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Radiation-resistant C-type dipole
dump magnet for MIR/THz FEL
applications at TARLA

Kubilay Bayramoglu?, Fedai inanir®?, Zuhal Oktay7", Can Coskun*7, Sikri Yildiz®,
Ozgir Akcali?, Memet Yilmaz? & Haris Dapo®

Radiation-induced degradation is a key challenge for dipole magnets used in beam dump systems

of free-electron laser (FEL) facilities. This study presents the design and experimental validation of a
compact, radiation-resistant C-type dipole dump magnet developed for the MIR/THz FEL at the Turkish
Accelerator and Radiation Laboratory (TARLA). The magnet deflects electron beams of up to 45 MeV
by 42°, enabling safe beam disposal under radiation-intensive conditions. A radiation-informed design
approach combining magnetic material characterization, electromagnetic modeling, and Monte Carlo
radiation transport simulations was employed. Electrical steel with high iron content was selected to
ensure sufficient saturation margin and magnetic stability in the fringe-field-dominated geometry.
Coupled MCNP-COMSOL analyses showed that the combined radiation and resistive heating leads

to a maximum coil temperature rise of only 18.7 °C, allowing reliable air-cooled operation. A parallel
winding scheme was adopted to reduce Joule losses and enhance thermal margins. Neutron shielding
experiments using a locally developed composite material achieved up to 99% attenuation, confirming
the effectiveness of the shielding design. The proposed magnet provides a compact and radiation-
tolerant solution for FEL beam dump systems.

Keywords Radiation-resistant dipole magnet, C-type beam dump magnet, Neutron shielding, Monte Carlo
radiation transport, Electromagnetic-thermal coupling

Radiation-resistant dipole magnets are essential for accelerator regions exposed to intense secondary radiation,
such as beam dumps and target areas. Facilities including the Hadron Experimental Hall of the Japan Proton
Accelerator Research Complex (J-PARC)!, the Super-FRS at GSI>?, and the High-Luminosity LHC’ require
magnet systems capable of maintaining stable beam control under severe radiation and thermal loads. In
these environments, radiation-induced degradation of magnetic, electrical, and mechanical properties can
significantly affect magnet lifetime and operational reliability.

To mitigate these effects, existing radiation-tolerant magnet systems often employ high-temperature
superconductors, radiation-hard insulation materials, and mechanically reinforced cooling structures*-®. While
such solutions provide high field capability and improved radiation tolerance, they typically rely on cryogenic
systems, water cooling, and complex mechanical assemblies, which increase system complexity, maintenance
requirements, and vulnerability in radiation-rich environments®’.

Beam dump systems play a critical role in safely dissipating particle beam energy during routine operation
and emergency shutdowns, and dipole magnets are commonly used to steer the beam toward dedicated
absorbers®’. In large-scale facilities such as the Rare Isotope Accelerator and the Large Hadron Collider, dump
magnets are designed for very high beam power and therefore incorporate laminated steel yokes, internal
cooling channels, or cryogenic infrastructure to manage extreme thermal loads®~'2. Although high-temperature
superconducting magnets can provide higher magnetic fields, their operation introduces additional challenges
related to cryogenic stability and radiation-induced disturbances such as flux jumps’.
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In contrast, MIR/THz free-electron laser facilities operate at moderate beam energies but experience
continuous radiation exposure in compact geometries, making long-term robustness and operational simplicity
more critical than maximum field strength. Most reported dump magnet designs are optimized for high-energy
accelerators and rely on water-cooled, laminated-steel structures, which are not ideal for radiation-tolerant and
low-maintenance FEL beam dumps.

The present work addresses this gap by developing a radiation-resistant, air-cooled C-type dipole dump
magnet optimized for MIR/THz FEL beam dump and spectrometer applications at TARLA. Compared to
conventional dump magnets, the proposed design combines radiation-informed material selection—using low-
copper, high-iron electrical steel to reduce activation and radiation-induced degradation—with aluminum coils
to minimize long-term activation. In addition, the open C-type geometry facilitates localized neutron shielding
integration and reduces back-scattered radiation toward the coils, while a widened pole gap and conservative
magnetic length margin ensure reliable beam interception under fringe-field and alignment uncertainties. These
features distinguish the proposed system from previously reported dump magnet implementations'~!* and
provide a practical, scalable solution for radiation-tolerant beam dumping in compact FEL facilities.

While effective for high-energy accelerators, conventional beam dump magnet designs introduce significant
complexity, maintenance requirements, and vulnerability in radiation-rich environments. Radiation-induced
material degradation and the reliability of active cooling systems are particularly challenging for compact FEL
beam dumps, where beam energies are moderate but radiation exposure is continuous. Most reported designs
rely on water-cooled, laminated-steel magnets, which are not well suited for simplified and radiation-tolerant
operation.

