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The Super Proton Synchrotron (SPS) is the last stage in the injector chain for CERN’s Large Hadron
Collider, and it also provides proton and ion beams for several fixed-target experiments. The SPS has been
in operation since 1976, and it has been upgraded over the years. For the SPS to operate safely, its internal
beam dump must be able to repeatedly absorb the energy of the circulating beams without sustaining
damage that would affect its function. The latest upgrades of the SPS led to the requirement for its beam
dump to absorb proton beams with a momentum spectrum from 14 to 450 GeV/c and an average beam
power of up to ~270 kW. This paper presents the technical details of a new design of the SPS beam dump
that was installed in one of the long straight sections of the SPS during the 2019-2020 shutdown of
CERN’s accelerator complex within the framework of the Large Hadron Collider Injectors Upgrade
Project. This new beam dump has been in the operation since May 2021, and it is foreseen that it will
operate with a lifetime of 20 years. The key challenges in the design of the beam dump were linked to the
high levels of thermal energy to be dissipated—to avoid overheating and damage to the beam dump itself—
and high induced levels of radiation, which have implications for personnel access to monitor the beam
dump and repair any problems occurring during operation. The design process, therefore, included
extensive thermomechanical finite-element simulations of the beam-dump core and its cooling system’s
response to normal operation and worst-case scenarios for beam dumping. To ensure high thermal
conductivity between the beam-dump core and its water-cooling system, hot isostatic pressing techniques
were used in its manufacturing process. A comprehensive set of instrumentation was installed in the beam
dump to monitor it during operation and to cross-check the numerical models with operational feedback.
The beam dump and its infrastructure design were also optimized to ensure it can be maintained, repaired,

or replaced while minimizing the radiation doses received by personnel.
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I. INTRODUCTION

The Large Hadron Collider (LHC) Injectors Upgrade
(LIU) [1] and High-Luminosity LHC (HL-LHC) era [2]
presents unprecedented challenges for beam-brilliance
requirements, requiring the upgrade of several devices in
the CERN accelerator complex. In this framework, a new-
generation internal beam dump, known as TIDVG 5 (Target
Internal Dump Vertical Graphite, version 5), has been
designed and manufactured. This device was installed in
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long straight section 5 (LSS5) of the CERN Super Proton
Synchrotron (SPS) during the Long Shutdown 2 (LS2,
2019-2020). This system is meant to dispose of the SPS’s
circulating beam whenever necessary, i.e., in case of
emergency, during LHC beam setup or filling, during
machine development, and for fixed targets (FTs).

The fundamental concept behind internal beam dumps
entails redirecting the beam toward solid blocks, facilitating
subsequent energy dissipation through efficient cooling
systems. In the specific case of the main internal beam
dump of the SPS, whenever high-energy proton beams
need to be dumped, they are deflected downward onto the
absorbing blocks by a set of three vertical kicker magnets
(MKDVs) and swept horizontally by means of three
horizontal kicker magnets (MKDHs), creating a pattern
that dilutes the energy deposited in the dump (see Fig. ).
This beam dilution causes asymmetric deposition of the
beam load, which results in one side of the dump

Published by the American Physical Society
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Absorber block

FIG. 1.

Principle of the main beam dump in the SPS.

experiencing higher temperatures than the other. The
thermal power deposited in the blocks is mostly diffused
by conduction to CuCrlZr heat sinks and evacuated
through their water circuits.

The core assembly is located inside the accelerator, and it
is thus in the same ultra-high vacuum (UHV) environment.
Simultaneously, the core is encased within inner and
external shields. The primary objectives of this shielding
arrangement are to confine and prevent the escape of
radiation from the core and to protect personnel during
maintenance periods.

To the authors’ best knowledge, no other similar beam-
intercepting device can be directly compared with the
TIDVG dump block, as it is a high-power, high-energy
device that operates directly in UHV. A dump capable of
absorbing a similar beam kinetic energy—but external to
the machine’s UHV—operated at the Main Injector at
Fermilab [3]. Other high-power external beam dumps are
in operation at Oak Ridge National Laboratory [4] and at the
J-PARC Hadron Hall [5]. One high-power device that is
foreseen to operate in vacuum is the ion-beam dump at the
Facility for Rare Isotope Beams [6]. Alternative designs for
internal beam dumps can also be found in the tuning dump of
the European Spallation Source [7], the rapid-cycling syn-
chrotron at J-PARC [8], and the LIPAc facility [9]; all of these,
however, operate at significantly lower beam kinetic energies.

A. History of SPS beam-dump evolution

From the moment the SPS was commissioned in April
1976, there has always been an internal beam dump. The
first version, named the Target Internal Dump Vertical
(TIDV), was designed to absorb beams of 10'? protons per
pulse at 400 GeV/c [10], and it defined the shapes of the
next generations of beam dump. The TIDV consisted of a
core and a protective iron shielding. The core was com-
posed of two parts: a front part made of aluminum and a
downstream part made of copper, in line with the design
concept of increasing the density of the core to spread out
the energy of the beam along the whole length of the dump.
To evacuate the deposited thermal energy, channels were
drilled through the core to enable cooling it with water.

Version II maintained the use of an aluminum core to
absorb the beam energy while introducing a surrounding

copper core for more efficient heat transfer to the water-
cooling channels [11]. Version III addressed a significant
drawback of prior iterations by removing flexible-bellows
connections at the upstream and downstream ends of the
beam dump [12]. These connections caused some issues
due to the large vibrations resulting from heavy beam-
dumping shocks. Instead, in Version III, the water-cooling
pipes were redesigned with the flexible connections that
passed through the vacuum tank and the SPS vacuum
chamber.

