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1. Outline of the Thesis

1.1. General context of the Thesis

Cryogenic devices are specialized systems operating at extremely low temperatures,
from 1.8 K to 125K. They are used in scientific research, industrial production, and
advanced technological applications. In high-energy physics experiments, most particle
accelerator components are cryogenic devices. Other applications include superconduct-
ing generators for wind turbines, satellites, aerospace systems, and societal uses such as
superconducting magnets for certain cancer treatments.

Typically, all cryogenic devices require the implementation of an essential set of sub-
systems:

o Cooling system maintains the cryogenic temperature. For superconducting ele-
ments, its primary function is to keep coil materials in a superconducting state
(typically 1.9-5K).

o External vacuum vessel insulates the device from the environment, eliminating con-
vective heat transfer and limiting contamination. It also ensures low humidity and
minimal polluting agents inside the device.

o Internal supports hold the device in its correct position and resist loads during
operation.

o Thermal screen envelopes the cryogenic device at a distance, blocking direct radia-
tive heat transfer from the vacuum vessel at room temperature to the cold device.
It is actively cooled to an intermediate temperature and often integrates thermal-
izations that split internal supports, acting as heat sinks to intercept conduction
heat flow.

The design of the supporting system for a cryogenic device requires to satisfy four
main requirements:

o ensure functionality for the cryogenic device by holding it in the correct position;

o grant sufficient rigidity in order to reduce elastic deformations and accuracy losses
due to loads;

o minimize the heat-flux through the supports, which results in a reduction of running
costs for the cryogenic cooling system;

o align the cryogenic device at warm during the passive alignment phase and in special
cases also at nominal cryogenic temperatures to ensure higher levels of position
accuracy.

In research and high-tech applications, the performance of cryogenic devices often
depends on their positional accuracy under load. Literature shows that most support
designs address static loads, with positional errors corrected during a passive alignment
phase at room temperature before cool-down. Dynamic loads such as earthquakes or
vibrations are rarely considered, and when they are, they typically have little influence
on the support design. However, under variable loads that cause continuous displacement
of the cold mass, passive alignment cannot compensate for position errors, making the
study of support stiffness and arrangement of crucial importance.



The literature analysis highlighted the lack of clear documented scientific knowledge
about the combined area of study of cryogenic device supporting systems, precise po-
sitioning and variable loads. Additionally, in literature rarely are presented formalized
mathematical models to study the internal actions on the supports of a cryogenic device
under loads. Such models lack also generality and rely on the assumption of a symmetric
support configuration. Furthermore, no model has been found for a mathematical model
able to predict displacements of the cryogenic device under loads.

The study case of a superconducting C-ion gantry for medical treatments falls entirely
in the previously mentioned knowledge gap and will be used in this Thesis as an example to
develop models that can be applied also on different applications. This Thesis proposes
to study only rod-supporting systems, because these have been found to be the most
commonly used in documented static cases. Additionally, the use of rod supporting
systems enables to have mainly axial loads on the supports, reducing the need of greater
cross-sections that would be necessary to reduce the stress due to other internal actions,
i.e. shear.

1.2. Goals and tasks of the Thesis

This Thesis aims to develop a novel method for the optimal mechanical design of
supporting systems for a cryogenic device under variable loads.

The specific case of superconducting magnets on a rotating gantry for medical appli-
cations serves as a case study to use for the first time the developed tools, with the goal
of achieving an optimal design for the supporting system.

To reach this goal this Thesis is structured around the following tasks:

1. Reviewing the literature on existing supporting systems for cryogenic devices, iden-
tifying their characteristics, common design approaches, and research gaps worth
exploring.

2. Proposing different supporting architectures to ensure a comprehensive study of the
problem.

3. Defining the requirements and load cases for the supporting system under variable
loads.

4. Developing general mathematical models to analyze supporting systems under vari-
able loads.

5. Establishing relevant criteria for comparing different support system designs.

6. Designing and optimizing each supporting system by selecting its architecture, ma-
terial, and geometry.

7. Evaluating the proposed solutions against the defined criteria.

1.3. Scope of the Thesis

The mathematical models developed in this Thesis are applicable to supporting sys-
tems consisting of six or more thin supports, of any geometry and material but joined at
each end by spherical or universal joints, inhibiting the development of internal actions
other than the axial component. The models are applicable at supports that can exhibit
a thermal gradient through the supports. The models have been validated by comparing
the predictions with those of standard finite element simulation software and not through
testing campaigns, as the cost of a full scale system is estimated around two millions of
Swiss francs, and a simplified scaled down version around 100,000 Swiss francs.



1.4. Statements of the Thesis
The following are the statements that this Thesis aims to prove:

1. Mathematical models of pose (position and orientation) and internal actions of
statically determinate (6 supports) and indeterminate rod supporting systems (any
number of supports > 6) for cryogenic devices under variable external loads can be
formulated and provide simple understanding of the complex system.

2. Mathematical models provide results as accurate as finite element analysis (FEA).

Models are computationally cheaper than FEA.

4. Developed tools can be used to find an optimal design for the supporting system of
superconducting magnets on a C-ion gantry beam line for medical applications.

@

1.5. Scientific novelty and practical applications

The scientific novelty of this Thesis lies in the proposal of a structured and complete
approach to study rod supporting systems of cryogenic devices subject to variable loads
both in direction and intensity providing mathematical models that are of general use
and can be applied to multiple applications.

The hypothesis is that by formulating mathematical models to study both statically
determinate and indeterminate supporting systems the problems can be studied in a com-
prehensive way. Additionally, the proposal of such models can reduce the computational
cost of commonly used finite element analysis widely used in the field of cryogenic devices.
Such reduction in computational cost can lead to machine-based optimizations routine,
improving performances of supporting systems, and large scale sensitivity studies, ad-
dressing the impact of key parameters variations to the system performances.

Proving the mentioned hypothesis can have a significant impact on hadron therapy
technology, medical imaging systems, and various other fields, including superconducting
generators for wind turbines, superconducting radio frequency cavities, optical alignment
systems for cryogenic devices such as high-energy physics experimental apparatus, and
satellites, ultimately contributing to societal advancements.

1.6. Scientific methodology and tools

The literature review analyzed cryogenic device support systems using advanced search-
es in Google Scholar. A structured approach is proposed for studying support systems
under highly variable loads, with a focus on superconducting magnets in a rotating gantry
while ensuring general applicability. Both statically determinate and indeterminate solu-
tions are explored within the framework of structural mechanics.

To mitigate human bias when comparing solutions of differing complexity (one with 16
free parameters and the other with 6), a machine-driven optimization coded in Wolfram
Mathematica is employed. This approach, based on mathematical models, reduces com-
putational costs compared to finite element analyses (FEAs). Lumped parameter models
(LPMs) are selected for their ability to capture system behavior with a minimal set of
key parameters, significantly improving optimization efficiency.

The LPM for the statically determinate solution is adapted from an existing model
in parallel mechanisms, while the LPM for the statically indeterminate solution is de-
rived from the principle of virtual work. Their accuracy is benchmarked against Ansys®
Workbench 2022 R2 using 3D models created in Solid Works.

Comparison criteria focus on machine functionality, including accuracy losses during
operation, heat flux through supports, sensitivity to manufacturing tolerances and pre-
load variations, safety factors for transportation and handling, and vibration frequencies.
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Data analysis and visualization are conducted using Wolfram Mathematica and Microsoft

FExcel.
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2. Literature analysis of supporting systems for
cryogenic devices

Superconducting materials require extremely low temperatures, typically between 1.8—
4.5 K, making heat extraction increasingly costly as temperatures decrease. Any con-
nection between the superconducting cold mass and the room-temperature environment
introduces heat inflow, yet some connections, such as the supporting system, are essential
for functionality. These supports must ensure mechanical resistance to various opera-
tional loads while minimizing heat transfer. Consequently, their design involves trade-offs
between structural integrity and thermal efficiency. Engineers have developed recurring
design patterns in geometry and materials to address this challenge. This chapter provides
an overview and classification of these solutions.

2.1. Literature analysis methodology

The Open Access database used for searching scientific articles is connected to the
Google Scholar browser [1|. The time frame has been limited to the most recent results
available as of February 2023. Search operators were used to refine the research as follows:

the “word” operator is used to include a specific word or sentence in the search;
parentheses, AND, and OR operators follow the common Boolean algebra;

the ~ operator allows the browser to search for synonyms of a word,;

the “-” operator excludes a word from the results;

the “intitle”: operator forces the browser to find results that contain a specific word
in the title.

O O O O O

“FEA” was used to filter results in which the supporting system has been analyzed
thoroughly, recognizing the importance of FEA in a mechanical study. “superconducting”
sets the search field to superconducting technologies. “cold mass” highlights the interest
in general cold mass supports. “mechanical” filters for mechanical analysis rather than
just general physics analysis. “support” sets the search field to the supports of a super-
conducting element. “suspension” used to search for synonyms of support. “ATLAS”,
“CMS”, and “LHC” are used as exclusions to filter out recurring articles referencing
two of the most well-known physics experiments and the most famous accelerator in the
world. Publications specifically related to LHC' supports have been included manually.
The search returned 194 results, which were examined for images of supporting systems,
their descriptions, and FFEA results. When an article’s content was incomplete, related
publications were explored for additional information.

This literature review aimed to highlight the following characteristics of the supporting
system:

o the architecture, i.e, the arrangement of supports with respect to the superconduct-
ing body;

the geometry of the single supporting element of the supporting system;

the materials used for the supporting element;

the characteristics of the supported body, such as its mass and length;

the cool-down effect, i.e, the kinematic behavior of the architecture when the super-
conducting body undergoes a thermal cycle;

O O O ©



o the adjustability and classification of the adjustment system.

The most relevant results have been reported and comprehensively analyzed in the full
Thesis text. This summary reports a compact version of the summary table (Table 2.1)
classifying the supporting systems.

Table 2.1

Summary table of the researched suspension system for superconducting elements.

