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Abstract
A dedicated low-frequency target station is recently pro-

posed at ESS to support neutron-scattering experiments us-
ing >40 T pulsed magnetic fields [1, 2]. These experiments
require isolated proton pulses at mHz rates, demanding a
specialized extraction system that operates without disturb-
ing the neutron production beyond the extracted pulse. This
study evaluates the feasibility of such an extraction and trans-
fer line. A new dipole integrated into the HEBT lattice en-
ables single-bunch extraction, while a FODO-based transfer
line ensures low dispersion and the required spot size at
the target. Analytical estimates and preliminary simulations
confirm that a dedicated low-frequency extraction system
is viable and provides the basis for detailed magnet and
operational design.

INTRODUCTION
Neutron scattering under very high pulsed magnetic fields

provides unique insight into the microscopic behavior of
magnetic materials, enabling the study of field-induced
phase transitions, quantum critical phenomena, and exotic
magnetic states [3–5]. Such experiments require magnetic
fields above 40 T, which can only be achieved using pulsed
resistive magnets [3, 6]. Due to thermal and mechanical con-
straints, these magnets operate at very low repetition rates,
typically one pulse every several minutes [7]. In contrast,
spallation neutron sources such as the European Spallation
Source (ESS) operate at much higher repetition rates, pro-
ducing neutron pulses at frequencies of several tens of Hz [8].
As a result, only a small fraction of the available neutron
flux coincides with the magnetic field pulse, significantly
reducing experimental efficiency.

A dedicated low-frequency neutron source has been pro-
posed to address this limitation by synchronizing neutron
production with magnet pulses [1, 2]. This concept involves
extracting selected proton pulses from the ESS linac at mHz
repetition rates and directing them to a secondary target
station. Parasitic extraction must preserve nominal beam
delivery to the primary ESS target and avoid perturbing
accelerator operation.

The implementation of such a source requires a dedicated
beam extraction system integrated into the ESS High Energy
∗ THIS PROJECT HAS RECEIVED FUNDING FROM THE EUROPEAN

UNION’S HORIZON 2020 RESEARCH AND INNOVATION PRO-
GRAMME UNDER THE MARIE SKŁODOWSKA-CURIE GRANT
AGREEMENT NO. 754354.

† m.akhyani@fz-juelich.de

Figure 1: Schematic view of the ESS proton linac [9].

Beam Transport (HEBT) line, as well as a transfer line capa-
ble of transporting the extracted beam to the secondary tar-
get while maintaining beam quality and minimizing losses.
The extraction system must provide reliable single-pulse
deflection with suitable magnetic field strength, timing char-
acteristics, and field quality. The transfer line optics must
ensure proper matching to the target requirements, including
beam size and dispersion control.

This paper presents a feasibility study of a low-frequency
proton beam extraction and transfer line at ESS. The study
includes integration of an extraction dipole magnet into the
HEBT lattice, analytical estimates of magnet and timing
requirements, and beam optics design of a transfer line de-
livering the required beam parameters to a secondary target
station.

ESS LINAC BEAM PARAMETERS

The ESS linac delivers high-power proton pulses with
parameters summarized in Table 1 [9].

Table 1: ESS high-level beam parameters.

Average beam power 5 MW
Proton kinetic energy 2 GeV
Pulse repetition rate 14 Hz
Energy per pulse 357 kJ
Average pulse current 62.5 mA
Macro-pulse length 2.86 ms

The linac consists of a normal-conducting front end fol-
lowed by superconducting accelerating structures, bringing
the beam to its final energy. The High Energy Beam Trans-
port (HEBT) section transports the beam to the target station
and provides flexibility for beam distribution and future up-
grades. The HEBT lattice includes drift spaces suitable for
the installation of additional beamline components required
for beam extraction.

Figure 1 shows a schematic overview of the ESS linac
and HEBT system.



Figure 2: Schematic design of the transfer line.

EXTRACTION CONCEPT AND LAYOUT
The proposed extraction system diverts selected proton

pulses toward a dedicated low-frequency target station using
an additional dipole magnet installed in a drift space of the
ESS HEBT lattice. The extracted beam is then transported
through a dedicated transfer line to the secondary target.

To minimize infrastructure costs and simplify shielding
requirements, the secondary target station is located at the
same elevation as the linac tunnel, approximately 4.5 m be-
low ground level. A minimum distance of 15 m between the
linac and the secondary target station is maintained to ensure
sufficient shielding and avoid interference with existing ESS
infrastructure.

Figure 2 illustrates the conceptual layout of the extraction
system, transfer line, and secondary target station.

DIPOLE MAGNET DESIGN
The extraction dipole magnet must satisfy several key re-

quirements: (1) Fit within available drift space in the HEBT
lattice; (2) Provide sufficient magnetic field to deflect the
2 GeV proton beam; (3) Allow controlled extraction of indi-
vidual proton pulses without affecting adjacent pulses.