In the early 1990s, when the LHC project was pro-
posed, there were concerns about whether TIDV III could
withstand higher intensities and repetition rates [13,14]. To
address this, a new generation of internal beam dumps,
TIDVG, was designed. It consisted of two internal dump
blocks in long straight section 1 (LSS1) of the SPS: Target
Internal Dump Horizontal (TIDH) for lower energies
(14-28.9 GeV/c momentum) and TIDVG for higher ener-
gies (102.2 to 450 GeV/c momentum). Of these, TIDVG
aimed for a more even heat distribution within its core to
reduce beam-induced thermal stresses [15]. It was made
from 250 cm of graphite followed by 100 cm of aluminum
and 30 cm of tungsten. It was surrounded by a copper core
with four cooling pipes. The copper core was constructed
from two halves that were joined using electron-beam
welding to make it leak-tight, and the graphite core
was covered with titanium foil to prevent the spread of
graphite particles from beam-induced shocks and to reduce
outgassing.

In 2003, an obstruction was discovered in TIDVG: it was
found that the beam had penetrated the titanium foil,
causing molten titanium to spread inside the beam aperture.
In 2006, TIDVG 1 was replaced with TIDVG 2, which
retained the same design but eliminated the titanium foil.

A subsequent inspection of TIDVG 2 revealed substan-
tial beam-induced damage, including local melting of the
aluminum block [16] (see Fig. 2). This led to its replace-
ment with a modified spare including minor adjustments to
the original design, TIDVG 3 [17]. To prevent a recurrence
of this issue, operational restrictions were imposed to limit
the thermal power deposited in the dump.

FIG. 2. Local melting of aluminum in the absorbing blocks of
the TIDVG 2 beam aperture.
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In 2014, TIDVG 3 was installed with a design similar to
its predecessors, using two oxygen-free electronic copper
halves bonded together via electron-beam welding. This
copper core served both cooling and vacuum-chamber
purposes. In 2016, a vacuum leak was identified in the
welding between the copper halves, leading to operational
limitations. An urgent project was initiated to develop a
new dump, resulting in the installation of TIDVG 4
between December 2016 and April 2017 during the
Extended Year-End Technical Stop [18]. This upgraded
device could handle a maximum average power of around
70 kW. In the new design, the copper core was replaced
with a CuCrlZr core enclosed in a stainless steel (SS)
vacuum chamber, eliminating the need for the core itself to
serve as a vacuum chamber. TIDVG 4 operated reliably
until the end of Run 2 in December 2018, as intended.
However, considering the anticipated significantly higher
intensities and dumping rates for LIU beams—reaching up
to around 270 kW—further device upgrades became
necessary.

B. Key changes in TIDVG 5

A new fifth-generation internal beam dump (TIDVG 5)
was produced and installed during LS2 (2019-2020)
(Fig. 3). There were several key changes made for this
installation. First, the beam dump was relocated to SPS
LSS5 to overcome numerous limitations imposed by the
LSS1 location. These included the vacuum pressure rise in
the SPS injection kicker magnets due to significant out-
gassing by TIDVG, reliability issues with various equip-
ment, and the impossibility of completely enclosing the
dump in shielding [19]. A second significant change
involved replacing the two previous dumps (TIDH and
TIDVG 4) [20] with a single device covering the whole
range of SPS beam momenta, i.e., from 14 to 450 GeV/c.

Total mass:
~754 tons

Schematic of TIDVG 5 assembly, showing the core enclosed in the first shielding and the multilayer shielding.

TIDVG 5 is fundamentally different from its predeces-
sors, especially when compared to TIDVG versions 1-3.
First, it is designed to cope with approximately four times
the deposited thermal beam power, ~270 kW against the
~70 kW of TIDVG 4. The total length of graphite was
extended to reduce the energy density deposited in the
higher-density materials’ downstream. This—combined
with the requirement to maintain a similar equivalent
interaction length (an attenuation factor of at least
4.21 x 10~7)—increased the core length by 70 cm (making
a total of 5.0 m compared to the 4.3-m length of TIDVG 4).
To obtain the highest possible cooling efficiency from the
heat sinks, hot isostatic pressing (HIP) was employed to
diffusion bond the SS pipes to the CuCrlZr core. The
different beam optics in LSS5 allowed better horizontal
centering of the dump with respect to the beam axis.
Finally, all previous versions were only equipped with a
single layer of iron shielding; in contrast, the external
multilayered shielding of the new dump will contribute to
considerably lowering the residual dose rate in the straight-
section area where the dump is installed (see Figs. 3 and 4).

C. Scope of this paper

This paper presents the detailed design, material selec-
tion, and manufacturing techniques associated with the
main subassemblies of this new dump: the core absorbing
blocks, the HIP cooling plates [22], the air-cooled vacuum
chamber, and the external multilayered shielding, which is
made from reinforced concrete, cast iron, and white marble,
making a total weight of almost 754 t. The entire assembly
is 8.6-m long, 3.7-m high, and 4.6-m wide.

Using the framework of this design, detailed thermo-
mechanical finite-element method (FEM) simulations were
carried out to examine the dump core’s performance, taking
into account operational and worst-case scenarios for beam
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FIG. 4. Full TIDVG 5 assembly, as currently installed in the ECXS5 cavern. The left-hand picture shows the dump during the
installation process, with the first shielding visible. The right-hand picture shows the operational configuration, with the concrete and

marble shielding [21].

operation. Finally, details of the instrumentation that was
installed to monitor the behavior of the dump in operation
and benchmark the numerical models (temperature sensors,
flow meters, and linear variable differential transformers)
are presented and described in detail here.

II. TIDVG 5 ABSORBER DESIGN

The active part of TIDVG 5 consists of an array
of absorbing blocks made of 4.4-m isostatic graphite,
0.2-m titanium-zirconium-molybdenum alloy (TZM),
and ~0.4-m pure tungsten. These are enclosed by an
assembly of water-cooled (top/bottom) and noncooled (side)
CuCrlZr plates, as shown in Figs. 5 and 6. The absorbing
blocks are pressed against the bottom cooling plates to
evacuate the energy deposited by the particle beam.

A 5-m-long, seamless, multidirectionally forged 304L
SS vacuum chamber encloses the dump core (Fig. 7).

Cast-iron shielding, comprising two cylindrical blocks
(top and bottom shielding) weighing 8 t each, is assembled
around the vacuum chamber containing the dump core.