Ref. Project Element SC material Mass Architecture Material Status
kg
, SSRF Magnet  NbTi wire 160 8 bands CFRP op.
- ESS Cavity Nb sheets 210 8 rods *t* Ti-6AL4V (rod) + const.
1 post power-coupler
_00| HL-LHC ~ Cavity  Nb bulk 250 2 blades + S8 316L + dev.
1 post power-coupler
113 SPL Cavity ~ Nb bulk 2 IS + ND
1 post
ESS (spoke) Cavity  Nb sheets 22 rods + Ti-6AL-4V (rod) + const.
- 2 posts power-coupler
VECC Magnet  Bi-2223 wire 4 bands G10 op.
CAS Magnet  YBCO tape 8 pillars G10 dev.
MDS (UT) Magnet NbTiwire 520 dposts gy dev.
4 rods
Cu sheets 2 rods +
, HIE-ISOLDE Frame Nb coating 850 2 plates op.
IHEP Magnet 1400 8 bands T300 (CFRP) op.
, TLS Magnet  NbTi wire 8 bands UFGE op.
MICE Magnet  NbTi wire 1600 8 bands UFGE op.
o Ti-6A1-4V + .
, FAIR Frame NbTi wire 8 rods AIST 304 const.
, MuZ2e Magnet  NbTi wire 3 springs + Inconel® 718 const.
14 rods
oo Ultem® 2100 or
, RHIC Magnet  NbTi wire 3605 3 posts SEL-GFN3 Noryl® op.
CAS Magnet 4000 8 bands res.
ATLAS CS  Magnet NbTi wire 4700 24 struts GFRE op.
, SSC Magnet  NbTi wire 7700 5 posts G11CR cancelled
. 3 posts
, LCLS-1I HE pipe Nb sheets 8600 (hung) G10 op.
, ITER Feeder 10,000 ca. 2 posts SS 316LN const.
~[43] LHC Magnet  NbTi wire 25,000 ™ 3 posts ™" GFRE op.
A 8 rods + Ti 5A1 2.5 Sn ELI
- ATLAS BT Magnet NbTi wire 45,000 32 stops GFRE op.
— NeuroSpin Magnet  NbTi wire 132,000 8 rods Ti-6Al1-4V comm.
ATLAS ECT Magnet NbTi wire 160,000 20 rods stainless steel op.
CMS CS Magnet  NbTi wire 225,000 30 rods Ti 5Al 2.5Sn ELI  op.
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Table 2.1

Continuation
Ref. Project Element SC material Mass Architecture Material Status
kg
Nb3Sn and . 6 18 multi- .
, ITER Magnet NbTi 23 x 10 blades stainless steel const.
Nb3Sn, NbTi 16 multi- e
DEMO Magnet and RE-123 blades stainless steel dev.

The main characteristics have been reported and classified following the nomenclature reported as notes

below the table. Results have been ordered by increasing weight of the cold mass. a. — status at the
beginning of 2023. dev. — in development; const. — in construction; comm. — in commissioning; op. —
operational; res. — for research only. ** Data of cryodipoles, not of SSS. *** The post is represented by
the power coupler, able to slide vertically but fixed radially in this case.

2.2. Discussion

Research on supporting systems for cold masses has led to over 20 applications, in-
cluding accelerating cavities, wiggler magnets, magnetic density separators, solenoids,
quadrupoles, dipoles, feeders, detector magnets, and MRI. The suspended mass ranges
from 160 to 23 x 105 kg, with axial lengths between 0.3 m and 25m (see Table 2.1).

Three main suspension architectures have been identified:

o multi-post — used for slender, heavy bodies like synchrotron cryomagnets (LHC,
RHIC, SSC), minimizing vertical sagitta with few penetrations of the vacuum vessel;

o 8-support — mostly used for lighter or bulkier bodies;

o cavity architecture — supports cavities using the FPC tube wall as a post with
additional stiffening.

Other specialized solutions exist for high-curvature solenoids (Mu2e), pancake-shaped
separators, and detector magnets.

Common cool-down behaviors have been classified: some systems introduce additional
stress to ensure precise positioning post-cooling, while others accept asymmetric contrac-
tion to reduce stress. An optimized approach, as seen in FAIR, tunes materials and
geometry to achieve symmetric contraction without extra stress.

Supporting materials fall into metallic (titanium, stainless steel, nickel-chromium al-
loys) and composite (glass and carbon fiber-reinforced polymers) categories, balancing
mechanical resistance and thermal efficiency. A correlation exists between material and
support shape: metallic rods dominate, while double-band architectures favor composites,
except for G11 rods in a UT magnetic density separator.

Two recurring adjustability solutions exist based on error-chain tuning:

o SVI: Adjustment between cold mass supports and the vacuum vessel.
o VGI: Adjustment between the vacuum vessel and rigid ground.

Literature designs focus on nominal conditions, primarily counteracting dead weight
and electromagnetic forces. Non-nominal scenarios like transport loads, seismic events,
and quenching failures are considered, but mainly in terms of mechanical resistance, with-
out constraining system rigidity. Cold mass misalignment is corrected during assembly,
leaving stiffness unconstrained.

For variable loads, such as in gantries, full passive compensation of misalignment is
impossible across all positions. Adjustments at one angle may negatively affect others,
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shifting the design trade-off from heat load versus mechanical resistance to include stiffness
constraints. This necessitates research into architectures suitable for rotating machines.
While existing solutions could be adapted, further analysis is required.

SVI systems, featuring bilateral fixtures like rod ends and spherical bearings, are
better suited for rotating applications. VGI systems, which use unilateral fixtures (e.g.,
spherical washers), require further R€/D. Adding SVI regulation for post-supported bodies
complicates the cryostat assembly and decreases performances (stiffness) of the tuning
system itself.

Structures can be classified as statically determinate or indeterminate depending on
the number and type of joints and bodies involved. Statically determinate systems are
easier to automate because joint movements do not cause internal stress. In contrast,
statically indeterminate (over-constrained) systems are more complex to automate. All
systems found in the literature, except the one used in ISOLDE, are statically indeter-
minate. Even in ISOLDE, the motorized struts only allow adjustment in four degrees of
freedom, meaning full automation is not achieved. Thus, there is a clear knowledge gap in
the literature regarding fully constrained and automated supporting systems, which this
Thesis aims to address.

The literature review revealed a lack of existing solutions for supporting systems
of cryogenic devices under highly variable loads, especially in medical applications like
gantries. While recurring designs exist for static-load cases (e.g., superconducting mag-
nets, RE cavities), no examples were found for dynamic applications. Moreover, studies
rely heavily on FEA and lack formal mathematical modeling.

A conceptual transferability analysis shows that current systems are not designed
for variable-load contexts, pointing to new research opportunities. Among them, the
eight-support architecture appears promising for redesign as a statically indeterminate
system suited to variable loads, such as in medical gantries. Simultaneously, there is no
documented research on statically determinate support and alignment systems with full
6 DOF control, marking a complete gap in knowledge.

Addressing these gaps could have significant value in hadron therapy machines, as
well as in superconducting generators for wind turbines, RF cavities, cryogenic alignment
systems in high-energy physics, and satellites.
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3. Research framework for the development of
supporting systems of cryogenic devices

The literature analysis highlights the absence of a dedicated solution for cryogenic
device supports under highly variable loads. Additionally, the field lacks completeness,
as no statically determinate solutions were found, and it relies solely on FEAs without a
general mathematical formalism.

This chapter introduces the structured approach used in this Thesis. It initially ex-
amines the approach taken to resolve the completeness gap. The optimization approach
is then discussed to mitigate human bias in solution selection. Design requirements and
load cases for the gantry are outlined, followed by the formulation of mathematical models
to establish a formal framework. Relevant comparison metrics are introduced to evaluate
solutions, and finally, the tools used in this study are listed.

3.1. Design objectives of the Thesis

In structural mechanics, structures are classified as statically determinate or statically
indeterminate. Generally, statically indeterminate structures are stiffer and stronger as
well as intrinsically redundant. However, changes, such as displacements generated by
thermal contraction, typically generate additional stresses in the structure.

The literature analysis conducted and reported in Chapter 2 of the Thesis high-
lighted the lack of completeness in designing the supporting system for a cryogenic device,
analyzing mostly statically indeterminate (or over-constrained) supporting architectures.
The few cases found in literature have been judged non transferable to an application
where loads are highly variable. With the aim of studying in a comprehensive way the
supporting system of a cryogenic device subject to variable loads, this study will consider
both statically determinate and indeterminate solutions, discussing the possible architec-
tures in Chapter 4 of the Thesis.

3.2. Optimization approach of supporting systems

The optimization approach choice depends on the structural nature and desired charac-
teristics of the architecture. Statically indeterminate systems often use symmetric support
arrangements, simplifying the number of free parameters, thus, the optimization process.
In contrast, exactly constrained systems can have more parameters, making optimiza-
tion more complex. To avoid human bias in comparing systems with different level of
complexity, this study will use a machine-driven optimization approach.

Optimization in mechanics typically relies on two methods: FFEA (finite element anal-
ysis), used for complex structures, and analytical models, used for simpler geometries.
FEA involves meshing complex geometries and solving equilibrium equations, with accu-
racy depending on mesh size. Analytical models are faster due to fewer bodies involved,
making them advantageous for optimization. This Thesis will explore machine-driven
optimization using analytical models.

3.3. Design requirements for supporting systems

Having chosen a machine-driven optimization base on analytical models, it is impor-
tant to analyze the minimum parameters to be introduced in such models. Hence, the
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main requirements for the design are listed and described in Table 3.1, taking the study

case of the gantry as an example.

