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ABsTRACT: The FOOT (FragmentatiOn Of Target) experiment aims to measure double differential
fragmentation cross-sections for applications in Particle Therapy and space radiation protection. A
critical component of the apparatus is its magnetic spectrometer, composed of two Halbach-configured
dipole magnets (M1 and M2) using NdFeB permanent magnets, designed for high field uniformity and
stability. A full 3D magnetic model was developed using the OPERA solver, incorporating detailed
BH curves and a refined meshing strategy to ensure precision along the beam axis. The resulting
field map, essential for Monte Carlo simulations in FLUKA, was validated through high-resolution
magnetic measurements along the longitudinal and radial axes using a Hall probe. The comparison
revealed agreement within 1.4% over most of the field region. Radial scans confirmed uniformity
within 1% up to 10 mm from the axis, with minor misalignments attributed to mechanical tolerances.
These results confirm the accuracy of the magnetic model and its suitability for precise momentum
reconstruction in the FOOT spectrometer.

Keyworbps: Acceleration cavities and superconducting magnets (high-temperature superconductor,
radiation hardened magnets, normal-conducting, permanent magnet devices, wigglers and
undulators); Beam-line instrumentation (beam position and profile monitors, beam-intensity monitors,
bunch length monitors); Simulation methods and programs
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1 Introduction

Applied nuclear physics is a field which is growing in importance in our present times, from the
possibilities opened in cancer treatment by Particle Therapy (PT), to the increasingly urgent issue
of Radio Protection in Space (RPS) for short- and long-term missions. The knowledge of the
interactions of protons and heavier ions with matter, including human tissues, is a key ingredient
for these applications, particularly in the kinetic energy range between 100 and 800 MeV/u, of
interest for medicine and radiobiology. Currently, however, the cross sections of many processes,
especially nuclear fragmentation, are either missing or affected by large uncertainties due to the lack
of experimental data; this limits, for example, the reliability of dose calculation in the planning of PT
treatments, and the efficiency in the development of shielding for astronauts and equipment [1, 2].
Over the past 20 years, the significant interest and social impact of these applications have prompted
the scientific community to renew their efforts in measuring the necessary nuclear cross sections using
modern experimental setups, and have led to the accomplishment of a number of key measurements,
while others still require dedicated campaigns.

Within this context, the FragmentatiOn Of Target (FOOT) collaboration aims at developing a
system able to improve the understanding of double differential fragmentation cross-sections associated
with the nuclear interactions of protons and heavier ions with matter, within the energy range relevant
to PT and RPS applications [3]. As initial framework of investigation, the FOOT collaboration is
focused on the fragmentation processes induced by protons on target during PT treatment sessions.
The basic strategy involves delivering the fragments most frequently encountered (O and C atoms,
which constitutes two of the main elements in the human body) to a hydrogen enriched material,



and obtaining the cross section of interest by means of inverse kinematics through a relativistic
transformation. Simultaneously, FOOT will measure the direct double differential fragmentation
cross sections of light ions, such as “He, '°0, and '?C, interacting with targets like C, polyethylene
(CHy4) and polymethyl methacrylate (PMMA, CsO,Hg), particularly valuable as they play a crucial
role in the planning of PT treatments using '>C and '°O [3].

To conduct these measurements, the FOOT collaboration is building a setup that includes
several components: a scintillator system [4] for AE-TOF measurements, ion counting and fragment
identification [5]; a drift chamber for monitoring of the beam direction [6]; a magnetic spectrometer
composed of pixel and strip silicon detectors paired with permanent magnets to reconstruct the
momentum of fragments [7, 8]; and a calorimeter to measure the energy of the fragments [9, 10].
In addition, large-angle interactions will be analyzed using emulsion chambers, which will serve
as active targets and detectors [11]. Some preliminary measurements have been already performed
without the tracking detector, and results can be found in other sources [5, 12].