Top upstream Top
plate downstream
plate
End
.~ plate
754 §
SRnEs s Absorbing
o d'\rec“o blocks
pear®
/Z Lo ) Side plates Bottom downstream
plate

Bottom upstream plate

FIG. 5. Exploded schematic showing plate assembly. In order
following the beam direction: graphite (dark gray), TZM (light
blue), and tungsten (light gray); the CuCrlZr cooling plates and
compression springs for the cooling of the blocks are also shown.

Additionally, the top shielding can be easily manipulated
by means of two lifting points.

The vacuum chamber is cooled by a flow of air generated by
a dedicated ventilation system. Air at room temperature is
extracted from the cavern, in which TIDVG 5 is installed
and continuously channeled into a 10-mm gap between the
chamber and the first shielding. To further contain the radiation
from the dump core, amassive, multilayered external shielding
system completes the dump-block assembly.

FIG. 6. Photograph of the assembly of the absorbing blocks in
the CuCrlZr core in the clean room.

SS 304L, 5 m seamless
vacuum chamber

Air-cooling system for
the vacuum chamber

Water-cooling system
for the core

Top/bottom
downstream CuCr1zr
cooling plates

389 mm pure W

Top/bottom upstream CuCr1Zr
cooling plates

200 mm TZM

FIG. 7. Cross section of the TIDVG 5 SPS internal dump core.
The cast-iron first shielding is hidden for clarity.
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TABLE I. TIDVG 5 core materials.

Density Number Block
Material (g/cm?) of blocks length (cm)
Graphite R7550 1.8 9 440
TZM 10.1 2 20
Tungsten 18.8 1 39
CuCrlZr 8.9 1 1

A. Absorbing blocks

The combination of materials and lengths of the
absorbing blocks is of paramount importance for mini-
mizing the density of the energy deposited by the beam
and therefore keeping the stresses associated with the
resulting thermal gradients within acceptable ranges.
Table I lists the layout, densities, and lengths of the
TIDVG 5 core materials.

The 4.4-m isostatic graphite is divided into eight blocks
of 200 x 96 x 500 mm? (width x height x length) and one
block of 200 x 96 x 400 mm?. The two TZM blocks are
200 x 95 x 100 mm?, and the tungsten block is 200 x 95 x
389 mm?. The array ends with a 1-cm-thick CuCr1Zr plate.
With this configuration, the new dump is improved with
respect to TIDVG 4 in terms of the survival probability
factor (i.e., the ratio between the primary uncollided
particles escaping and those impinging on the dump),
which is 1.7 x 1077 for TIDVG 5 and 4.2 x 10~/ for
TIDVG 4.

The absorbing blocks are arranged so that their densities
increase as the beam passes through the device. The first
blocks, made of graphite, are meant to dilute the beam and
reduce the energy density deposited in the higher-density
materials. In contrast, the latter blocks are designed to
protect the downstream hardware from the particle shower
escaping from the graphite blocks. This material is a fine-
grain isostatic graphite (SGL Carbon R7550 [23]). The
TZM blocks (produced by AT&M [24]) are expected to be
the most thermomechanically loaded components. To
achieve high mechanical strength, they were 2D forged
both vertically and in the beam direction to obtain a higher
ductility in the transverse direction of the block and an
overall isotropic microstructure in the final part. For the
tungsten block, forging it would have offered a result with
superior mechanical properties, but this was not needed due
to the small amount of beam load to be deposited on this
block. The tungsten block in its pure form, sourced from
AT&M, underwent a cost-effective manufacturing process
involving sintered preshapes to minimize production
expense. Subsequently, it underwent further densification
through HIP to achieve an optimal density of ~97% of its
nominal value.

The tensile strengths of TZM and tungsten can be found
in Table II. The manufacturer conducted tests on both
materials, and the former underwent additional testing at

TABLE II. Measured ultimate tensile strengths of the TZM and
tungsten blocks at room temperature. Quality certification pro-
vided by AT&M, measured on sample coupons. A and B indicate
the directions corresponding to the 2D forging, while C is the
transverse direction.

Ultimate tensile strength (MPa)

TZM A B C
665 683 721
w 550

CERN. For this particular material, during the testing
campaign, samples were extracted from a spare block in
three different directions. The absorbing blocks operate in a
UHYV environment and must comply with severe cleanliness
standards. In contrast, the graphite blocks were dry-
machined (no lubricant was used) and thermochemically
purified under an argon atmosphere to keep the ash content
below 5 ppm. Before installation, the blocks were vacuum
fired, i.e., heated to 950°C in a vacuum furnace with a
dwell time of 16 h; the TZM and tungsten blocks were
treated at 1000 °C for 6 h.

To reach an efficient thermal contact conductance
(TCC) at the interface between the absorbing blocks
and the CuCrlZr plates, two sets of 377 springs on each
side of the beam aperture are installed in spring boxes.
By means of two hydraulic jacks at the extremities
(exerting a force of 5.68 t each) and two hydraulic jacks
in the middle (6.52 t each), the absorbing blocks are
pushed against the CuCrl1Zr plates with a force of 24.4 t,
as shown in Fig. 8. The contact pressure is ensured by
determining the stiffness of the springs and their defor-
mation during compression.

The estimated contact pressure generated at the inter-
face between the absorbing blocks and the bottom
upstream/downstream plates amounts to 0.2 MPa. The
contact surfaces of the blocks are precisely machined
with a surface roughness of R, < 1.6 pm and a flatness
of 0.04 mm.

Spring boxes

Hydraulic jacks

Contact surface between CuCri1Zr plates / absorbing blocks

FIG. 8. On the left-hand side, an exploded view of the CuCr1Zr
core illustrates how the spring boxes are installed. The right-hand
illustration shows how the absorbing blocks are pushed against
the CuCrl1Zr plates.
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FIG. 9. Cooling circuits within the TIDVG 5 core.

B. CuCrlZr cooling plates
1. Design and materials

In the worst-case operational scenario, the total thermal
power carried by the particle beam can be as high as
~270 kW, and approximately 70% of this has to be
dissipated by the cooling plates of the core. This fraction
accounts for the energy directly deposited in the plates by
the particle beam shower as well as that evacuated by
conduction from the absorbing blocks to the CuCr1Zr heat
sink. Hence, the heat-evacuation efficiency of the cooling
plates is crucial. The cooling plates are made from CuCrl1Zr
bonded with 316L SS tubes by means of HIP; these were
specially developed for this device [22].