Table 3.1

The basic requirements for the design of the supporting system of the superconducting

elements on a gantry

Category Requirement Description Priority
Functionality — Accuracy The pose (position and rotation) of the higher
cold mass, measured at its geometrical
center, must be within £0.6 mm (30)
or 0.6 mrad (30) for all six DOF (de-
grees of freedom) at each gantry angu-
lar position
Alignment The supporting system must correct high
positioning errors of the geometrical
center of the cold mass up to £20 mm
and +20 mrad along any direction
Thermal The supporting elements must insulate high
insulation the cold mass from external environ-
ment conductive heat loads, minimiz-
ing them
Structural in- Mechanical The system must withstand loads en- high
tegrity resistance countered during the phases of the
product
Vibration Natural vibration frequencies of the mnormal
supporting architecture must not be ex-
cited by expected external excitation
Environment  The system components must operate high
compatibility —at cryogenic temperatures (4.5K) and
in a radiation environment
Geometry Compactness The supporting system must not ex- good to have
ceed 1.8m in width
Lightness The cryostat must be under 1.5t good to have
Production Feasibility Standard manufacturing technologies good to have

should be applied, and commercial
parts used as much as possible

The design requirements have been assigned a priority level for the satisfaction of
requirements. The priority levels associated with each requirement have been listed in

Table 3.1.

3.4. Load cases

Functionality and structural integrity must be ensured for the following types of loads:
nominal loads during the operation of the gantry, transportation or handling loads during
the manufacturing and assembly phase, seismic loads and accidental loads. A description

of the loads is given in Table 3.2.

In this Thesis, nominal loads are used to size the system against fatigue. For instance,
similar applications registered in a period of 10 years a number of rotations of the gantry
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Table 3.2

The expected load scenarios for the supporting system of the cold mass in a
superconducting gantry

Scenario Description
Nominal Generally, the external varying load, pre-load and cool-down induced
stress.

Transportation The supporting system is subject to extra accelerations every time the
and handling cryostat is transported through sites or moved by lifting devices.

Seismic The supporting system is subject to extra accelerations in the even-
tuality of earthquakes.

Accidental The supporting system is subject to accidental loads due to quench.

fatigue cycles equal to 300,000. Given an estimated life for the system of 30 years, the
number of cycles to be expected for the components of the supporting system is about
one million. Other loads are used to verify the sizing of the system.

3.5. Formulation of analytical models

As mentioned in Section 3.2 regarding optimization approach, the use of FFEAs is
less favorable, increasing the computational cost of the analysis. The development of
analytical solutions is therefore preferred. Additionally, mathematical models developed
in this Thesis can help in filling the lack of mathematical formalism in the field. Analytical
models formulated in this study must include all necessary boundary conditions and loads
to accurately represent real-world conditions and allow the optimization of the supporting
architecture. In particular, models must include as input parameters:

the spatial disposition of all supports;

the geometry of the single support element;
the material of the supports;

the operating temperature.

O O O o

The minimum output quantities of the model are the stress state of the supports to
ensure mechanical resistance and the position (e, e,, €,) and orientation (6,,6,,6,) of the
cryogenic device in order to ensure they are meeting accuracy requirements. In order to
study the different loading conditions, the models must include:

o the effect of a generic load composed of forces and moments Fg = (Fy, F,, F,, M,,
M,, M) acting on the cryogenic device;

o the effect of the cool-down or warm-up phases for the cryogenic device;

o the effect of pre-load;

o the effect of the insulation vacuum.

To compare the two architecture types, both the influence of the vacuum vessel stiffness
and the stiffness of supports must be included. For the optimization phase alone, the
formulation of the models is restricted to the overall geometry of the support architecture,
without considering the vacuum vessel influence.
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3.6. Comparison analysis metrics

The design methodology chosen foresees that the design candidates are compared
against each other through a series of criteria based on the main highlighted requirements.

The compliance with the structural integrity requirement is guaranteed by sizing the
supports with the same safety factor on nominal loads. The quantitative comparison
parameters are related to the following qualitative factors:

o The compliance with the functionality requirement judged on the basis of the max-
imum deviation from the nominal position of the cryogenic device. The deviation
is compared for each of the six DOFss.

o The compliance with the functionality requirement judged on the basis of the heat-
flux deposited on from the thermal shield to the cold mass (at 4.7 K) through the
supports.

o The compliance with the structural integrity judged on the basis of the safety factor
over transportation and handling loads.

o The sensitivity of the system to variations in manufacturing tolerances and pre-load.

o The natural frequencies of the system.

Other qualitative factors are related to the ease of manufacturing, alignment and
possible automation of the system.

3.7. IT tools used in the research

The following tools have been used:

o Google scholar for literature analysis;

o Wolfram Mathematica, for solving analytical models, computing, optimizations,
sensitivity analysis and 3D figures and plotting;

Solidworks for 3D modelling;

Ansys® Workbench, 2022 R2 for FEAs for validation and vibration analysis;
Microsoft Excel for comparison tables.

O O

[e]
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4. Main Analyses and Results

This chapter provides an overview of main analysis conducted in Chapters 4-9 of the
full Thesis version, highlighting the main results.

4.1. Supporting system architectures and proposed materials

Two supporting systems have been compared in the Thesis: a statically determinate
(6S) and indeterminate (8S) configuration. These architectures address the full range of
structural possibilities.

The 6S architecture is inspired by the hexapod kinematic design widely used in robotics
(Fig. 4.1). Which is worth exploring, since applications of this architecture to cryogenic
devices have not been found in literature. This design employs six supports configured as
a 6-PSU or 6-PSS fully parallel mechanism [53] (see Fig. 4.1 for intuitive understanding
of the differences). Prismatic (P) joints at the warm end allow 1D actuation, enabling
control of all six DOF (degrees of freedom). Spherical (S) or universal (U) joints at
the cold end ensure purely axial loading, minimizing internal forces and allowing smaller
support cross-sections to reduce heat flux.

The baseline alignment system involves manual adjustment at warm without vacuum,
but the architecture could accommodate future automation, which can be highly inter-
esting for active alignment at cold.

The 8S architecture employs the eight-support configuration commonly used for super-
conducting elements [2], [22], (23], [25], [26], [32], [47]. These supports, featuring spherical
or universal joints at both ends (Fig. 4.2) ensure pure internal axial actions transmission
in the rods to minimize heat flux.

The 8S architecture represents a good candidate due to its self-aligning behavior,
achieved by symmetrically arranging the eight supports. A 3D passive alignment of each
warm joint is required to position the cold mass at warm, assisted by an external tempo-
rary holding system.

The exclusion of other supporting system candidates and the identification of viable
geometries and materials for the supports are discussed extensively in Chapter 4 of the full
version of the Thesis. Tubular and double band race track shaped supports are considered.
The considered materials are GFRE (glass fibre reinforced epoxy), austenitic stainless
steel (SS304L), titanium alloy (Ti-6A1-4V), CFRP (carbon fibre reinforced polymer) and
INVAR.

Fig. 4.1. Examples of a common hexapod architectures in robotics. From left to right:
6-UPS, 6-PUS, 6-PSS parallel mechanisms.
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Fig. 4.2. Basic schematic of the 6S (left) and 8S (right) architecture with the cryogenic
device (grey), its supports (orange), cold and warm joints (blue and red), and the vacuum
vessel (pink).

4.2. Lumped parameter models

The lumped parameter models (LPMs) presented in Chapter 5 of the Thesis full
version, developed for both statically determinate and indeterminate supporting systems,
integrate essential boundary conditions and loads while balancing accuracy and simplicity.
These models estimate the pose of the cryogenic device (e, ey, €., 0,0y, 0,) and the axial
internal actions on the supports.

Key mechanical error sources affecting the pose are identified and classified as sys-
tematic or random (Table 4.1). Systematic errors are further divided into symmetric and
non-symmetric types.

Table 4.1

List and classification of mechanical error sources that contributes to an error in the pose
of the cold-mass during operation

Nature Characteristics Description

Systematic Symmetric Deformation of the support elements

Deformation of the main structure
Backlash

Non-Symmetric ~ Deformation of the vacuum vessel due to cold-mass
weight

Deformation of the vacuum vessel due to own dis-
tributed weight

Deformation of the vacuum vessel due to differential
pressure

Displacements due to the cool-down process

Random errors, i.e, manufacturing tolerances, alignment and measurement accuracies
are analyzed in the sensitivity study (Subsection 4.6.1) to compare the solutions proposed.
The requirements in Table 3.1 are related solely to the systematic error budget.

4.2.1. Statically determinate lumped parameter model 6S

The mathematical formalism of the statically determinate LPM is built by modifying
the IPK (inverse position kinematics) and DPK (direct position kinematics), two math-
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ematical tools from robotics, particularly parallel mechanisms . This section presents
the modifications applied to the IPK and DPK of the hexaglide to account for effects
not considered in the original model (i.e, cool-down and vacuum vessel deformation).

The effects on the cold mass position given by the deformation and thermal contrac-
tion of supports are introduced in the IPK and DPK (reported in Thesis Annexes) by
modifying the lengths of supports L;:

— F‘Iz

where Ly, is the undeformed length at warm, d, is the length contraction due to cool-down,
E is the Young’s modulus of the material, and A is the cross section area of a support.
F, is the vector of forces on actuated joints, calculated from the force equilibrium with
the external forces F; = JTF, (J is the geometrical Jacobian matrix ).

The contribution of the deformation of the vacuum vessl is considered by modifying
the DPK replacing the target position of the warm joint °H; in the DPK with a deformed
configuration of joints 2H; calculated as:

H; = *Hy, + A, + ¢h; with A, = Acy, + Aow, + Ay, , (4.2)

where the indexes CM, OW, and V are used to differentiate the displacement contributions
given respectively by the cold-mass weight, the weight of the vacuum vessel itself, and the
differential pressure. A semi-analytic method is used combining measurements from FEA
to define flexibility tensors of the vacuum vessel, Doy and Doy, This method gives the
possibility of checking the contribution of the vacuum vessel to the pose error for a generic
external load, running only six initial FEA (one analysis for each support). The constant
contribution of pressure Ay, is directly measured from FEA. The practical procedure to
get Dear and Dow is explained explicitly in Chapter 5 of the Thesis and in an article
published

The contribution of backlash in the joints is also added in the DPK by modifying the
real position of the joints (*'M,, or *H,,):

2’1Mn m; b i f F > O
2,1MTZ =3, 1M om; bz W; 1 qi 7 (43)
"Muom, + 5w if F, <0
Hyom + 22w, if F, >0
He = (ap o 2 : (4.4)
nom; — o Wi if qu <0

where, ' Mom, and *H,oy,, are the nominal joints; b. and by, are the values of backlash
(radial internal clearance), respectively, of cold and warm joints and w; gives the direction
of the nominal support element.