Since the reliability of the reconstruction of the momentum is inextricably connected to the
accuracy with which the characteristics of the magnetic field are known over the whole volume of
interest, we performed a detailed characterization of the bending dipolar system used in the magnetic
spectrometer section. This set of measurements is essential for two fundamental reasons: first of all, it
represents a validation of the initial model of the magnetic field, verifying that the experimental values
of the peak fields and field quality are in agreement with the expected ones by design; secondly, it is
a key point to refine and benchmark the electromagnetic simulation which has been used to extract
the mapping of the magnetic field in 3D. This detailed description of the field values in space has
been subsequently implemented in the FLUKA Monte-Carlo code used to evaluate the resolution and
efficiency of the spectrometer in the various cases of fragments with different Z and momentum.

In this contribution, we present the work that has been undertaken to design the magnetic system,
evaluate its expected performances in terms of magnetic field characteristics by means of a finite
element analysis, and assess their level of agreement with the measurements performed at the National
Laboratory of Frascati (LNF) of the National Institute for Nuclear Physics (INFN).

2 The magnetic system

The work on the magnets began with a magnetic preliminary design carried out by INFN-LNF, which
resulted in a document outlining the technical specifications needed to achieve the scientific objectives
of the project. The fabrication of the magnetic system was awarded to SigmaPhi,! company specialized
in the production of magnets for particle accelerators and experiments, with whom INFN has had
a long-standing and successful collaboration. Given the complexity of the item to be produced, a
deep follow-up was done by INFN for all the project phases: from the first design review up to
the final production. In all these phases the compatibility of the magnetic system with the rest of
the experimental apparatus was done.

The magnetic system, as designed and manufactured, consists of two dipoles, named M1 and
M2, whose main characteristics are listed in table 1. The system also includes the mechanical
support required to hold the magnets in place against their repulsive force and to adjust the relative
position between the two magnets.

'Website of SigmaPhi: https://www.sigmaphi.fr/.
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Table 1. Main characteristics of the magnetic system developed for the FOOT experiment (measured values of
the final components).

Parameter Value (M1) Value (M2)
Nominal field (T) 1.31 0.87
Integrated field (T-mm) 170.57 152.05
Mechanical length (mm) 102 102
Effective length (mm) 130.21 174.68
Bore radius (mm) 25 53
Good Field Region radius (mm) 19 19
External radius (mm) 149 225

Transverse field homogeneity dB/By 2.73x 1072 1.40 x 1072

The magnetic simulations were performed with OPERA solver’ by both SigmaPhi and INFN
for verification of calculation accuracy, and cross-checking of the results.

The two dipoles are made of NdFeB permanent magnet blocks displaced in a 12-sector Halbach
configuration, with the orientations reported in figure 1. Specifically, adopting a polar coordinate
system, the magnetization vector M of each block in order to obtain a dipole field can be written as:

M = M,[cos (go— g)ﬁ+sin (go— g)cﬁ]

where p and ¢ are mutually orthogonal unit vectors oriented along the radial and polar directions,
and M, is the magnetization module, or residual field. The angular position ¢ of a single block is
the one of its center of mass with respect to the horizontal plane. The magnetization vector of each
magnet is, by design, the same over its whole volume in module and direction.

Each of the two dipoles is composed of multiple layers of blocks, specifically 2 layers for M1
and 3 layers for M2. The different colors in figure 1 correspond to different grades of the permanent
magnet material. For both magnets, the inner layer is made of N48H, and the outer layers are made of
N38UH. The choice of the grade is based on the magnetic properties (mainly the level of residual field,
set by manufacturing at 13 205.9 G for N48H and 12 017.7 G for N38UH), on mechanical properties,
and on commercial factors, such as availability and cost.

For each magnet, the permanent magnet blocks are housed in an aluminum case to avoid altering
the magnetic field while providing the necessary mechanical structure to retain the forces acting between
blocks. The thickness of the aluminum between the blocks has been minimized to maximize the amount
of magnetic material, which is essential to meet the peak field and integrated value requirements. This
cell configuration is completed with two plates designed to close the cells preventing longitudinal
movements of the blocks and their accidental damage. The assembly is shown in figure 2.