Due to size constraints linked to the HIP process, the
cooling plates were divided into four parts: two bottom
upstream/downstream plates (265 x 93.5 x 2500 mm?) and
two top upstream/downstream plates (265 x 118 x 2500 mm?).
The top and bottom plates are bolted to the four side plates
(95 x 31.5 x 2500 mm?), keeping them together (Fig. 9).

The CuCrlZr (provided by Zollern GmbH, Germany) is
heat treated and multidirectionally forged according to
the EN 12420 standard. The heat treatment involves
solution annealing at 950-1000 °C for 30 min followed by

TABLE IIl. Measured thermophysical and mechanical proper-
ties of solution-annealed, water-quenched, and precipitation-
hardened through the aging of CuCrlZr at room temperature.

Properties of CuCrlZr at room temperature

Density 8.89 g/cm?
Specific heat capacity 0.37 J/(g K)
Coefficient of thermal expansion 16.3 x 1076 K~!
Thermal conductivity 324 W/(m K)
Young’s modulus 135 GPa
Yield strength 280 MPa
Ultimate strength 400 MPa

water quenching and precipitation hardening through
aging, maintaining at 480-500 °C for 2 h, and then slow
cooling in air (this treatment will hereafter be referred to as
SA +WQ + A). After the HIP cycle, due to the high
temperature to which the material has been exposed, the
same thermal treatment is repeated to recover the mechani-
cal and thermal properties. In these conditions, CuCrlZr
features high electrical and thermal conductivity as well as
high hardness, tensile properties, ductility, and machina-
bility. Table III summarizes the main thermophysical and
mechanical properties of CuCrlZr after SA + WQ + A
treatment. These values were measured in situ at CERN for
its predecessor, TIDVG 4, and they were used for the
thermomechanical simulations in the new version.

The 316L SS cooling tubes were bent at room temper-
ature and then annealed. They have an inner diameter of
15 mm and a wall thickness of 1.5 mm. The annealing cycle
for 316L SS includes a heating phase at 200-300 °C/h up
to 950 °C, followed by maintenance at this temperature for
at least 2 h and then natural cooling to ambient temperature.

The CuCrlZr is cooled during operation by a total flow
of 15m3/h of demineralized water distributed in six
parallel circuits. By design, the temperature rise of the
water should not exceed ~20 °C. Since the inlet and outlet
of the cooling pipes are relatively close to each other, a
larger thermal gradient could induce high thermomechan-
ical stresses. However, the maximum outlet water temper-
ature is set to be 45 °C; higher outlet temperatures would
decrease the overall cooling efficiency.

Figure 9 shows the bottom and top SS pipes. The cooling
circuits in the top CuCr1Zr plates will handle a flow rate of
2.5 m?/heach, dissipating 30 kW in the upstream and 14 kW
in the downstream. For the bottom plates, the cooling circuits
will manage a flow rate of 5 m?/h both upstream and
downstream, dissipating 96 and 47 kW, respectively.

2. Manufacturing process

Diffusion bonding by HIP was employed to produce
the CuCrlZr cooling plates, as illustrated in Fig. 10.

Stainless-steel case

Stainless-steel tubes
Top cooling plate

~—

Bottom cooling plate

FIG. 10. Principle for producing the CuCrlZr cooling plates.
The top and bottom cooling plates are bonded to the SS tubes
during the HIP cycle.
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20 pm

7 % A £
z b o D T T . N
CuCrizr - SS 316L Interface CuCr1Zr — CuCrl1Zr Interface
FIG. 11. (a) SEM image (500x) of a CuCrlZr-SS 316L

interface. (b) Optical micrograph of a sample containing the
HIP diffusion-bonded CuCrl1Zr-CuCrlZr interface [22].

By combining temperatures up to ~950°C and argon
pressures up to ~105 MPa, the interfaces between the
316L SS cooling tubes and the CuCr1Zr, as well as between
the top and bottom plates, are perfectly bonded through
interdiffusion of materials, thus virtually eliminating the
thermal contact resistance (see Fig. 11); thermal resistance
at all interfaces is almost completely removed. Likewise, the
bonding strength is at least as high as that of the weakest
material of the pair [22]. Experience shows that a gap of
around 0.1 mm is best suited to achieve a successful diffusion-
bonding process between the materials (see Fig. 12).

The manufacturing process can be subdivided into three
main phases: (a) machining and assembly before HIP,
(b) the HIP cycle, and (c) thermal treatments and final
machining after HIP.

Before the HIP treatment stage, each cooling plate is
made from three parts: the cold-bent and annealed 316L SS
cooling tubes and the CuCrl1Zr top/bottom halves. During
the HIP cycle, the gas pressure is exerted inside the tubes
and outside the capsule containing the assembly. For the
treatment to be successful and to achieve diffusion bonding,
these need to be precisely assembled and kept vacuum tight
throughout the duration of the cycle.

FIG. 12. Groove in CuCrl1Zr plate machined with a 0.1-mm gap
surrounding the tube’s bend region.

FIG. 13. Top downstream CuCrlZr plate: (a) surplus material
being removed and (b) final plate.

The cold-bending process of the tubes causes a profile
distortion with respect to the “theoretical” outer surface in
the bent regions, with radial offsets of the order of 1 mm.
If the gaps between the tubes and the copper grooves are
too large, the gas pressure will produce an excessive
expansion of the tube during the HIP process, resulting
in a high risk of generating local cracks. If this happens, the
diffusion bonding will fail for the entire part, as the
components will no longer be pressed against each other.
To avoid this, the actual shape of each tube was 3D scanned
(by means of a coordinate measuring machine (CMM))
around the bends to reproduce the same profile (plus a 0.1-
mm offset, see Fig. 12) for the grooves, which were
machined in the CuCrlZr using computer numerical
control, see Fig. 13.