The present work addresses this gap by developing a radiation-resistant, air-cooled C-type dipole magnet
optimized for MIR/THz FEL beam dump and spectrometer applications at TARLA. Unlike high-energy
accelerator dump systems, the proposed design prioritizes operational simplicity, air cooling, and radiation-
informed material selection, while maintaining reliable beam deflection performance. Compared to conventional
dump magnets implemented at existing FEL and accelerator facilities, the proposed C-type dipole dump magnet
introduces several design innovations specifically aimed at enhancing radiation robustness. These include the
use of low-copper, high-iron electrical steels to improve resistance against radiation-induced embrittlement and
conductivity degradation, a widened pole gap combined with a conservative magnetic length margin to ensure
reliable beam interception, and an open C-type geometry that facilitates localized shielding integration and
reduces neutron backscattering toward the coils. Together, these features distinguish the proposed solution from
previously reported dump magnet implementations and make it particularly suitable for high-power MIR/THz
FEL beam dumping at TARLA.

Methods

Unlike conventional dump magnets used in FEL and linac facilities, where radiation effects are often treated
as secondary constraints, the proposed C-type dump magnet was designed following a radiation-driven
methodology. In this approach, radiation robustness was considered simultaneously with magnetic performance
from the earliest design stages. The novelty of the present design lies in the combined optimization of magnet
geometry, material selection, and shielding configuration to mitigate neutron-induced activation and material
degradation. In particular, the coil system was deliberately positioned outside the direct radiation line, while the
magnet yoke geometry was optimized to reduce neutron streaming toward sensitive components. This integrated
design philosophy distinguishes the proposed dump magnet from previously reported implementations and
significantly enhances its long-term operational reliability in high-radiation FEL environments.

Material selection and preparation

More than twenty candidate ferromagnetic materials were initially evaluated for use in the dump magnet yoke,
including laminated electrical steels, ferrites, high-saturation alloys, and Armco-type pure irons such as DT4.
The selection was based on a multi-criteria methodology incorporating magnetic performance, radiation
tolerance, mechanical stability, and manufacturability, reflecting the operational demands of a radiation-
exposed FEL beam dump magnet. Primary screening criteria included saturation flux density, coercivity, iron
(Fe) fraction, copper (Cu) content, and carbon concentration. A high Fe fraction was required to ensure high
saturation magnetization and stable magnetic performance under strong excitation fields. Low Cu content was
favored to minimize neutron activation and radiation-induced conductivity degradation, while low carbon levels
were selected to reduce radiation-induced embrittlement and mechanical degradation. Materials containing
activation-prone elements such as nickel (Ni) and cobalt (Co) were excluded.

Although Armco-type pure irons (DT4) exhibit good radiation tolerance and excellent magnetic softness
under ideal conditions, they were not selected for the present compact dipole design for several critical reasons.
In practice, DT4 typically exhibits a saturation flux density of only about 1.6 T in rolled and stress-relieved
industrial forms, and its coercivity is known to increase significantly after rolling, machining, and mechanical
assembly. These effects reduce the effective permeability and narrow the usable linear magnetization range. In
compact dipole geometries operating in the 0.45-0.65 T field range, where strong fringe fields and local field
enhancements are unavoidable, the available saturation margin becomes an important consideration. Under
these conditions, the use of DT4 would reduce the saturation margin in fringe-field-dominated regions, thereby
increasing the likelihood of local saturation and field nonlinearity at higher beam energies, particularly near
the pole edges and in the return yoke. Such localized effects could lead to reduced field uniformity, increased
hysteresis, and lower magnetic stability, which are undesirable for precise and reproducible beam steering. By
contrast, modern non-oriented electrical steels provide a higher effective saturation margin, lower hysteresis
losses, and superior dimensional and magnetic stability under irradiation. These materials maintain a more
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linear B-H response in the relevant operating range and are less sensitive to stress-induced magnetic degradation,
making them better suited for compact accelerator dipoles.

Ferrites and high-saturation alloys were also evaluated but were not adopted because of either insufficient
saturation capability or inferior radiation-induced microstructural stability under the expected neutron and
gamma fluxes. In addition to these technical limitations, the relatively higher cost and limited availability of
DT4-type Armco iron in the local supply chain further reduced its practical attractiveness. Overall, while DT4
remains an excellent soft-magnetic material for many applications, it was found to be unsuitable for the specific
magnetic, mechanical, and radiation-environment requirements of the present compact dipole design.

The elemental compositions and magnetic properties of all candidate materials were characterized using
X-ray fluorescence (XRF) and vibrating sample magnetometer (VSM) measurements. Elemental composition
analysis was performed using X-ray fluorescence (XRF) spectroscopy. The XRF technique enables non-
destructive quantitative determination of elemental composition by measuring characteristic secondary X-rays
emitted from the sample under primary X-ray excitation. A detailed description of the XRF methodology and
quantitative analysis procedures can be found in Jenkins and De Vries!*. Among the analyzed samples, Fe was
the dominant element (98.56-99.25%), followed by chromium (Cr, 0.39-0.99%), while Cu content ranged from
0.06% to 0.42%. Based on these criteria, six materials were shortlisted as they exhibited superior magnetic
stability and radiation tolerance compared with conventional soft steels commonly used in accelerator magnets.
Among them, Sample C (electrical steel) was selected for fabrication of the C-type dipole dump magnet due to its
optimal combination of high Fe content, low Cu concentration (<0.1%), low coercivity, and superior radiation
resistance, as shown in Fig. 1.