3 Magnetic simulations

The OPERA 3D solver allows to evaluate the magnetic field configuration in the whole three-
dimensional space as a set of values given on a tetrahedral meshed configuration across a series of

2Website of the OPERA software, 2022: https://www.3ds.com/products-services/simulia/products/opera/.
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(a) M1 dipole. (b) M2 dipole.
p

Figure 1. Model of the two dipoles of the FOOT magnet system as built in OPERA 3D viewer, where the
orientation of the magnetic field is drawn to represent the Halbach array periodicity, resulting in the dipole
configuration.

Figure 2. Dipole system assembly positioned on the magnetic measurements bench.



nodes. The nodes displacement has been carefully studied in order to increase the sensitivity on the
axis of the dipoles, where the set of measurements validating the field homogeneity is expected to
take place. For this reason, the mesh has been set so that a series of equally spaced nodes, each at
distance of 2 mm from the neighbors, lies on the main magnetic axis; the mesh then becomes gradually
broader as it progresses towards the external boundaries of the dipoles, where the number of particles
interacting with the field is expected to decrease with the radial distance. Finally, an external cylinder
of air encompassing the system (radius 2.4 times the radius of the bigger magnet) acts as background.

The overall length (in the beam direction) of evaluation of the fields has been chosen to cover
the whole expected region of interest, up until the zone where the value of the magnetic flux drops
below 1%c of the maximum, which corresponds to a length of 1 m taking the midpoint of the two
dipoles as the center. The distance between the M1 and M2 centers is set at 16.7 cm, according
to the design of the apparatus.

The permanent magnets were modeled using the BH curves of N38UH and N48H from Arnold
Magnetic Technologies catalog,’ reported in figure 3, considering a room temperature of 20°C, and the
material between blocks was put to air in order to simplify the simulation, as the single cases are not
expected to give a sensible contribution. Their direction of magnetization has been set according to the
original project, as a standard Halbach array in dipole configuration. No time-dependent phenomena
are analyzed as there are no electrical properties to consider.

The simulation generates a spatial mapping of the magnetic field, which is essential for re-
constructing events in the FLUKA Monte Carlo model of the FOOT magnetic spectrometer. The
estimated field has been validated through a series of measurements conducted along specific axes,
which will be detailed in the following section.

4 Magnetic measurements

For the following section, the reference system will be the one portrayed in figure 4, centered at the
midpoint of the two dipoles M1 and M2. For the coordinates, we will refer to z as the longitudinal,
to x as the horizontal and to y as the vertical.

Before installment of the dipole system in the LNF Magnetic Measurements Laboratory, SigmaPhi
performed a characterization of the individual magnets M1 and M2 and of the final assembly with
point-like measurements of the magnetic field component directed along the y axis (By). In particular,
5 longitudinal scans were performed with a single axis Hall probe positioned on a motorized holder
capable of translation along the 3 axis, moving on a path parallel to the z axis, and measuring the
values of By, with step Az = 5mm, in a z range of £600 mm. The horizontal position of the 5 scans
was varied at x = Omm,+10mm and +19 mm.

A further measurement campaign, decreasing the step Az at 2mm, was performed at LNF with a
similar single axis Hall probe, powered and read by a teslameter with sensitivity +0.5 G, and mounted
on a translating holder with positioning accuracy of +10 jim, installed on a concrete bench to minimize
the oscillations due to the probe translations. Due to the dimensions of the mechanical arm holding
the probe, the maximum z coordinate depends on the x coordinate at which the scan is performed.
Also, to allow a more extended exploration, the disposition of the magnets is switched with respect
to their operation, so the probe enters M2 first and subsequently M1.

3Neodymium Iron Boron Product Catalog: https://www.arnoldmagnetics.com/resources/technical-publications/.
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Figure 3. BH curves for the permanent magnets N38UH and N48H, taken from Arnold Magnetic Technologies,
implemented in the simulation.

Figure 4. Reference coordinate system used for the magnetic measurements.