The HIP pressure/temperature cycle that promotes dif-
fusion bonding can be divided into four phases. During the
first phase, the temperature remains unchanged while the
pressure is raised to ~22.5 MPa. In the second (heating)
phase, the temperature and pressure are both linearly
increased to ~950°C and ~105 MPa, respectively. In the
third or “dwell” phase, both parameters are kept constant
over 180 min. The last phase corresponds to the cooling
period, during which the temperature decreases at a rate of
~5°C/min (see Fig. 5 of Ref. [22]).

During the HIP cycle, because of the exposure to high
temperatures, the CuCr1Zr experiences a significant loss of

FIG. 14.

(a) Cylindrical 304L SS bar being multidirectionally
forged, (b) premachined tube, and (c) final machined tube being
controlled in the metrology laboratory.
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TABLEIV. Tensile properties at room temperature for the 304L
SS of the vacuum chamber. Quality certification provided by
Schmiedewerke Groditz GmbH, GMH Gruppe, measured on
sample coupons.

Test T (°C) Ry, (N/mm?) R, (N/mm?) A5 (%) Z (%)
23 208 487 64.0 82

thermophysical and mechanical properties. To restore these
properties, the part is again submitted to SA + WQ + A
thermal treatment.

For the thermal treatments to be more effective, the
SS cladding, which is diffusion-bonded to the under-
lying CuCrlZ after HIP, was removed by machining.
The first thermal treatment, the water-quenching process,
produces a bending of the plate of the order of 1 cm.
The part was straightened before final machining by means
of a hydraulic press. To take into account the machining
precision, the deformations induced by thermal treatments,
and possible stress relaxations upon final machining, each
CuCrlZr plate had ~10 mm of surplus material on each
face to achieve the required final tolerances (Fig. 13).

C. Vacuum chamber

The vacuum chamber is another critical component of
the SPS internal beam dump. Because it encloses active
parts, such as the absorbing blocks and the CuCr1Zr water-
cooled plates, it must remain leak-tight and maintain a
UHV environment for the entire lifetime of the dump,
including during the most demanding mechanical loads.
The chamber is a 5-m-long, seamless 304L SS tube with
15-mm-thick walls.

A dedicated manufacturing process was designed and
implemented to produce these challenging components.
This involved three separate steps (Fig. 14): (i) multidirec-
tional forging of a cylindrical 304L SS bar, (ii) core boring
to obtain a seamless premachined tube, and (iii) final
machining to the required dimensions: 5151-mm length
with a 0.5-mm straightness tolerance, and inner and outer
diameters of 359 and 329 mm, respectively; all linear
measurements had a tolerance of +0.5 mm.

The SS employed for this application, 304L, is com-
pletely austenitic and homogeneous, without segregation
or intermediate phases. To avoid intergranular leaks,
the chamber material has a fine grain structure, with a

Inlet

10 mm 10 mm

radial gap

radial gap

Collector

Outlet

FIG. 15. Schematic representation of the air-cooling system
surrounding the vacuum chamber. The top half of the cast-iron
first shielding is hidden for clarity.

grain-size number of at least 2 according to ASTM E112.
Finally, the material soundness was inspected following the
EN 10228-4 standard, ensuring compliance with EN 4050-
4 class 3. To limit the radiological hazard around the dump
linked to the activation of the chamber during operation, the
maximum admissible cobalt content was set at 0.1%.
Tables IV and V show the results of the chemical-compo-
sition analysis of the product and its main tensile properties
at room temperature, respectively.

1. Air-cooling system

The particle shower generated by the SPS beam
impacting into the core could deposit up to ~10 kW
of power in the dump’s vacuum chamber. To keep temper-
ature gradients and the resulting thermal stresses below
acceptable values to guarantee efficient and reliable oper-
ation, the chamber is actively cooled by forced air con-
vection. The cooling process involves extracting air from
the downstream side of the dump within the ECX5 cavern
of the SPS tunnel, where TIDVG 5 is installed. This air is
then channeled into a 10-mm annular gap between the
chamber and the external cast-iron shielding. Figure 15

TABLE V. Chemical-composition analysis of the 304L SS (1.4306) of the vacuum chamber. Quality certification provided by
Schmiedewerke Groditz GmbH, GMH Gruppe, measured on sample coupons.

C Si Mn P S Cr

Ni Mo A\ Cu Al Co Bo N

Analysis product 0.016 0.28 1.81 0.022 0.004

17.44

1123 0.10 0.048 0.10 0.020 0.02 0.0006 0.014
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TABLE VI. Main characteristics of the air-cooling system.
Parameter Value
Chamber outer diameter 359 mm
First shielding inner diameter 379 mm
Radial gap 10 mm
Average air velocity ~8 m/s
Average volumetric flow 500 m*/h
Inlet air temperature 28°C
Outlet air temperature ~70°C

illustrates this cooling scheme, highlighting that the airflow
is primarily directed toward the two sides of the chamber,
where the highest temperatures are experienced, and
Table VI summarizes the main characteristics of the air-
cooling system.

Based on the calculated velocity distribution (Fig. 16),
the total pressure drop between the inlet and outlet of the
dump’s circuit is around ~4250 Pa. Nevertheless, this
value is significantly impacted by the design of the
collector, where the most substantial pressure loss is
observed, 1754 Pa. This is a consequence of the intricate
design of this component, through which the airflow
navigates complex geometries (Fig. 15).

Given these flow characteristics, in the worst-case sce-
nario, the average heat-transfer coefficient (HTC) at the
chamber’s walls is ~50 W/(m? K) and the maxi-
mum temperature is ~180°C. The required flow rate is
maintained by two redundant 1000-m? /h, 7000-Pa fans
(only one operates at a time). A periodic switch between
the two fans is implemented regularly during beam oper-
ation. It is intended that the air-cooling system will run
continuously. However, the ventilation can work at a reduced
flow during the technical stops and/or maintenance oper-
ations, and it can be completely stopped if required.
Furthermore, the air-cooling system contributes to creating
sufficient under-pressure in the external multilayered shield-
ing, preventing the possible escape of activated dust during
the maintenance and operations involving opening the
shielding.