The required magnetic field is determined by the beam
energy and bending radius [10]:

𝐵 =
𝐸

0.2998𝜌
(1)

A bending angle of 13◦ and magnetic length of 5 m were
selected, resulting in a bending radius of 22 m and required
magnetic field of 0.3 T. Notably, the magnet’s dimensions
closely mirror those of the magnet designed and built in the
SNS transfer line [11, 12].

A C-type dipole configuration was chosen due to its acces-
sibility and suitability for beam extraction applications [13,
14]. The magnet gap was set to 105 mm to accommodate
the ESS vacuum chamber. Magnetic field simulations were
performed using Poisson Superfish [15]. The magnet geom-
etry and resulting magnetic field distribution are shown in
Fig. 3.

The magnetic field profile along the horizontal axis is
shown in Fig. 4, confirming that the required central field
of 0.3 T is achieved. The field quality within the good field
region is shown in Fig. 5. The field deviation remains below
10−3 within ±35 mm, satisfying beam transport require-
ments.

Figure 3: The simulation of the top half C-type dipole mag-
net with Poisson SuperFish. The values are in mm.

Figure 4: Magnetic field variation along the horizontal axis.

The total current of the magnet, calculated using Ampere’s
law,

𝑁𝐼 =
𝐵ℎ

2𝜇0
(2)

corresponds to 13.3 kA.turns per pole. The required rise/fall
time is 70 ms, which can be achieved through an optimized
design of the coil as well as the power supply [16]. Key
dipole parameters are summarized in Table 2.

Table 2: Dipole magnet specifications.

Magnet type C
Pole width 332 mm
Magnetic length 4.94 m
Bending angle 13°
Bending radius 22 m
Gap 105 mm
NI (for one coil) 13.3 kA.turns
Field quality at x:(-35, 35) mm 10−3

B at center 0.3 T

Figure 5: Field quality within the good field region.



Figure 6: Schematic of the transfer line including
quadrupoles (QP) and dipoles (DP) and the potential re-
gion for the target (shown in green).

TRANSFER LINE OPTICS DESIGN
The transfer line transports the extracted beam to the

secondary target while preserving beam quality and min-
imizing losses. Beam optics simulations were performed
using TraceWin [17]. Figure 6 shows the transfer line lay-
out. The design uses a FODO lattice consisting of eight
quadrupoles and two dipole magnets. The second dipole
compensates dispersion generated by the extraction dipole,
ensuring dispersion-free beam delivery at the target.

The quadrupole parameters were selected based on exist-
ing ESS components to simplify implementation and reduce
costs. Table 3 presenting the specifications of the first seven
quadrupoles.

Table 3: Specifications of quadrupoles.

Length 350 mm
Thickness ∼ 0.83 m
Gradient 4 T/m
Aperture 50 mm

The field strength of the last quadrupole, positioned down-
stream of the second dipole, underwent specific tuning. The
final field gradient corresponds to 1.2 T/m. This adjustment
was made to increase the beam size and match with the de-
sired value of 3.8 cm, which corresponds to the full 5𝜎 beam
diameter at the target location.

Figure 7 shows the dispersion, beam envelope, and beta
functions along the transfer line. Simulation results demon-
strate that: (1) Dispersion is effectively suppressed at the
target location; (2) Beam envelope remains within vacuum
chamber aperture; (3) Target beam size of 3.8 cm is achieved.

Particle tracking simulations confirm that the required
beam size and phase space characteristics are achieved at
the target position (Fig. 8). The final beam parameters at the
target are summarized in Table 4.

CONCLUSION
A feasibility study of a low-frequency proton beam ex-

traction system and transfer line at ESS has been presented.
The proposed dipole magnet design provides sufficient field

Figure 7: Horizontal dispersion, beam envelope (5𝜎) and
beta function in both transverse planes through the transfer
line. The crossed rectangles represent the dipoles and the
long rectangles represent quadrupoles.

Figure 8: Particle distribution in four different planes. The
corresponding values of emittance (the phase-space distri-
bution of the proton beam), beta, and alpha, the phase-space
ellipse parameters, are also reported.

Table 4: Required beam parameters at the secondary target
station.

Proton kinetic energy 2 GeV
Pulse repetition rate 3 mHz
Energy per pulse 357 kJ
Average pulse current 62.5 mA
Macro-pulse length 2.86 ms
Beam size on target 3.8 cm

strength and beam deflection while maintaining acceptable
field quality.

Beam optics simulations demonstrate that the transfer line
can deliver the required beam size and suppress dispersion
at the target location with minimal losses.

The required rise and fall times can be achieved through
further optimization of both the coil design and the magnet
power supply. Overall, the results confirm that integration
of a low-frequency extraction system into the ESS HEBT is
feasible and provides a viable solution for supplying proton
pulses to a dedicated secondary target station.
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