The following longitudinal scans have been performed:

e preliminary scan with step Az = 5 mm to determine the position of the peaks and measure the
center of our reference frame (x, y, z) = (0,0, 0) at the midpoint of the two dipoles;

* 2 radial scans performed at the position of the peaks on M1 and M2, with step Ax = 1 mm, x
range +19 mm;

* 5 longitudinal scans with Az = 2mm, z range from —465mm to 499 mm, taken at x =
0, =4 mm, =8 mm;

* 2 longitudinal scans with Az = 2 mm, z range from —465 mm to 299 mm, taken at x = +10 mm;

* 2 longitudinal scans with Az = 2 mm, z range from —465 mm to 17 mm, taken at x = £19 mm.

5 Comparison between measurements and simulations

In this section, we report the results of the magnetic measurements and experimental benchmark of
the 3D model for the magnet system. The analyses are focused on the trend of the magnetic field
as a function of the longitudinal coordinate z at different horizontal positions x. We first evaluate
the agreement between simulations and measurements showing the relative difference between data
at each position measured. We also show the agreement in terms of the magnetic parameters such
as the maximum field of the two dipoles and the integral field, and investigate possible sources
of discrepancies and errors.

5.1 Longitudinal scan: central axis

For a first evaluation, figure 5 shows the agreement between the simulated and measured longitudinal
profile of the magnetic flux of the FOOT dipoles system. By performing a raw interpolation of the points,
we see that the peaks lie symmetrically with respect to the center at about =80 mm. The curve is the
result of the superposition of the fields by the two arrays, which is responsible for the asymmetric tails.

5.2 Radial scans: uniformity evaluation

In terms of the field uniformity, we took the values measured by SigmaPhi of the field at different
positions along x and compared them with the results of our own radial scans. Figure 6 shows the
comparison between radial measurements, highlighting the field uniformity which stays within 1% of
relative difference with respect to the value at the center of the dipole up to 10 mm for M1, and is even
better for M2, reaching 1% at about 20 mm due to the larger bore. The radial scan also shows a slight
misalignment of 0.5 mm between the mechanical axes of the two magnets in the final system that
was delivered to LNF; the deviation can be seen from the different position of the minima (denoted
as xpin) on the radial scans, extrapolated from a parabolic fit of the LNF measurements, and from
the asymmetry with respect to x = 0 in the M1 profile (figure 6(a)). The sources of this difference
lie on the mechanical positioning error and on the intensity and direction of magnetic remanence.
Thanks to this magnetic characterization it would be possible to align the two magnetic axes or to
take into account this mismatch in the reconstruction algorithm.
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Figure 5. Magnetic field of the FOOT dipoles system evaluated on a longitudinal scan passing through the
mechanical centers of the dipoles. The experimental points (in blue), taken by the manufacturer SigmaPhi and
by the LNF magnetic measurement laboratory, are compared with the results of the OPERA 3D simulation (in
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Figure 6. Radial positions evaluation. Error bars are not visible due to the high sensitivity of the experimental
setup, as reported in section 4. A parabolic fit is used to determine the position of the minima, denoted as xpip.
The small relative differences between the two experimental measurements and the simulations, which are not
visible in figure 5 (being orders of magnitude less than Bp,.x) can be appreciated due to the zoomed-in interval
in the B axis.



5.3 Table of comparison

Table 2 shows a comparison between four values of merit taken from the initial SigmaPhi charac-
terization, measurement performed at LNF and the results of the OPERA simulation: the values
of the magnetic field at z = (-5, +80 mm) (corresponding respectively to the points at which the
local minimum and the two local maxima of B, are found) and the integrated field measured at the
longest common interval between measurements taken by SigmaPhi and LNF, which, for reasons of
limitation of the measurements along z due to the maximum reach of the probe inside the magnet,

is not the physical integral value of the field.
The relative difference between the two values B;‘ and Bf obtained with two methods (denoted

as ABy /B, for A-B) is computed as (BQ - Bf)/Bf.