Velocity streamlines

0
Velocity [m/s]

FIG. 16. Velocity streamlines in the fluid domain of the air-
cooling circuit around the vacuum chamber.

ITI. FIRST AND EXTERNAL
MULTILAYERED SHIELDING

The TIDVG 5 internal beam dump is one of the
SPS’s most radioactive pieces of equipment. In fact, the
operation of the previous SPS dumps resulted in sig-
nificant radiation-related issues. These can be categorized
as follows: (i) Elevated residual dose rates and material
activation: activation of the beam dump caused high
dose-rate levels in its immediate and surrounding areas,
which are accessible during beam stop periods. After
normal beam operation followed by a cooldown period
of 30 h, the dose rate reached values in the range of
10 mSv/h at a lateral distance of approximately 70 cm from
the dump. Even higher values were measured after dedi-
cated heavy beam-dump operations. (ii) Airborne radio-
activity: due to the beam dump being unshielded, high
levels of airborne radioactivity were created. (iii) Cable
damage: the cascade of secondary particles emanating from
the beam dump led to the deterioration of cable insulation
located in close proximity to the dump.

To mitigate these problems, the new TIDVG 5 incor-
porates a robust shielding system comprising inner (first)
and external shielding layers. The former encloses the core
with two cylindrical blocks, while the latter is made from
40-cm-thick concrete followed by a 1-m layer of iron,
capped with a 40-cm layer of concrete or marble. On the
downstream side of the dump, two masks are positioned
to capture high-energy particles that propagate along the
beam line.

A. First shielding

The first shielding encloses the core, as shown in Fig. 17,
and it provides initial protection for nearby equipment from
the radiation field generated while beam dumping. It is
made from two cylindrical blocks of EN-GJS-400-18U-LT
spheroidal-graphite cast iron according to EN 1563. This
material was chosen for its particular ductility, which is the
result of the spheroidal form of the type-V and -VI graphite,
as described by the EN 1563 and EN ISO 945 standards.
The material of the first shielding being ductile is useful
around the upper lifting points and the contact surface

Lifting points

Stainless-Steel
vacuum chamber

Bottom shielding

FIG. 17. Exploded view of the top and bottom shielding with
the inside core visible.
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TABLE VII. Measured tensile properties of the EN-GJS-400-
18U-RT spheroidal-graphite cast iron at room temperature
(20°0).

Yield stress (MPa)
390 445 16

Tensile strength (MPa)  Elongation (%)

between the top and bottom shielding (Fig. 17), where large
local stresses may be generated during handling.

Table VII shows the measured tensile properties of this
material at room temperature. Tight dimensional and shape
tolerances—especially of the contact and inner surfaces—
allow precise assembly of the blocks, minimizing the gaps
between them and keeping the radiation leakage as low
as possible. The blocks are actively cooled by water to
dissipate the heat produced by the interaction of the bulk
material with the beam shower. Four 316L SS cooling pipes
per block, with inner and outer diameters of 16 and 36 mm,
respectively, were embedded directly in the mold during
the casting process to achieve good thermal transfer
efficiency from the blocks to the cooling water. To avoid
thermal shocks and minimize deformations, the tubes were
preheated to roughly ~500°C just before casting. Each
block is equipped with remote-handling-friendly lifting
points, allowing for remote installation and/or replacement
operations.

B. External multilayered shielding

The concept of the shielding design is to effectively
minimize the propagation of the secondary particle cascade
before it reaches areas that are frequently accessed during
maintenance periods. This strategy reduces activation and
therefore residual dose rates next to accessible parts of the
beam dump. The rationale behind the incorporation of each
individual layer is outlined as follows: (i) Innermost con-
crete layer: When interventions are necessary at the dump
core’s location, especially during dump removal, employ-
ing an innermost layer composed of concrete results in
significantly lower residual dose rates compared to an
innermost iron layer. The latter would exhibit similar
activation levels as the dump itself. (ii) Middle iron layer:
the 1-m-thick iron layer, made of the same type of cast iron
as that used for the first shielding (EN-GJS-400-18U-LT),
reduces the secondary particle cascade by a factor of
about 350. Due to activation processes, the iron shielding
becomes radioactive, meaning it is a source of significant
residual dose rate after beam operation. To counteract this
side effect, a third shielding layer is positioned adjacent to
the iron shielding. (iii) Outer concrete or marble layer: to
effectively capture photons emanating from the activated
iron layer, the shielding configuration ends with a 40-cm
layer made of either concrete or marble, as shown in Figs. 3
and 4. Compared to iron, this shielding layer is subject to a
lower activation production, and it also serves the purpose of

capturing gamma radiation emitted by the highly activated
iron layer. Furthermore, white marble plays a unique role
among the various kinds of shielding materials due to its
lower activation when compared to concrete thanks to its
purity [25]. For this reason, to minimize the residual dose rate
in the vicinity of the dump after short cooldown periods, it is
used on the three sides accessible by personnel. To ensure its
effectiveness, the chemical composition of the white marble
employed was strictly controlled. Specifically, the minimum
content of calcium carbonate (CaCO3) had to be greater than
98%, and all kinds of impurities were minimized (e.g., Na,
Li, Co, and Eu contents of less than 1.4% and an Sr content of
less than 160 ppm).

The attenuation of the high-energy radiation field pro-
vided by the shielding can be estimated as a factor of
around 3000. This calculation, however, does not include
the reduction in dose rates that is found next to accessible
parts of the beam-dump system, which comes into play
when comparing the previous dump concept with the newly
implemented design.

