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Abstract

Topological optimization has been developed since more
than thirty year. The progress of additive manufacturing
boosts the development in topological optimization since the
design can be completely innovated and realized by 3D print-
ing. The potential for cost reductions thanks to weight mini-
mization give an interesting perspective for small production
of niobium superconducting radio-frequency cavities, com-
monly used in accelerators. The traditional manufacturing
technologies of cavity are based on multi-stage processes
while additive manufacturing technologies can built fully
functional parts in a single operation. In the frame of recent
project of demonstrator of energy recovery linacs (ERLs)
at Orsay, it is particularly important to know the potential
of additive manufacturing for SRF cavities. The focus of
this work is to built a preliminary perception of topology
optimization for some basic problems of superconducting
cavities mechanical design. The purpose of this work is
limited as simulation models.

INTRODUCTION

The research and innovation become the locomotive of the
development of accelerator [1]. Within the master project
of 3D metal printing supported by in2p3 [2], the studies
by topology optimization for the accelerator components
have been associated, IJCLab is involved in “Accelerator
innovation Pilot Project”, within this project, the niobium
cavity’s additive manufacturing is started at CERN [3]. The
high potential exists in accelerator technologies research
and development as regard of the 3D printing with topology
optimization. For example, a recurrent question for super-
conducting cavities design is how to make the compromise
between the cavities stiffness and the cavities cost includ-
ing niobium consumption and cavities manufacturing which
are onerous. It is a typical stiffness optimal problem for
topology optimization using lightweighting strategies.

FROM PARAMETRIC OPTIMIZATION TO
TOPOLOGY OPTIMIZATION

Despite decades of research, some fundamental questions
still exist regarding the Lorentz forces on the high gradient
superconducting cavities deformation [4]. Using the para-
metric optimization, we make the choice of the model based
on the given parameters and their value range. In the paste,
we have made parametric optimization for cavity wall thick-
ness and stiffeners positions [5], we have to achieve each
simulations in a functionally situation with a set of design
parameters like cavity wall thickness, stiffeners positions
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and analysis the simulation result after each simulation in
order to find the optimal stiffener position. Even boundary
conditions and material parameters are considered to be clas-
sic, maintaining the mechanical radiation pressure make this
complex loads depending topology optimization, it is not
always possible by commercial code. As a consequence,
an investigation on a non commercial code is dedicated. In
a non commercial finite element code Cast3M [6], a new
procedure has been included since 2018 [7]. It is based on
SIMP (Solid Isotropic Material with Penalization) method.
The SIMP method associate each finite element a density
function p(x) whose values varies between 0 and 1: 0 as
void 1 as material. Historically, Sigmund has find a practical
way in numerical solution for topological optimization [8].
In practice, the criterion on density for the objective function
which minimize the compliance under mechanical constraint
determinate an optimized material distribution according
to this criterion. Thinks to elimination of all elements with
density less than the criterion, the time of resolution is re-
duced. An intuitive topology optimization is realized for a
bridge. The optimized mass distribution is illustrated with a
volumetric density of 0,3, Fig. 1.

Figure 1: Finite element distribution and optimal material
distribution.

TOPOLOGY OPTIMIZATION FOR A
MULTICELL CAVITY

As particularity, the high gradient superconducting cav-
ity like ILC 9-cells cavities in pulsed mode necessitates
mechanical optimization under a specific charge constraint:
the radiation pressure. The Lorentz radiation pressure are
not uniformly distributed on the cavity inner wall, Fig. 2.
In usual parametrical optimizations, the given parameter
for mechanical stabilities is stiffening rings position and its
value range. In this work, we use topology optimization.
At past, we have studied an alternative stiffening method
using thermal spray technique for a multicell elliptical cav-
ity [9]. The depot schema is limited by the manufacturing
constraints which make this alternative stiffening solution
very heavy. In this work, we realize the topological opti-
mization lightweighting simulations with same mechanical
constraints. Started from the optimized stiffening schema
of thermal spray solution, Fig. 3 left side, progressively, as
the mass density decrease, the topology optimization give
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solutions, Fig. 3 right side, to Fig. 4. Finally as we approach
to a certain mass density, we recognize a stiffening schema
close to stiffening rings optimized by classic parametric so-
lution. This design could be realized by one step additive
manufacturing. At present state of the art, the design is-
sues from topology optimization for additive manufacturing
becomes vital. Even some thermal spray process can be
transformed to additive manufacturing [10], we hope that
the topology optimization which is very interesting for mate-
rial save and optimization times reduction become the gaps
between the design and additive manufacturing for future
cavities fabrication.