4.2.2. Statically indeterminate general lumped parameter model

For statically indeterminate supporting systems of cryogenic devices, applying DPK
is not feasible, as it relies on a purely geometric solution. While the LPM for solution
6S introduces modifications in the form of deformations or contractions of the supports,
these remain independent among supports. In the statically determinate case, the bodies
behave as shortened versions displaced only by rigid body motion.

Conversely, in a LPM for a statically indeterminate system, the stress and deformation
of each support depend on the state of all others. Therefore, a generic model based on
the energy-based principle of virtual work , , applicable to any configuration with
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more than six linking bar supports (n > 6), is developed. The complete mathematical
derivation is discussed in the full text of the Thesis and has been published in

The principle of virtual work applied to over-constrained structures requires to find a
compatible exactly-constrained structure where enough constraints are substituted with
an equal number of variables. A total of n — 6 X, variables are introduced to eliminate
the n — 6 extra constraints resulting in the compatible structure represented in Fig. 4.3.

o
2
r
.
Cryogenic device - o
Spherical joint = y

Fig. 4.3. a) Cryogenic device (gray) supported by eight supports (orange) joined to it
by mean of universal joints (blue) and to the vacuum vessel (pink) by mean of spherical
joints (red). b) Compatible exactly constrained structure with over-constrained variables
X1,..., X;n. In purple the supports where constraints have been substituted with over-
constrained variables.

The principle of virtual work requires to find the internal actions for n —5 cases of the
compatible structure, as clarified in the following list:

o one compatible structure where only external loads are applied, used to calculate
Ny — the vector containing internal actions on each support.

o n—6 compatible structures where the over-constrained variables X,,, are applied one
by one as unitary loads, used to calculate Ny, — the vector containing the internal
actions on each support.

A system of n — 6 equations must be written to calculate all n — 6 over-constrained
variables X,,, each equation in the form of Equation (4.5).

noorL; Noi + XS X,Nx.. & 6p
> /0 Nx,., ( ° ZE”;} P +1 - LP> ds = Wexiy,, » (4.5)
i=1 144 i i

where § and dp add the contributions respectively of the thermal differential contraction
or expansion and the pre-load in terms of length adjustment. Additionally, each support
is described by a unique length L;, cross section A; and material Young modulus F;.

The thermal differential contraction or expansion; axial actions due to over-constrained
variables Ny, ., external loads Ny;, and contributions to the work done by external reac-
tions Wy, depending on warm joints displacement A, such as the deformation of the
vacuum vessel, are formally defined in Chapter 5 of the Thesis.

Once all X, are known, the principle of virtual work can be applied again to extract the
pose (position and rotation) e = (e, €y, €, 05, 0, 8.) of the cryogenic device by solving six
independent equations in the form of Equation (4.6). Each equation requires to calculate
the internal actions N; on each support when an unitary force/torque is applied to the
compatible structure.

n. oL Ny + Y28 X N 5 Op
Z/o Nji ( 0 ZEP_I; 7 Xpi + f — Ez> dS = d . Nj —+ 6]‘ = Wextj y (46)
i=1 i i i
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where the internal actions IN; and the displacements d are formally defined in the full
text version of the Thesis.

4.3. Validation of the lumped parameter models

The models developed in Section 4.2 have been validated by comparing their results
with thermo-mechanical simulations obtained from a widely used FEA software( Ansys®
Workbench, 2022 R2). The validation of both models developed in this study has been
conducted separately and is reported in Chapter 6 of the Thesis.

The validation of the LPMs is first conducted on the generic statically indeterminate
support configuration using eight and eleven-support geometries.

The validation of the 65 LPM is conducted in the gantry case study. An initial
benchmark assesses the effects of gravity, pre-load, temperature, and pressure on the
magnet’s pose during gantry rotation, followed by a second benchmark validating the
model’s treatment of backlash.

For the 8 LPM applied to the gantry study case, a validation is performed with the
same methodology as the 6S case to the gantry study.

4.3.1. Overall validation methodology

A series of linear static steady-state thermo-mechanical FEAs were performed. The
main simulation parameters are provided in the following paragraphs, while specific as-
sumptions for each case are discussed only in the full Thesis version.

o Geometry: The simulations of the generic model statically indeterminate model
use respectively a generic asymmetric eight and eleven support configuration. The
validation of the 6S and 8S gantry solutions use the optimized geometry from later-
stage routines (Section 4.4) associated to the first cold mass of the gantry transfer
line. Each support connects to the vacuum vessel via a spherical joint and to the
cold mass via a universal joint. For validation, no thermalization is applied to split

supports.
o Material: Temperature-dependent coefficient of thermal expansion and thermal
conductivity of stainless steel 304 are being used to define the properties of the

steel material applied to supporting elements.

o Interactions: Spherical joints and bushing joints (general Ansys joint defined by
stiffness parameters) have been used to simulate the joints between the supports
and the vacuum vessel or supports and cold-mass. Bushings are used to formulate
an universal joint between the nodes by defining the stiffness associated with the
degrees of freedom to lock.

o Loads: The first step simulates the cold mass behavior during cool-down, lowering
its temperature from 22°C to —268°C without additional loads. Pre-load and
vacuum pressure are applied in subsequent steps. The external load is introduced
later, either representing the magnet’s weight for gantry-related validations or a
generic load for the LPM validation, in Subsection 4.3.2.

4.3.2. Validation of the generic over-constrained LPM

The geometry of this benchmarking has been randomly generated for the 11-support
configuration to prove that the mathematical model developed can be adapted to non-
symmetrical configurations too. The 8-support configuration is the same as the 11-support
where three supports have been suppressed.
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Fig. 4.4. Comparison of the pose (displacement and rotation) of the cold-mass between
the LPM (cross) and FEA (circle). Complete picture for both 8 and 11 supports is
presented in the full text.
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Fig. 4.5. Comparison of the force on each support between the LPM (cross) and FEA
(circle). Complete picture for both 8 and 11 supports in the full text.

The agreement with the LPM is shown in Fig. 4.4. Detailed tables reporting the
values of all pose components are found in the full text version. Even though some high
errors appear in particular cases, the median of all errors is only about 0.6 % and 1.4 %,
respectively for the eight-support and eleven-support study cases, confirming for the pose
a very good agreement of the developed model with FEAs. The accuracy slightly decreases
for the model with eleven supports but is still accurate enough to be used in optimization
processes, the comparison of different material and dimensional solutions, and sensitivity
analysis.

Values of internal axial load on each support for each loading case simulated with
FEA are reported in tables in Capter 6 of the Thesis. The median relative errors are
about 1.1 % and 1.4 % respectively for the eight-support and eleven-support study case.
This quantitatively confirms the very good agreement of the model with FEAs. Although
the accuracy slightly decreases with a larger number of rods, the model can be judged
reliable.

The validation highlights the ability of the model to correctly estimate interesting
quantities, such as loads and position of objects, in a general way. The validation proves
the effectiveness of the model in predicting those quantities, even for support configura-
tions that are highly non-symmetrical.

Computational performance and system details are provided in the full text of the
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Thesis for result reproducibility. Both LPM and FEA simulations were run on the same
machine using Wolfram Mathematica and Ansys, respectively. The LPM achieves a 20-
fold speed improvement over widely used FEA software.

While a single FEA simulation takes 25 s, making the LPM seem unnecessary for
isolated cases, its efficiency greatly benefits optimization algorithms. For instance, ana-
lyzing 100,000 configurations of an 11-support system would take 1.4 days with the LPM,
compared to 29 days using FEA. Additionally, the mathematical model serves as a valu-
able cross-check for FEA results, which are highly sensitive to simulation settings and
boundary conditions.

4.3.3. Validation of the LPM for 6S applied to the gantry study case

Results of the validation of the 6S LPM applied to the gantry study case are reported
in Fig. 4.6 for the benchmarking of the pose, and in Fig. 4.7, for the axial actions in the
supports. A very good correlation between the LPM and FEA has been found. Tables
with the numerical values associated to the plots presented can be found in the full text
version of the Thesis.

8 W
g — ex_LPM

6
= ey_LPM
S — ez LPM
54 . ex FEA
% ol ey _FEA
@2 ’ ez_FEA
o

0

0 50 100 150 200
G position [deg]

Fig. 4.6. Evolution of the pose (ez, ey, e, 05, 0y,0,) during the rotation of the gantry
as calculated from LPM (continuous lines) and from FEAs (points and dotted lines).
Rotation results are shown in the Thesis full text.

Overall, the absolute disagreements are at least one order of magnitude smaller than
the accuracy required to the application. Hence the model is proven perfectly suitable for
comparative studies, optimization studies, and sensitivity studies. For alignment cam-
paigns, without additional experimental testing, the models are considered at least as
accurate as FEAs in providing initial values for the alignment.

Additional structural mechanics FEA have been conducted to validate the backlash
effect formulated in the 65 LPM. The backlash in the spherical joints has been simulated
by introducing three longitudinal springs (one for each transnational DOF') between the
rod end bearing and the rod end body.

Results of the FEAs to validate the backlash behavior are reported in Fig. 4.8. Few
mismatches between LPM and FEA have been found at around 50° and 230°, which
are points at which the reaction force on one of the supports happens to be almost zero
(better discussed in the full text version). Thus, just in this interval, the non linear springs
elongate less than the value of backlash, generating unreliable results from the FFEA side.
In conclusion, the modification to the DPK described for the LPM are proven effective
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Fig. 4.7. Internal actions on all six supports of solution 6S: LPM results (continuous
lines), FEA results (points), FEA fitted curves (dashed lines).

in estimating the pose of the cold-mass during a rotation of the gantry if joints present
backlash.
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Fig. 4.8. Position and rotation errors due to backlash. Continuous lines show results as
calculated from the LPM, points are values obtained by structural FEA. Rotation results
are shown in the Thesis full text.