Sample A Sample B

Sample C Sample D

Sample E Sample F

Fig. 1. XRF analysis results of six samples.
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Accurate B-H and magnetic permeability curves are essential inputs for obtaining physically meaningful
results in multiphysics simulations such as COMSOL Multiphysics, as they define saturation behavior, field
linearity, and the operational limits of the magnetic core. In this study, the B-H and permeability curves of
the selected electrical steel were experimentally measured using a vibrating sample magnetometer (VSM)
at TUBITAK-UME and implemented directly in the finite-element model. The VSM system enables precise
determination of magnetic hysteresis curves by detecting the magnetic moment induced in a sample that is
mechanically vibrated within a uniform applied magnetic field. Typical operational specifications of the system
are as follows:

o Magnetic field range: up to £1.5 T.

o Field resolution: better than 0.1 mT.

« Moment sensitivity: ~107° emu.

o Temperature range: 80 K to 800 K.

« Sample size: up to ~ 10 mm in diameter and length.
« Vibration frequency: ~80-100 Hz.

o Measurement mode: DC hysteresis loops.

Measurements were carried out at room temperature under applied fields ranging from —1.5 T to +1.5 T. The
induced magnetic moment was recorded as a function of the applied magnetic field, and the resulting hysteresis
(M-H) curves were used to characterize the magnetic properties of the electrical steel samples. The operating
principle and sensitivity of the Vibrating Sample Magnetometer (VSM) technique are described in detail by
Foner'®. The measured magnetization and permeability curves are shown in Fig. 2.

The experimental magnetization data were directly compared with the idealized B-H characteristics provided
by the material manufacturer and implemented in the simulations, without applying any post-calibration,
scaling, or empirical correction factors. A maximum deviation of approximately 6.28% was observed near
magnetic saturation. The deviation was calculated as the relative difference between experimental and simulated
magnetization values at the reference field level using:

_ ‘Me:vp - Mszm‘ .

Deviation (%) = 7 100
exp

where Mezp and Msim represent the experimentally measured and simulated magnetization values,
respectively. The comparison therefore reflects intrinsic differences between real material behavior and the
idealized assumptions adopted in the numerical model. The observed discrepancy primarily arises from:

1. Microstructural effects: Grain orientation, lamination-induced residual stresses, and manufacturing-related
anisotropy present in the measured samples are not fully represented in the isotropic material model used in
simulations.
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Fig. 2. Magnetization (B-H) and magnetic permeability curves of the selected electrical steel.
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2. Compositional tolerances: Minor variations in alloy composition may influence magnetic permeability and
saturation characteristics.

3. Measurement conditions: Temperature fluctuations and sample orientation uncertainties during VSM meas-
urements can introduce small deviations.

4. Model idealizations: The numerical model assumes homogeneous and isotropic material properties and ne-
glects local inhomogeneities and edge effects.

Such a deviation (=6%) is consistent with previously reported differences between VSM measurements and
numerical models based on manufacturer-provided B-H data, and remains within typical engineering tolerance
for electrical steel characterization. Although the dump magnet operates below 0.65 T—where magnetic
nonlinearity is relatively moderate—the influence of lamination-induced stresses and potential radiation-related
microstructural changes underscores the importance of incorporating experimentally measured material data
for reliable lifetime estimation and performance prediction.

Magnet design
The required magnetic field strength of the dump magnet is determined by the beam energy E, bending 6, and
effective magnetic length L.y s according to

P E
B — —
g- R 02998- R W
where the bending radius R is related to
Less
= —= 2
R=—; )
The bending angle 6 can be calculated using the following Eq.
- B- L
g =1 B Leis 3)
p

where Ly is the effective magnetic length, g is the electron charge, B is the nominal magnetic field, and p
is the electron momentum.

These relations form the basis for selecting the pole gap, excitation current, and magnetic length of the dipole
magnet. The electromagnetic framework was established using the Ampére formulation, with Ampeére’s law
serving as the governing equation:

1
Kol

(VXVxA=J (4)

where 4, denotes the permeability of free space, p ,. the relative permeability, A the magnetic vector potential,
and ] the current density, defined as:

0A
J=—0—F-+Js 5
757 + (5)
The source current density in the coil is given by J; = —o - V - ¢, where ¢ denotes the electric scalar

potential. The electrical conductivities of air, copper, and the magnet yoke steel are listed in Eq. (6).
The magnetic field B = VxA and the electric field E are related by:

0A
BE=-57 V¢ ©

The Lorentz force was computed using the Magnetic Fields module.

Fi=e(v = B) (7)

d dq

el =) =F 8

T () =F ®)
where q is the particle position vector, v = % is the particle velocity, and m,, is the relativistic mass of the

particle.

The magnet features a 60 mm pole gap designed to deflect electron beams in the energy range of 2-45 MeV
by a bending angle of 42°. The core, support structure, and coil assembly are shown in Fig. 3. The magnet is
energized by 448-turn rectangular aluminum coils, generating a magnetic flux density in the pole gap ranging
from 0.0316 to 0.65 T, depending on the electron energy.

