∼ 10 times lower consumption for the 3-turn ERL
configuration. However, these results remain preliminary, as
only near-ideal operating conditions were considered, with-
out accounting for tuning errors or additional effects that
may lead to increased power consumption. Some consump-
tion estimates still need to be improved, particularly for the
magnetic elements, whose parameters depend on the final
machine design. In addition, the power required for building
utilities, cooling circulation pumps and associated chillers
has not yet been evaluated, although it is expected to sig-
nificantly impact the overall efficiency, especially for the
ERL. The final objective of this work is to develop a model
(applicable to PERLE and potentially other machines) in-
cluding the transfer functions of all components, enabling
efficiency studies as a function of beam current, duty cycle,
errors and correction schemes [20], as well as evaluating the
potential impact of technological choices (e.g. permanent
magnets) or emerging technologies such as FE-FRT tuners
or high-temperature superconducting materials.
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