4.3.4. Validation of the 85 LPM applied to the gantry study case

The LPM for over constrained supporting systems has been particularized to the
study case of the gantry. This benchmark follows the same methodology used in Subsec-
tion 4.3.3. The materials used, loads applied and boundary conditions of the model are
explained in detail in the full version of the Thesis.

Results of pose and axial internal actions for a series of positions of the gantry are
shown in the plots in Fig. 4.9 and Fig. 4.10, points show the results of FEAs. The absolute
values of the disagreement between the two models are much lower than the usual range
of accuracy required for these machines (see Table 3.1).

The average force differs, in the worst case, by 0.73 kN between LPM and FEA, which
is about 0.83 % on the average force of 87 kN measured from FEAs. The force amplitudes
differ, in the worst case, by 24.6 N or 0.77 % in relative terms. These values confirm a
good accuracy of the LPM model, with respect to standard simulation methods, to predict
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Fig. 4.9. Comparison of the pose (displacement and rotation) of the cold-mass between
the LPM (continuous lines) and FEA (points). Rotation results are shown in the Thesis
full text.

forces for an over-constrained architecture. Given their proven accuracy in estimating both
pose of the device and the loads on the supports, the developed models are considered
applicable to the over-constrained study case.

4.3.5. Conclusions on the validation

To conclude, the models of an exactly constrained supporting system and an over-
constrained supporting system have been validated against Ansys 2022. The results show
that the developed models are in good agreement with FEA results. An important achieve-
ment in the validation process has been the validation of the generic formulation of the
LPM, model that can be used for supporting systems with many supporting rods (> 6),
arranged in a configuration that may be not necessarily symmetric, and dimensions and
material can be different for each rod. These studies estimate an agreement between
FEAs and the developed LPM of 99.4% and 98.6 % (calculated on simulations of 8 and
11-support configurations). The developed code based on LPMs outperformed FEAs by
around 20 times in computing time, as demonstrated in Section 6.2 of the Thesis. Addi-
tionally, the use of the developed LPM, which is much simpler than FEA in the number
of parameters needed to set up a simulation, can establish a more insightful overview of
the mechanical response of a complex system, allowing designers and analysts to have a
clearer grasp on the relationships between the results and the most relevant input quanti-
ties. In contrast, FEAs, based on a large number of options and input parameters, require
extensive studies to map the relationship between relevant input parameters and output
quantities, with a great dependence on the experience of the user and the correct settings
of the many options. All above mentioned results make the developed model interesting
also for other cryogenic applications different from the medical application studied in this
research, such as radio frequency superconducting cavities, optical positioning systems at
cold, satellites, superconducting generators or motors.

The models agree with FEA results with an accuracy of 97 % and 98.5% for the 6S
and 8S gantry solutions, respectively. Overall, even when relative agreement is higher
than the average value, absolute agreement is at least one order of magnitude smaller
than the required accuracy for the application. Consequently, the models developed are
completely adequate for comparative analysis of materials, dimensions, etc... Considering
the computational advantage the codes can give, the disagreement of 1.5-3 % becomes
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Fig. 4.10. Comparison of the force on each support in the LPM (continuous lines) and
FEA (points).

even less significant if the models are used for optimization routines or sensitivity analysis
where a large number of configurations must be checked, as it will be done in this Thesis
in following chapters.

4.4. Optimization

The choice of the arrangement of each of the supports and of the geometry (rod or
double band) and material of supports influences crucial parameters and must be subject
of optimization in order to:

o maximize system rigidity throughout the entire rotation, not just at a single working
position;

o distribute loads evenly across supports, enabling smaller cross-sections and mini-
mizing heat loads;

o enable full backlash recovery with minimal pre-load, reducing loads and heat loads
on the supports;

o minimize extra-loads during cool-down for the over-constrained solution.

Each support in the proposed systems (shown in Fig. 4.2) is defined by five parame-
ters: three for the cold joint position, M = (My;, M, M.;), and two angles, oq and as,
for its axial direction. This results in 30 and 40 variables for the two systems. Apply-
ing symmetry and accounting for the self-aligning nature of the over-constrained system
reduces the parameters to 16 (determinate) and 6 (indeterminate), respectively.

Due to the high number of variables and constraints, such as those ensuring manufac-
turability of the cryostat, a GA (genetic algorithm) is employed, its implementation
is discussed in Chapter 7 of the Thesis. GAs are biologically inspired algorithms based
on four main steps, in order: initialization, evaluation, selection, and genetic recombina-
tion. GAs tend to converge quickly to local optima. To promote exploration and avoid
premature convergence, this study uses the “island model” GA , a parallel approach
that improves diversity. The fitness function includes only the part of the LPMs related
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to cold mass displacement due to support deformation. The vacuum vessel geometry is
excluded from the optimization, as its stiffness can be increased with negligible effects on
heat loads and overall machine weight.

The performance of each individual is quantified defining a scalar value or “fitness”.
The fitness is a figure of merit related to the overall pose (e, ey, €., 0,,60,,60,) (position
and rotation) limited to the deformation of supports. The raw fitness is calculated by

1
vVPe - Pe
where €; is the max error during a load cycle (rotation of the gantry). A larger value
of f characterizes an individual that shows overall less pose error than another. Penalty
functions have been applied to the raw fitness to account for the efficacy of the pre-load
system (p;) and to minimize the loads on the supports (p2). Applying the mentioned
penalty functions (explained in detail in Chapter 7 of the Thesis), to Equation (4.7), the
final fitness function is:

f = with Pe = (él, e 76'46) N (47)

f=rImps, (4.8)
The overall developed routine is illustrated in Fig. 4.11.

Starting population
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Fig. 4.11. Flowchart of the genetic algorithm used in this Thesis.

The steps are here summarized:

1. A starting population of n individuals gets randomly generated.

2. Constrains are applied to the population to filter for valid individuals.

3. The fitness of the individuals of the starting population is evaluated, and individuals
are classified accordingly.

4. The first k individuals of the starting population become the first generation elites
and are separated into k islands.

5. The population of the island reproduces by mitosis, copying the support arrange-
ment of the elite.

6. The population of the island is subject to random mutations.

Constrains are applied to the population of the island to filter for valid individuals.

8. The fitness of the individuals of the starting population is evaluated, and individuals
are classified accordingly.

~
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Additional rules are imposed to the algorithm:

o Steps 58 for each island happen in parallel.

o The most fit individual of an island is added to the next iteration of the same island
to preserve the performances of that island.

o No cross-island interaction is programmed, no new islands are generated. Both
measures are put in place to avoid genetic diversity loss.

o At the end of each iteration, the fitness values of all islands are compared to adapt
the mutation strategy. Islands with lower maximum fitness undergo more intense
mutation and affect a larger number of individuals, promoting exploration of the
solution space. In contrast, islands with higher maximum fitness are used for ex-
ploitation and are mutated less.

4.5. Design of the supporting systems: The gantry case study

This section presents the final design choices for both supporting systems (6S and 8S).
It begins by highlighting the advantages of the proposed support arrangement optimiza-
tion strategy, applied consistently to both solutions, though results are shown only for 6S,
following the routine in Section 4.4. Next, the LPMs are used to compare different mate-
rials and support cross-sections, aiming to minimize heat loads while ensuring sufficient
stiffness to meet accuracy requirements. Additional design aspects, including the use of
a pre-load backlash removal system and the alignment system design, are also discussed.

4.5.1. 6S optimization results

Two comparative analyses were conducted to demonstrate the effectiveness of the
optimization routine and the benefits of a backlash recovery system. The first compares
solution S1 (original, un-optimized system) with solution S2 (optimized system). The
second compares solution S3 (optimized system with backlash) to solution S4 (optimized
system with pre-load).

Pose accuracy improved by an average of 16 % between S1 and S2, with the most
significant improvement seen in 6,, which improved by 83 %. This was particularly im-
portant, as the initial value of 0.6 mrad in S1 was already at the limit of the requirements
(Table 3.1). A notable improvement is also observed in e,, which decreased by 45 %, from
0.27 mm to 0.15mm. Although e, deteriorated by 87 %, this is considered acceptable since
beam performance is less sensitive to longitudinal errors, and difference is the outcome of
design choices that were not considered in the initial design of the vacuum vessel. Plots
of all pose components for S1 and S2 are available in Annexes of the Thesis.

Thanks to the introduction of penalty functions in the fitness function f, thermal
insulation capabilities are also improved. As a direct consequence of the optimization, a
decrease of the required pre-load is reached lowering the reaction load on each support by
44 %, consequently lowering the required cross-section to achieve the same safety factor.
Hence a proportional reduction by 44 % of the conductive heat-load to the cold-mass has
been achieved. The power required to extract this heat at 4.7 K using cryocoolers (with
the SHI RDK-415D2 4K as an example) is around 2.6kW, leading to a reduction of
approximately 2.2kW in the required power.

The optimization routine proposed in this study demonstrates useful also to extrapo-
late conclusions on basic design choices. After running the algorithm for 10 times, the
results seem to converge in moving two initially non-symmetric supports in a symmetric
manner, as illustrated in Fig. 4.12.
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Table 4.2

Absolute errors and percentile improvement for each DOF' for an initial support
configuration and the optimized one

DOF Initial (S1) Optimized (S2) Improvement
ex 0.18 0.34 mm —87%
ey 0.27 0.15 mm 45%
e, 0.20 0.19 mm 3%
Ox 0.60 0.10 mrad 83 %
0y 0.10 0.05 mrad 55 %
0, 0.07 0.07 mrad -1%
£ (31,16, 20,20) (4.3 5.2 48, 2.7)
f (20,~0,~0,~0) (43,52, 48, 1.2)
Fomax 35.5 198 kN 4%
bulk diameter 24 18 mm
safety factor 12 12.2
heat-load @ 4.7K 1 0.55 W 44 %
compressor input power 4.8 2.6 kW 44%

N

Fig. 4.12. Position of the initially non-symmetric supports after 10 runs of the genetic
algorithm. Only the supports left initially unconstrained by symmetry are shown.