For a 40 MeV electron beam, the magnetic field required to achieve a 42° deflection was calculated to be
0.457 T. As illustrated in Fig. 4, the Turkish Accelerator and Radiation Laboratory (TARLA) has defined a
beam deflection angle of 42° as optimal for meeting the facility’s radiation protection and operational safety
requirements.
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Support Structure

Fig. 3. Technical layout of the C-type dipole dump magnet showing the core, coil assembly, and support
structure.

x10°

Fig. 4. Simulated electron beam bending angle in the C-type dipole dump magnet as a function of electron
energy.

In an ideal dipole magnet, the magnetic field in the gap, B, is related to the applied current I by'®

N- I

& )

Bo =g

where N is the number of coil turns,  is the pole gap, and o = 41 x 1077 H/m is the permeability of free space.
This relation shows that the magnetic field scales linearly with the ampere-turns NIN N I and inversely with the
pole gap. Based on this expression, a magnetic field of 0.65 T requires approximately 12 kA-turns. For air-cooled
coils, a conservative current density of 1.145 A mm~2 was selected, resulting in a minimum conductor cross-
sectional area of 23.6 mm?. For air-cooled coils, the maximum allowable current density (J) is typically below 2
A/mm?*7.

Aluminum conductors were selected for the magnet coils to minimize radiation-induced activation effects.
In contrast to copper, which can undergo long-lived radioactive activation under neutron irradiation, aluminum
exhibits only short-lived activation and returns to its original state after decay. This material choice significantly
reduces long-term radiological hazards and maintenance requirements, thereby extending the operational
lifetime of the coils.

The design parameters and initial values used in the magnetic field simulations are summarized in Table 1.
The geometrical pole arc length, initially 20 mm, was increased to 32 mm by applying a 60% safety margin.
While a margin of approximately 20% is generally sufficient for conventional beam transport magnets, dump
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Parameter Dipole Dump Magnet
Conductor material Aluminum

Maximum beam energy (MeV) 45

Deflection angle (degrees) 42

Geometrical pole arc length (mm) 32

Magnetic field (T) 0.65

Dipole gap (mm) 60

Maximum current density (A/mm?) | 1.145

Number of coil turns per pole (turns) | 448

Coil cross-section area (mm?) 1976
Current (A) 27.0
Conductor cross-section (mm?) 23.6
Coil width (mm) 38
Coil height (mm) 52
Active coil length (mm) 320

Table 1. Optimized design parameters of the C-type dipole dump magnet.

magnets must guarantee complete beam interception under beam energy spread, alignment tolerances, fringe-
field uncertainties, and potential radiation-induced material degradation. The larger margin adopted here
reflects the critical safety function of the dump system and ensures robust, fail-safe operation under all expected
operating conditions.

The C-type dipole magnet was designed for DC operation with a 60 mm pole gap and a nominal bending
angle of 42° for electrons with kinetic energies between 2 and 45 MeV. The magnet is energized by rectangular
aluminum coils with 448 turns per pole.

The coil geometry was constrained by the open C-type yoke, the requirement for localized neutron shielding,
and maintenance accessibility. As a result, the turn distribution is asymmetric; however, it was optimized to
ensure the required magnetic field strength and uniformity while maintaining compatibility with the integrated
shielding and mechanical layout.

The main coil parameters are summarized in Table 1, including the conductor material (aluminum),
conductor cross-section (23.6 mm?), active coil length (320 mm), coil width (38 mm), and coil height (52 mm).
The use of aluminum conductors instead of copper provides improved radiation tolerance and reduced long-
term activation, which is essential for sustained operation in the radiation environment of the TARLA beam
dump system.

Magnetic field simulation and effective length
Although the magnet geometry is symmetric, the three-dimensional magnetic flux density distribution exhibits
slight asymmetry due to end effects, coil current routing, and fringe-field leakage. These effects are particularly
important for dump magnets because beam deflection depends on the integrated magnetic field along the
particle trajectory, especially in the entrance and exit regions, as illustrated in Fig. 5.

The effective magnetic length L.y was calculated using the standard integral definition

Legs = B%/ B (s)ds (10)

where B (s) is the longitudinal magnetic field distribution along the beam axis and B, . is the magnetic
field at the pole center. The longitudinal field profiles and remote fringe fields were obtained from full three-
dimensional FEM simulations.

Figure 5 shows the horizontal magnetic field measured at the center of the pole plates as a function of excitation
current, together with COMSOL simulation results. Both datasets exhibit a linear relationship between magnetic
field and current, with experimental and numerical values agreeing within 1%, confirming the accuracy of the
electromagnetic model in the operating field range. Magnetic field measurements were performed using an
FW Bell 5180 Digital Gaussmeter (DC accuracy: +0.5% of reading; AC accuracy: +1% of reading; resolution:
0.01 mT). The corresponding magnetic field map for 40 MeV operation is presented in Fig. 6. Based on 240
measurement points, the average magnetic field at 40 MeV was 0.45431 T with a sample standard deviation of
+0.00105 T. The minimum and maximum measured values were 0.4511 T and 0.4580 T, respectively, indicating
good field uniformity across the mapped region.