5.4 Longitudinal scan analysis: x = 0
Figure 7 shows the relative differences (B;i“rl — BY**)/By** (which we will refer to as ABy, /By, for
brevity) between the simulations and the measurements of each longitudinal scan performed at different
x (in this case, for simplicity, we only compare LNF measurements with the 3D model). In the interest of
clarity, we restrict the interval between z = +300 mm, because the low values of B, far from the core of
the magnet causes the relative error to diverge at higher distances, even if the absolute difference is small,
and generally we are more interested in the errors in the region that contribute more to the integral field.
We can see that there are regular oscillations of AB, /B, that can have various origins in the
magnet actual geometry. Overall, the simulation slightly underestimates the actual field. The highest
discrepancy is observed at z = 200 mm, corresponding to the tail of the M1 distribution (see figure 5),
where the relative difference is —3.8% and B, measures 1200 G. The difference progressively shifts
towards higher values for values of z > 280 mm, where the field magnitude becomes negligibly small.
For z < 140 mm, the agreement is remarkably satisfied, with a maximum absolute value of
AB, /By at 1.4% and reaching local minima at the location of the peaks, mirroring the geometry
of the spectrometer dipoles; in fact, in the two points at x = +80 mm, the magnetic field reaches
local maxima, and therefore the relative error, provided the simulated field approximates well the
actual one, becomes negligibly small. Consequently, the simulation exhibits high accuracy at these

extrema, and is validated by the measurements.
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Figure 7. Relative difference for longitudinal scans performed at different horizontal coordinates x, represented by
points of different colors, between values of B, computed by OPERA 3D simulations and measurements at LNF.



5.5 Sources of errors

To conclude our analysis, we explored the effects due to the misplacement or misalignment of the
dipoles that could contribute errors to the field modeling. We already saw, from the radial scan
analysis, that the variation on a small interval (about =1 mm) around the peaks of the distribution of
ABy /B, is less than 0.1%, so we expect that a shift in the horizontal direction x of one of the two
magnets does not give a sensible effect on the evaluation of the field by the model. We nevertheless
performed 4 additional runs of simulation varying translating rigidly the M1 magnet of 1 mm or 2 mm
to the left and to the right. The results, shown in figure 8, where we plotted the relative difference
between the simulation performed with M1 on axis and the others with M1 off-axis, confirm our
initial hypothesis; the difference between the initial simulation and the others is too small (less than
0.3%) to account for any possible correction of geometry effects.

The second possibility is a translation in the z direction varying the distance between M1 and
M2 at a maximum of +1 mm. Figure 9 shows the result in terms of AB, /B, varying this parameter
around the nominal distance of 167 mm. It can be seen that the distributions all give satisfying results
at the centers of the two magnets, but at larger distances the model which we adopted is still the one
that gives the smaller errors, and the smaller integral of the distribution in absolute value.

Furthermore, we performed tests introducing an initial angle between the axes of the magnets,
for example rotating M1 around the vertical axis of and angle 6 of 5 mrad, which is the resolution
at which the two magnets are supposed to be aligned. Figure 10 shows the difference between the
longitudinal profile obtained with the axes of the magnets coinciding and the one with a tilt of 5 mrad,
which, being lower than 0.1% in absolute value, is understood as negligible.
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Figure 8. Relative difference between the values of By, obtained from different simulations introducing an error
from displacement of M1 in x and the reference one (x = 0).

6 Conclusions

The experimental characterization of the magnet system for the FOOT detector has given convincing
results that the magnet satisfies the requirements needed in terms of field integral and uniformity. In
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Figure 10. Relative difference between simulated longitudinal profiles obtained with the axes of the magnets
coinciding and introducing an error from displacement in 6 by rotating M1 of 5 mrad around the vertical axis.

addition, it has been instrumental to validate the magnetic field model implemented in the Monte Carlo
simulation of the spectrometer. Further refinements are possible, although the level of agreement
strongly suggests that the systematic uncertainty due to geometrical imperfections on the blocks

displacement should not affect the overall resolution. Nevertheless, studies are ongoing and we refer
the reader to the FOOT collaboration site* for regular updates.

4FOOT experiment website: https://web.infn.it/foot/.
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