4.5.2. 6S backlash and pre-load system

This section compares solution S3, which allows backlash in the joints, with S4, which
compensates for it through pre-load and higher loads. Pre-loading shifts the axial reactions
so that each support remains either always in tension or in compression, ensuring the joints
stay in the same position throughout gantry rotation (Fig. 4.13). This reduces the error
on the alignment of magnets and therefore increases the beam performances (Fig. 4.14).

The plots in Fig. 4.14 focus on the DOF with the greatest improvement (all other
plots are available in the full version of the Thesis). A summary of the results is shown
in Table 4.3. Five DOFs improved by 46-71 %, while the error on 6, shows only a minor
decrease in accuracy. The added pre-load increases the loads on the supports, doubling
the conduction heat load to the cold mass-from approximately 0.25 W to 0.55 W at 4.7 K-
cumulatively across all six supports. Despite a 120 % increase in heat load, the pre-load
system and optimized geometry keep pose variations during rotation within the required
limits, demonstrating its efficacy.

4.5.3. 6S material and dimensions choice

In the next design phase, the baseline material and dimensions of the supports are
selected by evaluating three figures of merit: structural integrity (Fig. 4.15), based on the
safety factor under nominal static loads; operational accuracy (Fig. 4.15), the main func-
tionality criterion, based on Equation (4.7), with the addition of vacuum vessel deforma-
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Fig. 4.13. (a) Conceptual scheme of the pre-load represented by the spring and gravity
load (in green) during the rotation of the gantry. (b) Effect of pre-load on rods internal
actions in relation to the gantry position.
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Fig. 4.14. (a) Results of position error e; in S3. (b) Results of position error e, in S4.
Rotation results are shown in the Thesis full text.

tion contribution; conductive heat-load (Fig. 4.16), calculated using thermal conductivity
integrals |65/, [68], assuming thermalization at the support midpoint.

The support sizing and material selection are based on a minimum safety factor of 12,
chosen to account for high-cycle fatigue. The figures of merit versus equivalent diameter
are shown in Fig. 4.15 and Fig. 4.16. The distinct curves per material in Fig. 4.15 reflect
different loading conditions of the cryostat modules along the transfer line. The pose
figure of merit ranges from 2 (titanium) to 2.8 (stainless steel), indicating that stainless
steel would be preferable solely from a pose accuracy standpoint. However, titanium
supports conduct significantly less heat from 60K to 4.7K for any diameter (Fig. 4.16).
Thus, Ti6Al4V is selected as the baseline material, offering the best trade-off across all
figures of merit.

4.5.4. 6S mechanical design

This subsection describes the technical integration of selected arrangement, size and
geometry of supports into the cryostat, aiming to assess the feasibility and manufactura-
bility of the design. Six tubular Ti6Al4V supports suspend the cold mass (Fig. 4.17). A
high thermal conductivity material is placed at the mid-length of each support to intercept
the conductive heat-flux at an intermediate temperature. Spherical joints at both ends
prevent over-constraint, while a prismatic joint (linear guide) at the warm end, actuated
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Table 4.3

Absolute errors and percentile improvement for each DOF for the comparison of S3 with

S4
DOF With backlash (S3) With pre-load (S4) Improvement

ey 1.18 0.52 mm 55 %

ey 0.67 0.33 mm 52%

e, 0.93 0.39 mm 59 %

Oy 0.50 0.54 mrad —8%

Oy 0.57 0.16 mrad 1%

0, 0.31 0.17 mrad 46 %
F g max 8.7 19.8 kN -130%

bulk diameter 12 18 mm
safety factor 12 12.2

heat-load @ 4.7K 0.25 0.55 W -120%
compressor input power 1.2 26 kW -120%

Table 4.4

List of material properties for the compared materials for solution 6S and 8S

Ti6Al4V SS304L Invar 36 CFRP GFRE

Yeld strength 950 205 483 2000 300 MPa
Young’s modulus 114 195 148 130 30 GPa
14 Minimum safety factor [z] Pose performance figure of merit [B
12 mo ¢ OoaAo o 4
— Ti6AI4V
_10 ’ $S304
] Invar-36
s 8 s .
< ° O Dipole 1
g6 -2 Dipole 2
3 oow
4 A Dipole 3
1
2 & Dipole 4
o 0
10 20 30 40 50 10 20 30 40 50
Equivalent diameter [mm] Equivalent diameter [mm]

Fig. 4.15. Relation of safety factor (a) and pose performance (b) on dimensions and
material for the statically determinate solution.

by a lead screw mechanism, enables independent motion of the six warm joints. This
actuation allows full control of the cold mass position across all six degrees of freedom.

The alignment range is defined based on an assessment of potential cold mass mis-
alignments arising from assembly and manufacturing tolerances using Monte Carlo simu-
lations. From this, the maximum required travel of warm joints to correct misalignments
was determined. A lead-screw assembly was designed to provide the necessary linear mo-
tion. Torque-multiplying wrenches (with ratios between 1 : 5 and 1 : 25) are needed to
manually operate the lead-screws. This improves the alignment precision which results
approximately 0.05mm and 0.05mrad at 30. The integration of a pneumatic pre-load
system, powered by standard pressurized lines, is essential to eliminate accuracy losses
due to joint backlash, as discussed in Subsection 4.5.2.
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Fig. 4.16. Dependence of heat load to 4.7 K on dimensions and material for the statically
determinate solution.

Pneumatic preload system
Vacuum vessel

Thermal shield

Titanium support

Spherical joints

Prismatic joint (linear guide)

Lead screw

Thermalization

Fig. 4.17. 3D model showing the main components of the parallel supporting system.
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4.5.5. 8 Material and dimensions choice

The support arrangement for the 8S architecture is optimized using the algorithm
described in Section 4.4 for the 6S system. The only change lies in the LPM used to
compute the magnet pose. A key difference in assumptions is that backlash is mitigated
by applying sufficient pre-load at the warm end to all supports simultaneously, instead of
using a pneumatic system.

After optimizing the support arrangement, the baseline material and dimensions were
selected using the same three figures of merit as for the 6S solution: safety factor under
static loads, operational accuracy, and conductive heat-load through the supports. Results
are shown in Fig. 4.18 and Fig. 4.19. In contrast with the 6S supporting system, where
the load doesn’t depend on the elastic modulus of material, for the over-constrained
architecture 8S, the load depends on the stiffness of the support and also on the effect of
differential thermal contractions. The dipole in the most critical condition does depend
on the material chosen, unlike solution 6S.

Minimum safety factor E] Pose performance figure of merit @
14 / 3.5 G10
12 1) o Pl o . Ti6AI4V
S$S304
_10 Invar-36
S
G g — C.FRP
8
> O Dipole 1
§ 6 [ Dipole 2
4 A Dipole 3
2 & Dipole 4
0 0.0
20 40 60 80 100 120 140 20 40 60 80 100 120 140
Equivalent diameter [mm] Equivalent diameter [mm]

Fig. 4.18. Dependence of safety factor (a) and pose performance (b) on dimensions and
material for the statically indeterminate solution.
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Heat flux [W]
N

—— CFRP
O Dipole 1

-

] Dipole 2

0 A Dipole 3
20 40 60 80 100 120 140

Equivalent diameter [mm] © Dipole 4
Fig. 4.19. Dependence of heat load to 4.7 K on dimensions and material for the statically
determinate solution.

Given the results, all solutions satisfy the minimum safety factor coefficient required
(12). The figure of merit for the rigidity of the system ranges between 0.77 to 2.02,
respectively, for SS304 and Invar-36. Support solutions in SS304 and GFRE are deemed
critical, having lower pose performances, while other solutions are still good candidates.
The solution in CFRP outperforms by 17 times the second best solution in terms of heat
flux to 4.7 K, therefore, it has been chosen as baseline for the 8S supporting system design.
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4.5.6. 8S mechanical design

Fig. 4.20. 3D model of the support architecture: 1- superconducting dipole; 2— super-
conducting quadrupole; 3— support; 4— cold joint; 5— thermalization; 6— warm joint with
3D alignement system; 7— vacuum vessel.

The support system shown in Fig. 4.20 adopts a double-band design for the supporting
elements (Fig. 4.21). The band geometry allows for uni-directional fiber layup, maximiz-
ing strength while minimizing shear stress concentration and delamination risks. A clear
advantage of the double-band design over tubular composite rods is seen at the ther-
malization, which should ideally divide the support into two segments. In a rod-based
design, this would require mechanical or adhesive joints, both vulnerable to failure under
repeated thermal cycling. The double-band geometry, as illustrated in Fig. 4.21, resolves
this by permitting the composite material to contract freely.

Fig. 4.21. Proposed over-constrained support sub-assembly: cold joint at 4.7K, (2)
single band shaped support, thermalization, rod end, warm joint at 295 K.

A possible alignment strategy for solution 8S is here proposed:

1.

NS O

The position of the cold mass at room temperature is assumed as nominal, the
misalignment of the position of the cold mass at operating temperature is calculated
by mean of the LPM.

The target position of the cold mass at room temperature is shifted accordingly to
the misalignments calculated at step 1.

The cold mass is positioned within the vacuum vessel at the target position (step
2) at the best of the position measurements uncertainty of an external positioning
stand.

The eight supports are connected to a warm joint 3D positioning system.
Minimum pre-load is applied to recover backlash, internal load is monitored.

The external positioning stand is removed.

Full pre-load is applied.

A potential limitation of this procedure lies in the need to align the cold mass using
an external positioning stand, an operation more easily performed on the ground than
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directly on the machine. First, the reference system of each cryostat must be located
relative to the machine’s reference frame to account for gantry manufacturing tolerances.
Then, the cryostat is lowered to the ground, and the cold mass is aligned using the
external positioning stand, which must itself include alignment capabilities. Finally, the
fully assembled cryostat, with the cold mass in position, is installed onto the machine.