Although the magnet is geometrically symmetric, the magnetic flux density shows an apparent asymmetry
near the magnet ends due to three-dimensional fringe fields and local flux leakage. By integrating the simulated
longitudinal field distribution, the effective magnetic length was determined to be L.yy=171.1 mm, consistent
with the expected influence of end fields on beam deflection. Because the effective magnetic length is more than
five times larger than the geometrical pole length (32 mm), more than 80% of the integrated bending field is
provided by fringe fields. This makes the magnet particularly sensitive to material saturation and stress-induced
permeability changes, which justifies the stringent material selection criteria.
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Fig. 5. Simulated magnetic flux density distribution in the C-type dipole dump magnet, showing fringe-field
formation and field decay at the entrance and exit.

As shown in Fig. 6, the excitation current required by the C-type dipole dump magnet increases linearly with
electron kinetic energy. The experimental data are well described by a linear fit

I=1.1093 + 0.5921E,

with a coefficient of determination of R?=0.9957, indicating excellent linearity. Measurement uncertainties
originate primarily from Hall probe calibration, probe positioning, and power-supply current stability, and are
shown as error bars in Fig. 7.

In the design workflow, two-dimensional FEM (2D FEM) analyses were used for rapid parametric
optimization, while three-dimensional FEM (3D FEM) analyses were employed for final validation. The 2D
model, based on a mid-plane cross-section, accurately represents the magnetic field in the central region but
neglects longitudinal end effects. In contrast, the 3D model includes the full magnet geometry, accounting for
fringe fields, flux leakage, and geometric asymmetries, which are critical for dump magnet applications. A direct
comparison (Fig. 8) shows that while central field values agree well, the 3D model predicts a reduced effective
magnetic length due to end effects, which is essential for accurate beam-deflection calculations.

The electromagnetic performance of the C-type dipole dump magnet was further evaluated by analyzing
key operating parameters, including electron kinetic energy, excitation current, operating voltage, electrical
resistance, magnetic field strength, thermal load, and maximum achievable field. These results are summarized
in Table 2. Nominal magnetic field values and bending angles were calculated using analytical beam-optics
relations, while all other quantities, including effective magnetic lengths and fringe-field-related parameters,
were obtained from 3D FEM simulations under nominal excitation currents and ideal alignment conditions. The
underlying assumptions, calculation methods, and relevant formulas are detailed in the section “Magnetic field
simulation and effective length”

Radiation-induced energy deposition obtained from Monte Carlo simulations was mapped onto the magnet
geometry as volumetric heat sources and combined with resistive heating in COMSOL Multiphysics to perform
a steady-state electromagnetic—thermal analysis. The resulting thermal load led to a maximum coil temperature
rise of 18.7 °C above ambient, indicating that safe air-cooled operation is feasible without the need for water-

Scientific Reports|  (2026) 16:19905 | https://doi.org/10.1038/s41598-026-45307-5 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

0,459
0,458
~ 0457
—~
~
T 0456
&
o 0,455
=
a 0,454
<
S 0453
0,452
0,451
0,450
Fig. 6. Spatial distribution of the magnetic field at 40 MeV operation.
30
25
< 20
N
g
)
E 15
@)
e
o=
=, 10
o
<
O Data
5 — Function
y=1.1093 + 0.5921-E
R2=0.9957
0
0 5 10 15 20 25 30 35 40 45 50

Electron kinetic energy (MeV)

Fig. 7. Optimal applied current versus electron kinetic energy for 42° beam deflection.
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Fig. 8. Magnetic flux density variation of the C-type dipole dump magnet from 3D and 2D FEM analyses.

Electron Kinetic Energy, Ex | Applied Current Value | Voltage | Resistance | Magnetic Field Strength, B| | Generated Heat | Maximum Magnetic Field
(MeV) (A) (Volt) | (@) (T) (W) (T)

2 1.7 1.30 1.53 0.0316 1.1 0.200
5 3.7 2.84 1.53 0.0689 5.2 0.654
10 7.1 5.45 1.53 0.1320 19.3 0.841
15 9.6 7.36 1.53 0.1790 353 0.946
20 13.4 10.28 1.53 0.2500 56.3 1.053
25 17.4 13.34 1.53 0.3240 116.0 1.320
30 20.1 15.41 1.53 0.3750 154.0 1.440
35 21.0 16.10 1.53 0.3910 169.0 1.560
40 24.5 18.75 153 0.4570 230.0 1.800
45 27.0 20.55 1.52 0.6500 277.0 1.947

Table 2. Operating parameters and performance characteristics of the C-type dipole dump magnet.

cooling or cryogenic systems. The highest temperatures were observed near the beam-facing side of the iron
yoke and in the front sections of the aluminum coils, consistent with the neutron dose distribution. Thermal
imaging measurements validated the numerical predictions, indicating a maximum temperature rise of 18.9 °C
above ambient (Fig. 9). At a laboratory ambient temperature of 23.4 °C, the peak coil temperature reached
42.3 °C. Measurements were carried out using a Fluke Ti125 infrared camera (temperature accuracy: +2% or
+2 °C). The highest temperatures were observed on the aluminum coils, while the temperature increase in the
iron core remained comparatively low. These results are in good agreement with the simulated heat distribution
and confirm the reliability of the coupled electromagnetic-thermal analysis.