In addition to the shielding structure, two masks are
positioned downstream of the dump configuration to
intercept the forward-directed high-energy particle cascade
that arises from the impact of the primary beam on the
dump core. These masks, which are designed to capture
high-energy particles, consist of a structural steel (S355)
core enveloped by a layer of marble. Figure 18 shows a
comparison of residual-dose-rate scenarios, contrasting an
unshielded condition (in which shielding components are
filled with air) with the shielded dump-core configuration.
This simulation considered a beam-operation schedule
involving 20 years of standard operation followed by a
single day of intense dump usage. Subsequent to beam
operation, there is a cooldown period of 1 week. When
analyzing the lateral accessible regions and comparing the
shielded and unshielded dump conditions, a significant
dose-rate difference of a maximum factor of 10000
emerges. This dose-rate disparity between the two scenar-
i0s is consistent with the previously mentioned attenuation

10,000
1000
' 1000

| 100
| 10
' o1
- 0.0

uSv
h

With shield

Shielding removed

FIG. 18. Comparison of residual dose rates, showing an
unshielded dump core (on the left) and a shielded dump core
(on the right). For both scenarios, the adopted beam-operation
scheme, spanning 20 years of standard operation followed by a
single day of intense dump usage, is followed by a 1-week
cooldown period.
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effect triggered by the shielding (a factor of approximately
3000), the increased distance from the beam line in the
shielded configuration, and the different material types
adjacent to the accessible areas.

The implemented shielding setup yields additional ben-
eficial outcomes compared to previous versions; notably,
these include a reduction in cable-insulation doses and
diminished air activation external to the shielding. Both
these advantages can be traced back to the radiation-
attenuation power of the shielding enveloping the dump
core. Most of the air activation occurs within the beam-
dump shielding and along the beam axis in the forward
direction from the dump. To minimize air activation within
the shielding adjacent to the dump core, efforts were made
to minimize the air volume in this specific region.

The design objective for environmental air release
applied to the new dump aligns well with CERN’s
optimization criterion, which stipulates that the annual
dose received by any member of the public due to
CERN’s operations should not exceed 10 pSv. To validate
the compliance with this criterion, two independent meas-
urement campaigns were executed to assess the airborne
radioactivity released. Both campaigns projected a release
of 9.1 x 10'? Bq per year, accounting for 2 x 10'® dumped
protons annually. The difference between the two mea-
surements fell within a 2% range. The resulting airborne
radioactivity release corresponds to an annual committed
dose received by the reference group of the public of
1.6 pSv. This value is less than 1%o of the annual dose
received in the Geneva area due to natural causes. Further
details of the FLUKA simulation studies concerning the
design of the beam-dump shielding and the radiological
impact of the dump’s operation can be found in Refs. [26]
and [27]. In case replacement of the dump is required, the
different blocks are arranged so as to minimize the handling
operations required. Moreover, similar to the cast-iron first
shielding, every block has been designed to be handled
remotely. Both the first and external shielding present
service through-holes to allow for survey and alignment
operations of the dump while inside the shielding (Fig. 19).

The dump and its first shielding rest on three jack
assemblies that each allow adjustment in two linear degrees
of freedom: one vertical and one horizontal. These com-
ponents were designed specifically for this application,
and they have been tested to comply with requirements.
Using this array of three supports, the dump can be
precisely aligned in all six degrees of freedom. However,
due to their proximity to the beam, the jacks are expected to
be exposed to a significant dose of radiation over their
intended lifetime (20 years); this is estimated to be as high
as 10 MGy. Based on this, the materials and lubricants
chosen for these assemblies were the result of a careful
selection process, taking into account their behavior under
this type of irradiation [28].

FIG. 19. Alignment rods installed during inspection.

IV. NUMERICAL STUDIES

A. Beam parameters and most demanding supercycle

During its lifetime, TIDVG 5 will operate with various
beam types distributed in complex predefined sequences
known as supercycles. Table VIII shows the cycle and
energy per pulse of two beam types, which serve as the
basis for the numerical analysis presented in this section.
The combination of these two supercycles yields two
critical scenarios: the nominal case (~164 kW) and the
worst-case operational situation (~270 kW), which
TIDVG 5 is specifically designed to withstand.

The first supercycle, referred to as LHC filling, cor-
responds to nominal operation and comprises a combina-
tion of one LIU-SPS 80b pulse followed by an SPS-FT
SHiP [29,30] pulse, in a supercycle period of 36 s. This
results in an average beam power of ~164 kW. The worst-
case scenario, referred to as FT production, involves a
sequence of two consecutive SPS-FT SHiP pulses in a
supercycle period of 10.8 s, for a total average beam power
of ~270 kW.

B. Beam-energy deposition

The wvertical and horizontal kicker magnets deflect
the beam toward the absorbing blocks, with a sinu-
soidal pattern, as shown in Figs. 20(a) and 20(b). In both
scenarios, the pattern is asymmetrical with respect to the
center of the dump.

The FLUKA Monte Carlo code was employed for all
beam-matter and radiation-protection calculations [31]. As
evident from the plot presented in Fig. 21, the maximum
energy deposition occurs within the fourth graphite block.
Additionally, the TZM and tungsten blocks are strategically
positioned to attenuate the residual energy of the beam,
serving as a protective barrier for downstream devices.

TABLE VIII. Beam types analyzed for steady-state cases.
Beam cycle Energy per pulse (MJ)
LIU-SPS 80b 5.60
SPS-FT SHiP 2.88
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FIG. 20. Beam profiles for the LIU-SPS 80b (a) and SPS-FT
SHiP (b) beams, viewed from downstream.

C. Thermomechanical studies
of the absorbing blocks

The absorbing blocks are positioned atop the CuCrlZr
cooling plates; to facilitate unimpeded expansion, these
are pressed together without applying excessive force.
Consequently, heat dissipation occurs primarily through
conduction within the blocks; this is followed by transfer to
the cooling plates, during which the TCC value assumes a
pivotal role in enhancing the efficiency of heat dissipation.

Drawing from previous experience with TIDVG 4,
identical values for the TCC coefficients were initially
assumed for the contact between graphite and the CuCrlZr
cooling plates. For the contact between tungsten and
CuCrlZr, the same TCC value as for TIDVG 4 was
assumed, even though TIDVG 4 used Inermetl80, a
tungsten-based alloy. Finally, the TCC value between
TZM and CuCrlZr was chosen to be equal to that for
tungsten; this is a conservative approach because the latter
has a higher Young’s modulus and the contact conductance
between TZM and CuCrlZr should thus be better. All of
these coefficients underwent adjustment to align with
operational feedback for TIDVG 3, refining their accuracy,
and they are listed in Table IX. It is worth noting that all the
results presented in this section are based on the use of the
TIDVG 4-tuned values for the new version.