Figure 2: Lorentz radiation pressure on 9 cells cavities.

The modeling should take into account the fact that a
superconducting cavity need a minimal thickness of niobium
wall for superconducting proprieties. While the outside wall
can been made of other material.

Figure 3: Topological lightweighting optimization.

Figure 4: Mass density, left: 0.87, right: 0.69.

Comparing to wedded stiffening system, topology opti-
mizations show the possibility to have a more advantageous
one step solution from 3D metal printing technology.

802 MHz ERLS CAVITY STUDIES

Some prototype cavities resonating at 802 MHz were built
at Jefferson Laboratory (JLab) in the frame of a collabora-
tion with CERN for LHeC (Large Hadron electron Collider)
and FCC (Future Circular Collider) initiatives [11]. Based
on the geometry of 802 MHz single-cell prototype, topology
optimization is performed under inner pressure load in the
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vertical position, Fig. 5 left. The mechanical design criterion
is to find the minimum cavity wall thickness in order to min-
imize niobium consumption in respecting maximum elastic
stress limits. The classical parametric simulations of me-
chanical deformations are illustrated, Fig. 5 right. Topology
optimizations have been performed with the same constraints
with different cavity wall thicknesses.

XX

Figure 5: Pressure load and mechanical deformation.

A series of topology optimizations design solutions with
stiffener are illustrated at Figs. 6 and 7 for different thickness.
It show that the cavities wall could have a more or less regular
thickness for a same objective. These kind of organic shape
proposed by topology optimization is difficult to realize in
the past, while now the progress in additive manufacturing
make it possible.

D D

Figure 6: Topological lightweighting optimization.

D 0

Figure 7: Wall thickness, left: 3mm, right: 2mm.

STATE OF ART OF NIOBIUM BASED
3D PRINTING
However, Niobium-based 3D printing is still challeng-
ing since it is still a confidential research subject. Other

investigations are necessary to improve niobium 3D additive
manufacturing technology for cavities performances.
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Concerning the niobium-based additive manufacturing,
two powder bed fusion technologies to process such as Elec-
tron beam melting (EBM) and selective laser melting (SLM)
were evaluated. On one hand, the Jefferson Science Asso-
ciates in cooperation RadiaBeam technologies held the first
investigation on niobium densification by Electron Beam
Melting metallic additive manufacturing (EBM) [12]: a sin-
gle cell 3.8 GHz prototype cavity with stiffering support
was fabricated and tested, but the performance of the proto-
type is under-expected; on the other hand, CERN processed
different samples and a 6 GHz niobium prototype cavity
in the Selective Laser Melting (SLM) Solutions [2], the
problem is the poor RRR (Residual of Resistance Ratio).
From literature, some refractory metals have the metallurgi-
cal properties close to niobium, especially the high melting
temperature, Table 1.

Table 1: Some Metallurgical Properties

Metal  Melting point (°C)  Density (g.cm™3 at 20°C)
Ti 1668 4,51
Zr 1855 6,49
Nb 2477 8,57
Ta 3017 16,6
w 3420 19,3

The perspective of possible synergy between some well
know experiences on refractory metals and niobium addi-
tive manufacturing seems to an interesting track [13] Since,
works have been done on niobium purity improvement, an-
other track seems to be interesting which consists on the
good distribution of grain size of niobium powder: it is well
known that the thermal conductivity of niobium at low tem-
perature increase with grain size, Fig. 8, which is distributed
from 50 pm to 2 000 um [14].

Figure 8: Grain size (um) of niobium powder.

CONCLUSION AND PERSPECTIVES

The purpose of this work is limited as simulation mod-
els. In terms of structure design, the topology optimization
change the way of simulation, save times and limits itera-
tions. Also, it create a imagined beforehand product without
prior-experiences. The passe between the design and the
fabrication is almost direct, the choice of accessible shapes
become vast. The results of topological optimization illus-
trated in this paper show an interesting one passe possibility
to manufacture a multicell cavity with stiffening system, it
will be un improvement because the classical manufacturing
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include the welding which degrade the mechanical proper-
ties.

The perspectives of an one-step processing route is inter-
esting to reduce the cost of a small mass production. How-
ever, the niobium based 3D printing is still challenging since
there are still many technical barriers for superconducting
cavities use. Recently, a demonstrator for ERLs using su-
perconducting cavities is in development. It could be en-
couraging for niobium-based additive manufacturing and
topological optimization of niobium cavities. In other cases,
this technology optimization could be a interesting for power
coupler system and/or cavities cooling system.
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