To further limit the temperature rise, the coils were implemented in a parallel rather than a series configuration,
in which the total magnet current is distributed among multiple coil paths. This reduced the effective electrical
resistance by approximately a factor of four and correspondingly lowered Joule heating, thereby providing a
comfortable thermal margin and contributing to the thermal stability and reliable operation of the magnet. In
contrast, a series winding configuration would be expected to produce substantially higher Joule heating and a
much larger temperature rise, potentially approaching the upper bounds of safe operation for air-cooled coils.
Given the fringe-field-dominated geometry and the resulting large effective magnetic length, resistive losses
become a dominant thermal constraint, making the parallel winding scheme essential for maintaining reliable
air-cooled operation.

Particle radiation analysis

Radiation transport and neutron production analyses were performed using Monte Carlo simulations
implemented with the MCNP 6.2 code'8. The simulations employed detailed three-dimensional geometry
models of the C-type dump magnet, the neutron shielding materials, and the surrounding structures, together
with realistic beam source definitions representative of TARLA MIR/THz FEL operating conditions. The same
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Fig. 9. Infrared thermographic image of the magnet under steady-state operation at 40 MeV.

material compositions used in the COMSOL simulations were also adopted in the MCNP models to ensure
consistency between the electromagnetic—thermal and radiation transport analyses.

The Monte Carlo method was chosen for its effectiveness in modeling stochastic particle transport and
interaction processes in matter, in which particle properties such as energy, direction, interaction mechanisms,
energy loss, and scattering are governed by probabilistic distributions. A full-scale model of the dump magnet
was employed, with the iron yoke subdivided into five regions in order to evaluate the spatial distribution of
energy deposition using F6 energy-deposition tallies. The aluminum coils were modeled with a 1 cm air gap from
the yoke, and both the yoke and coil volumes were discretized into cells to quantify regional energy deposition
in units of MeV g7, as illustrated in Fig. 10. All simulations were carried out using 1 x 10° primary particles,
providing sufficient statistical accuracy for the calculated neutron flux and energy deposition distributions.

Monte Carlo simulations show that the highest radiation-induced energy deposition occurs in cells 100 and
110 (Fig. 11), which correspond to the front region of the iron yoke facing the beam absorber. This clearly
confirms the primary shielding role of the yoke against secondary radiation. The analysis of thermal, slow, and
fast neutron components further indicates that the energy deposition in both the iron yoke and the aluminum
coils increases with neutron energy, underscoring the need for dedicated neutron shielding to ensure long-term
and stable magnet operation.

The radiation-induced energy deposition was calculated using Monte Carlo simulations and mapped onto
the magnet geometry as volumetric heat sources. These were subsequently coupled with Joule heating from the
coils in COMSOL Multiphysics to perform a steady-state electromagnetic-thermal analysis, enabling a realistic
evaluation of temperature rise under operational radiation exposure.

The neutron shielding system was designed to provide comprehensive coverage along the dump region and
is fully integrated with the magnet structure. Hydrogen-rich materials combined with boron-containing layers
were employed to attenuate both fast and thermal neutrons. Localized shielding blocks were placed around
regions of highest dose, particularly near the beam impact area, to minimize neutron streaming toward radiation-
sensitive components. The shielding geometry was optimized to balance attenuation performance, mechanical
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A

Fig. 10. A Simulation geometry in the XZ plane. B Trajectories (tracks) and interaction points of the first 50
particles at an electron kinetic energy of 40 MeV.

compatibility, and accessibility for installation and maintenance, with all shielding components mechanically
integrated into the magnet yoke to ensure stable alignment during operation.

The combined effects of radiation heating and resistive losses resulted in a maximum coil temperature rise
of 18.7 °C above ambient, confirming that safe air-cooled operation is achievable without the need for water-
cooling or cryogenic systems. The highest thermal loads were observed near the beam-facing side of the iron
yoke and in the front sections of the aluminum coils, in good agreement with the neutron dose distribution
predicted by the Monte Carlo simulations.

Neutron shielding

Hydrogen-rich materials such as polyethylene, water, and paraffin are widely used for fast-neutron moderation,
while boron-doped polymers and '°B-containing compounds are commonly employed for thermal neutron
absorption due to their high capture cross section!®. Recent developments in neutron-shielding technology
include gadolinium-doped composites, hydrogen-enriched concretes, and layered polyethylene-B,C
structures?®2!, as well as lightweight and thermally stable polymer-based shielding materials®>?3.

Neutron shielding relies on the combination of hydrogen-rich moderators and boron-containing absorbers,
since high-density metals are largely ineffective for neutron attenuation. In this study, shielding measurements
were performed for two candidate materials at 11 different thicknesses to achieve 99% neutron attenuation.
The required thickness was determined to be 5 cm for Sample 1 (B,C-based) and 6.95 cm for Sample 2, a newly
developed composite. Owing to its local availability, lower cost, and scalability, Sample 2 was selected and
implemented with a thickness of 7 cm.

A hybrid shielding composite was developed by incorporating B,C and a high-boron compound into a
hydrogen-rich epoxy matrix. The particle size distribution and resin ratio were optimized to maximize neutron
attenuation while minimizing void formation. The innovative bor-rich powder-based hybrid shielding process
described herein has been subject to a patent application, highlighting its novelty and proprietary methodology.
The fabrication of the shielding layers represents the most innovative aspect of this work, employing a precise,
stepwise procedure to maximize density and mechanical stability:
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Fig. 11. Dose deposited in different cells by neutrons with 40 MeV.

o Raw Material Preparation: Bor-rich powder (purity>99.5%, particle size 45-90 um) was selected and vacu-
um-dried at 90 °C for 8 h to remove residual moisture and ensure a uniform particle size distribution suitable
for high-density compaction.