4.6. Comparative analysis of the supporting systems in the gantry
study case

This chapter compares the optimized versions of the exactly constrained (6S) and over-
constrained (8S) supporting systems. The comparison is based on the following figures of
merit:

o Accuracy— maximum pose error along the beam transfer line for all cold elements,
evaluated for each DOF.

o Nominal structural integrity— safety factor under static nominal loads.

o Conductive heat-flux from the thermal shield to the cold mass through the supports.

o Sensitivity— standard deviation of the cryogenic device pose due to variations in
geometry and material properties.

o Structural integrity under handling— safety factor under transportation and handling
loads (assumed static).

o Dynamic behavior— comparison of the natural frequencies of both solutions.

The accuracy, nominal structural integrity, and heat-flux figures of merit are sum-
marized in Table 4.5, while the remaining comparisons are addressed in the following
sections.

Table 4.5
Comparison of the first three figures of merit for solution 6S and 8S
6S 8S % improv.
Material Ti6AlI4V CFRP
Geometry tube double band
Equivalent diameter mm 18.0 13.2
€. mm 0.36 0.37 —4%
ey mm 0.32 024 23%
es mm 0.45 0.36 20%
0, mrad 0.16 004 73%
0, mrad 0.36 012 65%
0 mrad 0.56 022 60%
Max load kN 19.9 22.3
Safety factor (static nominal loads) 15.5 12.5
Heat flux @ 4.5 K W 2.16 0.44 80%
Compressor input power kW 10.2 2.08 80%

Both optimized solutions meet the stiffness requirements (Table 3.1). Solution 8S is
generally more rigid, showing improvements of 20 %-73 % across most DOF's compared
to 6S, with the exception of e,, where it is 4 % less stiff. Structurally, both solutions are
robust, with average safety factors of 15.5 for 6S and 12.5 for 8S. Additionally, the use
of CFRP in the 8S design significantly reduces the heat load, requiring up to 80 % less
power to extract heat at 4.5 K.
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Table 4.6

List of fundamental parameters and their variation ranges considered as input
parameters for the sensitivity analysis

Fundamental parameter 6S 8S  wvalue (30)
Equivalent diameter of a support YES YES 0.1 mm
Length of a support YES YES 0.1 mm
Elastic modulus of material YES YES 5 %
Position measurements uncertainty YES YES 0.15 mm
Sensibility of positioning system YES NO 0.05 mm
Pre-load YES YES 5 %

4.6.1. Sensitivity analysis

The sensitivity of the two support configurations to variations in input parameters
has been analyzed. Some input parameters are fundamental, while others (e.g., support
contraction) are derived from them. A list of the fundamental parameters and their
variation ranges is provided in Table 4.6.

Random variations in these inputs can lead to:

deformation of support elements;

deformation of the vacuum vessel due to loads from the supports;

deformation of the vacuum vessel caused by the pre-load system;

displacements during the cool-down process;

tolerance stack-up throughout the assembly chain, from the main structure to the
cold mass.

O O O O O

Compared to the complete list in Table 4.1, the following effects are excluded from
this analysis:

o backlash, which is assumed to be mitigated by the pneumatic pre-load system (Sub-
section 4.5.2);

o deformation of the main structure, as it does not influence the comparison between
different cold mass supporting systems;

o deformation of the vacuum vessel due to differential pressure and self-weight, which
are considered second-order effects.

Quantitative results of the sensitivity analysis of the 6S and 8S supporting systems
in response to variations of input parameters (Table 4.6) are reported in Table 4.7 and
Table 4.8. Overall the exactly constrained solution (6S) seems more sensitive to variations
of input parameters. The axial internal actions on supports seem to be almost equally
influenced, with 104 N of standard deviation (1o) on average for the 6S supporting system
and 90N (1o) for the 8S supporting system.

The impact of the design choices proposed in this Thesis on the beam transported
through the gantry beam transfer line has been assessed in collaboration with experts
from the Italian CNAO (national center of oncological hadron therapy). In addition to
the deformations of the supports and cryostat computed using the developed LPMs, and
the random errors estimated in the previously reported sensitivity analysis, the author
also included the deformation of the main gantry structure. These results were used to
optimize the positioning of the transfer line elements to enhance the effectiveness of beam
corrections.
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Table 4.7

Results of the sensitivity analysis for both the 6S and 8S supporting system. 1o
standard deviation of the internal axial action for each of the supports

Rodl Rod2 Rod3 Rod4 Rodb Rod6 Rod7 Rod8

Force Std. 1o (6S) 97.08 89.55 120.85 134.62 93.55 90.60 N
Force Std. 1o (8S) 86.64 86.96 87.16 86.83 93.90 93.57 93.71 94.10 N

Table 4.8

Results of the sensitivity analysis for both the 6S and 8S supporting system. lo
standard deviation of the position and rotation of the cold mass

DOF € €y € 0. 0, 0.

Pose Std. 1o (6S) 0.28 0.06 0.13 mm 0.37 051 0.15 mrad
Pose Std. 1o (8S) 0.02 0.02 0.02 mm 0.02 0.02 0.02 mrad

Performance metrics for the transfer line include the beam envelope radius at various
gantry positions and the percentage of correction kicks exceeding the hardware limits of
correctors currently used at CNAO. The full methodology is described in . Beam
envelope results are shown in Fig. 4.22 and Fig. 4.23, based on thousands of MADX
simulations assuming the random error distributions described earlier. The maximum
envelope, considering both the full data set (100th percentile) and the 95th percentile,
indicates that solution 8S leads to a smaller envelope under the current sensitivity as-
sumptions: 24.3mm for 6S and 18.8 mm for 8S. Both stay within the beam envelope
requirement of 26.7 mm, based on the good field region of the superconducting dipoles

(taken as 2/3 of the magnet bore radius).

The percentage of correction kicks exceeding current hardware capabilities reflects the
likelihood of uncorrectable beam errors and potential beam losses. This percentage is
2.5% for solution 6S and zero for solution 8S, indicating that solution 6S may result in
beam losses without hardware upgrades or additional alignment measures, while solution
8S offers greater stability under current alignment assumptions.

4.6.2. Analysis of transportation and handling loads

Maximum orbit radius (100t and 95t percentile) at different gantry angles

— = Max 100" envelope = 24.3 mm
E 25 — Max 95™ envelope = 20.2 mm
£ 20 —\ \ 7\
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E 10 = = e ——
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Fig. 4.22. Beam envelope in transfer line based on 6S supporting architecture. Results:
courtesy of CNAO.
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Fig. 4.23. Beam envelope in transfer line based on 8S supporting architecture. Results:
courtesy of CNAO.

This section evaluates the performance of the 6S and 8S supporting systems under
transportation and handling loads, where additional accelerations along x, y, and z may
exceed those during nominal operation. The figure of merit is the minimum safety factor
across all supports under various loading conditions. Transportation scenarios include
road, rail, ship, and crane handling. Based on literature sources , , conservative
acceleration values have been selected: 4.5 G (sideway), 5.6 G (longitudinal), and 9.5 G
(vertical), each acting bidirectionally, defining six load cases listed in Table 4.9.

Table 4.9

Load cases considered for transportation and handling loads. G is the standard value for
Earth gravity

Load cases LPM dir. Casel Case2 Case3 Case4 Caseb Case6

Sideway T 4.5 0 0 —45 0 0 G
Longitudinal y 0 5.6 0 0 —5.6 0 G
Vertical z -1 -1 8.5 -1 -1 -105 G

Results are shown in Fig. 4.24. Load case 6 is the most critical for both systems,
yielding minimum safety factors of approximately 2.3 for 6S and 6.3 for 8S. The 8S solution
thus offers a 2.7-times higher safety margin. Its high symmetry ensures uniform load
distribution among supports, and the use of CFRP provides superior mechanical strength
compared to titanium. Both systems are deemed safe for transport, as lower safety factors
are acceptable without high-cycle fatigue. Nevertheless, 6S could benefit from a temporary
auxiliary support system during transport, a common practice in cryostat logistics.

4.6.3. Analysis of natural frequencies of the systems

The natural frequencies of the 6S and 8S solutions were compared for the first dipole of
the gantry beam line using FEA. The simulation workflow involves a steady-state thermal
analysis to obtain the temperature distribution, followed by a static structural analysis
to determine the stress state after cool-down, which is then used in a modal analysis to
compute natural frequencies and participation factors «; (in ANSYS notation). The ratio
of the dipole mass to the total mass (or inertia, for rotations) is used to ensure all major
modes of the cold mass are captured in the comparison.

Solution 8S generally exhibits higher natural frequencies, though the difference is not
substantial. It also displays a more decoupled dynamic behavior: modes 1-5 represent
rigid-body motion of the dipole, as their M.s;;/Mror values exceed the dipole-to-total
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Fig. 4.24. Results of the safety factor for each rod in supporting system 6S (a) and 8S
(b) for the different transportation and handling load cases.

mass ratio, with no significant coupling in other DOF's. These preliminary results suggest
both solutions have comparable dynamic characteristics, though further optimization may
be necessary to eliminate low-frequency modes before testing and prototyping.

4.6.4. Comparative analysis conclusions

The optimized 6S and 8S supporting systems have been compared in terms of accu-
racy under load during gantry rotation, heat-flux through supports, sensitivity to input
variations, transportation and handling performance, and natural frequencies. With the
exception of natural frequencies, which are comparable between the two, solution 8S out-
performs 6S overall.

Thanks to the adoption of CFRP in 8S, the conductive heat-flux at 4.7 K is significantly
reduced from 2.16 W (6S) to 0.44 W (8S), leading to a decrease in required cooling power
from 10.2kW to 2.08kW. In terms of accuracy, 8S shows improved performance with
error reductions between 20 % and 73 % due to lower elastic deformation during rotation.

A sensitivity analysis was performed to evaluate how uncertainties in input parameters
(e.g., material properties and assembly tolerances) affect system performance. Standard
deviations in all six DOF's were used as the metric, showing that solution 8S is about ten
times less sensitive than 6S. This improved robustness stems from the smaller cool-down
displacements in 8S, which limit the propagation of room-temperature uncertainties.

Solution 6S, however, has the advantage of potential automation: its exactly con-
strained architecture enables automated positioning of the warm prismatic joints, already
feasible in the current design. Through active control, this could compensate for elas-
tic deformations in both the cryostat and the gantry structure, reducing sensitivity to
uncertainties and allowing relaxed rigidity requirements, thus enabling significant weight
savings in the gantry.