+ Mold Preparation: Stainless steel or aluminum molds are coated with PTFE to facilitate demolding and ensure
high surface quality.

o Powder Filling: The mold is filled with the amount of bor-rich powder required to achieve a theoretical den-
sity of 2.38-2.42 g/cm’.

o First Vacuum Stage: Vacuum is applied to <0.01 mbar for 15 min to remove adsorbed gases and moisture and
evacuate interparticle voids.

o Vibration Stage: Controlled mechanical vibration (50 Hz frequency, 3 mm amplitude, 50 min duration, con-
tinuous operation) compacts the powder, minimizing porosity and achieving>95% theoretical density.

o Second Vacuum Stage: Vacuum is reapplied (<0.01 mbar, 10 min) to evacuate microvoids generated during
vibration and finalize densification.

« Demolding: The block is slowly removed using a hydraulic press at 0.5 mm/s to preserve integrity and prevent
cracking.

« Final Drying / Thermal Treatment: Heat treatment at 120 °C for 24 h ensures physical densification without
chemical bonding and improves mechanical strength.

o Surface Machining: CNC milling produces the precise magnetic geometry, ensuring dimensional tolerances
and surface quality.

Prototype samples were tested at the TENMAK Biiyiikgekmece neutron facility, where both shielding efficiency
and the spatial power distribution of the neutron source were characterized (Fig. 12).
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Fig. 12. A Schematic of the neutron test system and B spatial power distribution of the neutron source.

Feature Conventional Dump Magnets | Proposed Design
Radiation-driven geometry No Yes

Coil separation Limited Optimized
Low-Cu steel Rare Used

Neutron shielding integration | External Integrated

Table 3. Key differences between conventional dump magnet designs and the proposed radiation-driven
configuration.

This approach provides a cost-effective and lightweight neutron-shielding solution based on domestically
sourced materials, offering practical benefits for accelerator facilities and broader industrial applications.
In conventional beam dump magnet implementations at accelerator facilities such as DESY, SLAC National
Accelerator Laboratory, and CERN, the primary design criteria are typically magnetic field strength, beam
steering accuracy, and mechanical robustness. Radiation effects are generally addressed at later stages through
external shielding or operational constraints rather than being integrated as a core design parameter. In contrast,
the proposed dump magnet for the TARLA facility adopts a radiation-driven design methodology from the
earliest conceptual phase. The main distinctions and improvements can be summarized as follows:

1. Radiation-Oriented Geometry Optimization: The magnet cross-section and pole configuration were opti-
mized not only for magnetic field uniformity but also to minimize direct radiation exposure to sensitive
regions, particularly the coil windings.

2. Coil Displacement from Primary Radiation Line: Unlike conventional C-type dipole layouts where coils
are relatively close to the beam interaction region, the present design deliberately repositions and partially
shields the coils, significantly reducing neutron and gamma flux deposition in insulating materials.

3. Low-Copper, High-Iron Electrical Steel Selection: Material selection was guided by activation and radia-
tion-damage considerations. The use of low-Cu, high-Fe electrical steel reduces long-term activation and
mitigates radiation-induced degradation compared to standard construction steels.

4. Integrated Neutron Shielding Concept: Rather than employing standalone shielding blocks external to the
magnet body, hydrogen-rich and boron-containing materials were incorporated directly into the magnet
assembly. This integrated approach enhances fast and thermal neutron attenuation while maintaining com-
pactness.

5. Coupled Monte Carlo-FEM Design Workflow: Radiation transport simulations (Monte Carlo) were directly
coupled with electromagnetic and thermal finite-element analyses. This allows quantitative evaluation of
radiation-induced heat loads and material stress, enabling predictive lifetime assessment—an aspect often
absent in traditional dump magnet designs.

The proposed design provides improved radiation tolerance, reduced activation, enhanced operational
reliability, and potentially longer service life under continuous FEL operation conditions. These features make
it particularly suitable for medium-energy MIR/THz FEL facilities where beam losses and dump-induced
radiation fields can significantly impact magnet integrity over time. A comparative summary highlighting the
key differences between conventional dump magnet designs and the proposed radiation-driven configuration
is provided in Table 3.
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Fig. 13. Schematic illustration of the neutron shielding fabrication process before and after curing.

Neutron Shielding
Efficiency

Shield Thickness | Sample I | Sample IT

(cm) (%) (%)

2.5 92.3 83.0

2.6 93.4 84.2

3.0 95.2 87.9

3.5 96.9 91.0

3.6 97.2 91.6

3.8 97.6 92.7

4.0 97.9 93.7

4.5 98.6 95.4

5.0 99.0 96.6

6.0 99.6 98.2

7.0 99.8 99.1

Table 4. Effect of shield thickness on neutron attenuation efficiency.

Figure 13 shows the Schematic illustration of the neutron-shielding fabrication process before and after
curing, showing the material composition, shaping procedure, and the structural consolidation achieved after
curing.

Three independent measurements were performed for each of the two shielding samples at 11 different
thicknesses, and the average values were used in the analysis. Repeated measurements were carried out to
improve measurement accuracy and reduce experimental uncertainty. The resulting attenuation data are
summarized in Tables 4 and 5.
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Shield Thickness Measurement Neutron Shielding Efficiency
(cm) First | Second | Third | Average | (%)

Reference (Empty) | - 2386 | 2292 2425 23677 |-

Sample I 2.6 149 | 164 158 157.0 |93.4

Sample IT 3.8 176 | 171 172 173.0 92.7

Table 5. Experimentally measured neutron shielding efficiencies for the tested materials.

Results

This study reports the design, simulation, and experimental validation of a radiation-resistant C-type dipole
dump magnet developed for MIR/THz FEL applications at the TARLA facility. The approach integrates material
characterization, electromagnetic modeling, radiation analysis, and neutron-shielding experiments to evaluate
system performance under realistic operational conditions. Magnetic core materials were screened using X-ray
fluorescence (XRF) and vibrating sample magnetometer (VSM) measurements to assess elemental composition
and magnetic properties. Electrical steel was selected based on its high iron content, low copper concentration,
and the absence of activation-prone elements. The experimentally measured B-H curve exhibits a rapid increase
in magnetic flux density at low magnetizing fields, followed by a gradual approach to saturation. This measured
magnetization behavior was implemented in COMSOL Multiphysics?, yielding a maximum deviation of 6.28%
between simulated and experimental values near saturation.

The magnet features a 60 mm pole gap to deflect electron beams in the 2-45 MeV energy range by a bending
angle of 42°. Aluminum conductors were employed to minimize long-term activation, with 448 turns per pole
producing a maximum magnetic field of 0.65 T at an operating current of 27 A. A hierarchical simulation
strategy was adopted, using 2D finite-element analysis for parametric optimization and 3D simulations for final
validation of fringe fields and end effects. The calculated magnetic field of 0.4570 T corresponds to a relative
difference of 0.59%, confirming excellent agreement between simulation and experimental results.

Radiation effects were evaluated using Monte Carlo simulations with 1x10° primary particles. Energy
deposition is concentrated primarily on the inner surfaces of the iron yoke and adjacent coil regions. Neutron-
shielding measurements were conducted for two hydrogen-rich, boron-containing materials at multiple
thicknesses. A B,C-based material achieved 99% neutron attenuation at a thickness of 5 cm, while a newly
developed composite material achieved comparable attenuation at 6.95 cm.

The key improvement of the proposed design lies in shifting from a field-performance-driven approach to a
radiation-resilience-driven magnet design philosophy, where radiation transport, shielding, material activation,
and thermal effects are treated as primary design parameters rather than secondary corrections.

Discussion

This study demonstrates the successful design, simulation, and experimental validation of a radiation-resistant
C-type dipole dump magnet for MIR/THz FEL applications at TARLA. A radiation-driven design methodology
was adopted, integrating material selection informed by radiation effects, conservative magnetic design margins,
finite-element modeling, Monte Carlo radiation simulations, and experimental measurements.

The close agreement between simulated and experimental magnetic field values, with deviations below 1%,
confirms the validity of the electromagnetic modeling approach and the use of experimentally measured material
properties. The conservative magnetic length margin ensures reliable beam interception under the influence of
fringe fields, alignment tolerances, and radiation-induced uncertainties.

Radiation analysis revealed localized energy deposition in the inner yoke and coil regions, necessitating
dedicated neutron shielding. A locally developed composite material was implemented due to its favorable
attenuation performance, cost efficiency, and scalability, achieving the required neutron attenuation at a
thickness of 7 cm. Experimental validation confirmed the predicted shielding performance.

The realization of a fully functional, radiation-resilient dump magnet demonstrates the robustness of the
proposed design strategy. The methodology and experimental findings provide a practical, transferable reference
for the development of compact, radiation-tolerant beam dump systems in FEL and similar accelerator facilities.

Conclusion

A radiation-resistant C-type dipole dump magnet has been designed and evaluated for MIR/THz FEL
applications at TARLA. The design integrates radiation-driven considerations from the earliest conceptual stage,
including geometry optimization, coil shielding, low-Cu high-Fe electrical steel selection, and incorporation of
neutron-attenuating materials.

Electromagnetic performance, magnetic field distribution, and thermal behavior were analyzed using 3D
finite-element simulations, while material properties were experimentally characterized using VSM and XRF
analyses. Comparison between experimental and simulation data demonstrated good agreement, consistent
with expected engineering tolerances.

Monte Carlo simulations provided insights into radiation fluxes and heat deposition, enabling optimization
of the neutron shielding layout. The proposed design achieves improved radiation tolerance, reduced activation,
and reliable operational performance under expected FEL beam conditions without requiring complex cooling
or cryogenic systems.
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The developed dump magnet provides a reference approach for similar medium-energy FEL and linac
facilities, demonstrating that early integration of radiation considerations into magnet design can significantly
enhance lifetime and operational reliability. Future work may focus on experimental validation under beam
operation and further optimization of shielding materials and geometries.

Data availability
The data supporting the findings of this study are available from the corresponding author upon reasonable
request.
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