Under transportation and handling loads, solution 8S also performs better. Thanks
to its symmetry, the supports are more uniformly loaded, yielding a higher safety margin.
For extreme load cases (accelerations of 5.6 G longitudinal, 4.5 G sideway, and 10.5 G
vertical), the minimum safety factor is 2.3 for 6S and 6.3 for 8S.

In conclusion, for the rotating gantry application in medical treatments, solution 8S is
deemed superior if automation is excluded. However, if active positioning is implemented,
solution 6S can become highly advantageous, enabling not only recovery of cryostat de-
formations but also compensation of gantry deflections, opening the door to lighter and
more efficient machine designs.
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Conclusions

This Thesis contributes to the mechanical engineering field by proposing a novel model
that can be used to design and optimize the rod supporting system of cryogenic devices un-
der a generic variable load. Through a comprehensive literature review and original struc-
tured mathematical modeling, it identifies and addresses a key gap in the design of support
systems under general variable load conditions. Two alternative support architectures—
one statically determinate (6S), the other over-constrained (8S)- are proposed, mathe-
matically modeled, validated and optimized. The resulting insights not only advance the
state of the art in support system design but also provide tools that can be generalized
to a range of cryogenic applications such as: accelerator cryogenic components that can
be developed in the future, superconducting radio frequency cavities, optical alignment
systems for cryogenic devices in high-energy physics experiments, superconducting gen-
erators for wind turbines, and supporting systems in the space industry.

Key findings in this Thesis include:

1. The novel mathematical lumped parameter models (LPMs) are adaptable to a wide
range of rod support configurations (six or more rods) and enable rapid evaluation of
system performance, such as position of the cryogenic device and load distributions
in supports.

2. The LPMs describe supporting systems that are arranged in configurations not
necessarily symmetric, and can model a system where supports have their own
dimensions and material, which may differ from one another.

3. The LPMs show strong agreement with FEA results, achieving accuracies of 98.6 %
and 99.4 % for the general 8 and 11-support models. Accuracies of 97-98.5 % have
been achieved for solution 6S and 8S designed for the gantry study case.

4. The proposed LPMs outperform FFEA in terms of calculation speed by 20 times,
measurement achieved running the LPM and FEA on the same hardware.

5. Optimization using a parallel genetic algorithm resulted in notable performance
gains over manually optimized designs in the specific case of the gantry application,
particularly in position accuracy robustness and thermal efficiency. The computer
aided optimized solution has been proven to be by average 16 % and up to 83 %
better in terms of accuracy during the rotation of the gantry. The computer aided
optimized solution has been proven to require half of the pre-load needed by the
initial designed supporting system to eliminate backlash. This translates into a
reduction of about 44 % of the internal actions in the supports and, consequently,
of the heat-flux for the optimized 6S configuration. The heat-flux reduction allows
a reduction from 19.2kW to 10.4kW of the power needed by compressors in the
cooling system of the machine.

This study contributes to the cryogenic device engineering field by providing a val-
idated, wide modeling framework; qualitative advantages with respect to classical FEA
analysis include:

1. Simplicity of the model. Thanks to the limited set of essential parameters in the
LPM, the model can be used by a wider community of designers and engineers,
allowing to achieve accurate results almost independently from the level of expertise
that is instead highly required to run accurate FEA analysis.
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2. Insightfulness of the model. Thanks to its simplicity, the developed LPM offers
clear direct insights into the fundamental relationships that govern the system.
Designers and engineers can have a faster and clearer grasp on the influence of
relevant parameters on crucial output quantities, boosting the capability to choose
optimal configurations of supports before running computationally expensive FEA.

The developed model can be used for fast, flexible evaluation of symmetric and non-
symmetric rod supporting structures in cryogenic environments subject to non-variable
and variable loads. Possible evaluations include:

1. Large-scale sensitivity studies, by varying the most relevant driving parameters of
the design and addressing the impact of their variations to the mechanical system
performances and, in case of accelerator technologies, the crucial impact of such
variations on accelerator beam parameters.

2. Material and geometric optimization strategies that balance structural performance
with thermal load constraints and can be easily tuned to optimize other target
quantities by introducing new objective functions in the proposed optimization al-
gorithm.

3. Support arrangement optimization that includes realistic boundaries given by me-
chanical system integration.

The modeling, optimization, and comparison strategies developed in this Thesis extend
beyond the specific case of superconducting magnets for hadron therapy. They reflect a
more general design philosophy centered on computationally efficient modeling tools that
enable deep exploration of complex, highly constrained engineering problems.

The proposed and validated LPM framework supports a shift away from common ap-
proaches based just on experience and trial-and-error approaches based on finite element
methods toward more digitally assisted designs. In particular, the ability to evaluate
thousands of configurations in a fraction of the time required by traditional FEA enables
early-stage exploration of design spaces that were previously impractical to be fully as-
sessed. This capability is especially relevant in fields where mechanical performance must
be balanced with thermal, vibrational, and integration constraints, such as in accelera-
tor technologies, space systems, superconducting generators or motors, and high-energy
physics experiments.

Finally, the Thesis demonstrates the value of tightly coupling the model, optimization,
and validation, which is a workflow that aligns with current trends in digital twin devel-
opment. By implementing performance evaluation and sensitivity analysis directly into
the design loop, the methods developed here offer a foundation for more agile, iterative
designs.

Results of this Thesis has contributed considerably to one of the milestones (M7.2) of
the Horizon2020 European project heavy ion therapy research integration plus (HITRIplus),
by proposing the supporting system designed and reported in this Thesis as baseline for
the carbon-ion gantry mechanical design and integration. This Thesis has been used to
analyzed the impact of the mechanical solutions proposed on the optimization of the beam
optics layout aiming at correcting the random errors calculated in the sensitivity studies
presented in the Thesis. Notable results for the gantry study case are:

1. Solution 8S for the applicative case of the rotating gantry, incorporating CFRP

supports, outperforms Ti6Al4V solution 6S in metrics, such as accuracy perfor-
mances under load during the rotation of the machine, heat-flux through supports,
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sensitivity to variations of input parameters, and performance during transporta-
tion/handling phases, in case automation is not considered, while 6S retains poten-
tial advantages in automated systems due to its simpler architecture, tunability and
reduced stress state induced in the cryogenic device.

2. Solutions 6S and 8S have been proven compliant to beam requirements by beam
tracking ensuring the efficacy of correcting errors related to deformations and manu-
facturing tolerances without major beam losses.

While this Thesis presents a validated modeling, some limitations must be acknowl-
edged:

1. The developed LPMs are applicable to a specific class of supporting architectures
that employ only rods connected through spherical or universal joints. Nonetheless,
this architectural class is among the most commonly adopted, as highlighted in the
literature review. This limits the applicability of the models in configurations where
the supports are connected through joint types that introduce significant rotational
constraints.

2. The modeling approach assumes the absence of friction. However, this can be solved
already by introducing a more complete model.

3. The validation of the models has been conducted primarily through numerical com-
parison with FEA. While the agreement is strong, experimental validation through
physical prototyping and testing must be foreseen. Real-world boundary conditions,
assembly tolerances, and material imperfections may affect the performance in ways
that may differ from the current hypothesis.

These limitations define the current boundaries of the proposed methodology and
provide motivation for future developments which may include:

1. The extension of the proposed LPMs to supporting systems that utilize supports
other than linking rods (joined solely by universal and spherical joints) by including
the contribution of bending and torsion in the response of the system. This extension
can be used to simulate the impact of friction, modeling it as additional torsional
or bending stiffness.

2. The integration of the calculation of the natural frequencies of the system enabling
the introduction of fitness functions to fine-tune the system’s frequency response
during optimization with the genetic algorithm.

3. The study of the stress-state on the cryogenic device generated by the over-con-
strained system.

4. The completion of the validation process, although the LPMs have already been
deemed as reliable as FEAs, through a prototyping and testing campaign.

The most relevant outcome of this Thesis is, therefore, the novel mathematical model
developed for rod supporting systems applied to cryogenic devices. It combines simplicity
in terms of the number of relevant parameters with low computational cost and high
accuracy compared to standard FEAs. These advantages make it accessible to a wider
community than just experienced finite element analysts, providing useful insights into
possible ways of optimizing the supporting system.
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ATLAS
BT

CAS
CFRP
CMS
CNAO
cS

DEMO
DOF
DPK

ECT
ELI
ESS

FAIR
FEA
FPC

GA
GFRE

HIE-ISOLDE
HITRIplus
HL-LHC

ICS
IHEP
IPK
ISOLDE
ITER

LCLS-11
LHC
LPM

MDS
MICE
MRI
MuZ2e

RHIC

SPL
SSC
SSRF

Acronyms

a toroidal LHC apparatus (LHC collaboration)
barrel toroid

Chinese Academy of Sciences

carbon fibre reinforced polymer

compact muon solenoid (LHC' experiment)
national center of oncological hadron therapy
central solenoid

demonstration power plant
degrees of freedom
direct position kinematics

end cap toroid
extra low interstitial
European Spallation Source

Facility for Antiproton and Ion Research
finite element analysis
fundamental power coupler

genetic algorithm
glass fibre reinforced epoxy

high intensity and energy ISOLDE
heavy ion therapy research integration plus
high luminosity LHC

inter-cavity support

Institute of High Energy Physics of CAS

inverse position kinematics

isotope separator on line device

International Thermonuclear Experimental Reactor

Linac Coherent Light Source II
Large Hadron Collider
lumped parameter model

magnetic density separator

Muon Ionization Cooling Experiment
magnetic resonance imaging
muon-to-electron conversion

Relativistic Heavy Ion Collider

superconducting proton linac
Superconducting Super Collider
Shanghai Synchrotron Radiation Facility
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58S
TLS

UFGE
ur

VECC

short straight section
Taiwan Light Source

unidirectional fibreglass epoxy
University of Twente

Variable Energy Cyclotron Centre
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