As revealed by the operational feedback from TIDVG 5,
there is a notable decrease in the TCC between the graphite
blocks and CuCrlZr cooling plates compared to the
previous version. Multiple uncontrolled variables could
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FIG. 21. Peak energy density deposited along the length of the

dump for an LIU-SPS 80b pulse, as calculated with the FLUKA
Monte Carlo code [31].

TABLE IX. TCC values between system components used for
thermomechanical studies of the absorbing blocks.

TIDVG 4-tuned
TCC [W/(m? K)]

TIDVG 5-tuned
TCC [W/(m? K)]

Graphite-CuCrlZr 2000 900
cooling plates

TZM-CuCrlZr 800 900
cooling plates

Tungsten-CuCr1Zr 800 800

cooling plates

potentially influence this value, including irregular surface
roughness, disparities in flatness, interactions between
adjacent blocks stemming from thermal expansion, and
other related factors.

As previously noted, the TIDVG 5 absorbing blocks are
designed to withstand an average beam power of ~270 kW.
Therefore, to assess the thermomechanical response of the
blocks, FEM simulations were carried out considering the
loads they will experience under a thermal steady state at
270 kW. To achieve this scenario, the absorbing blocks
must be intercepting SPS-FT SHiP beams for a duration of
50 min. Table X lists the peak temperatures achieved in the
absorbing blocks under these conditions.

Temperature gradients can lead to large thermal stresses,
and these are determined by uniform or nonuniform
temperature changes in a body that is somehow constrained
against expansion or contraction [32]. In the presence
of temperature gradients, the existence of such constraints
will lead to the exertion of either tensile or compressive
forces in the absorbing blocks. The structural integrity of a
material can be assessed by means of either the von Mises
or Christensen failure criterion [33,34], depending on
whether the material is ductile or brittle. When the criterion
parameter reaches a value of ““1,” a brittle specimen is likely
to break, while a ductile specimen is expected to enter the
plastic domain. Table XI shows the results for the most
critical absorbing blocks per material.

Based on these failure criteria, it can be seen that none of
the absorbing blocks exceeds the allowable limit. Both the
graphite and tungsten blocks (for which the Christensen
criterion was used due to their brittle nature) are expected to
be able to withstand the worst-case scenario. Nonetheless,
in the case of the first TZM block (for which the von
Mises criterion was applied due to its ductile behavior at
high temperatures), the failure formula reveals a border-
line value.

TABLE X. Peak temperatures in the absorbing blocks under
steady-state conditions at 270 kW.

Absorbing block Peak temperature (°C)

Graphite 532
TZM 505
Tungsten 98
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TABLE XI. Christensen and von Mises failure criterion values
for the absorbing blocks.

Absorbing block Criterion < 1

Graphite (Christensen) 0.35
TZM (von Mises) 0.98
Tungsten (Christensen) 0.37

While the von Mises stress in the TZM block approaches
the critical value at its most stress-prone location, it is
crucial to understand that this does not automatically
imply failure, especially for ductile materials. Should the
limiting threshold be surpassed, TZM, which is known for
its ductile behavior at elevated temperatures, would expe-
rience slight plastic strain in a small, localized region. In
any case, the material would continue to effectively fulfill
its function.

D. Thermomechanical FEM studies
of the CuCrlZr core and vacuum chamber

FEM models of the CuCrlZr cooling plates and the
vacuum chamber were studied to predict the strain levels
induced within these components by the impact of the
particle shower. In contrast to the absorbing blocks, the
CuCrlZr core and the vacuum chamber may potentially
experience some plastic deformation in a worst-case
scenario. To provide a comprehensive assessment, both
components were also analyzed under more typical oper-
ating conditions, specifically, during steady-state operation
with LHC filling supercycles. This approach allows to gain
a comprehensive understanding of the thermomechanical
behavior within the dump system.

Figure 22 illustrates the boundary conditions applied to the
models of the vacuum chamber and the inner CuCr1Zr plates.
The TIDVG 5 core is supported within the cast-iron first
shielding by the bottom and top supports. The beam aperture
of the dump is the smallest of the SPS, and it has to stay
within precise tolerances in accordance with the theoretical
beam axis. The top/bottom supports help to limit the dump’s
vertical displacement during operation and maintain these
tolerances. The centering point locates the whole assembly

(a) (b)

Fixed
support
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End stop
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FIG. 22. Schematic representation of contacts and constraints
in (a) downstream and (b) upstream views.
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FIG. 23. FT production (~270 kW) FEM thermal simulations:
(a) CuCrlZr core; (b) vacuum chamber.

within the first shielding. The inner CuCr1Zr cooling plates
and absorbing blocks are resting on the bottom rail, and they
are guided horizontally by the downstream top key and
screwed onto the end-stop plate. The latter is mounted within
a guide that is welded to the chamber.

1. Static simulations

(a) Worst-case scenario. Given the thermal steady-state
conditions at ~270 kW average beam power, the temper-
ature distributions in the CuCrlZr core and the vacuum
chamber are as shown in Figs. 23 and 24.

As can be observed in Fig. 23(a), the temperatures within
the CuCrlZr core remain within reasonable limits for such a
material. It is important to note that a significant reduction in
thermophysical and mechanical properties typically occurs at
temperatures exceeding 400 °C. With a peak temperature of
258 °C, there is no risk of annealing the material. The SS
chamber depicted in Fig. 23(b) also maintains temperatures
within acceptable ranges for the material, under the
assumption that this represents a worst-case scenario.

Nonetheless, it is crucial to consider the thermal gradients
induced by these conditions; as noted, thermal gradients can
result in high mechanical stresses that may lead to a strain
hardening of the material. In the case of the CuCrlZr core
(Fig. 24), the occurrence of plastic deformation is highly
unlikely. If it were to occur, its impact would likely be
negligible. Any effects would be confined to the upstream
side plates, which are responsible for connecting both the top
and bottom cooling plates to efficiently dissipate the particle
shower deposited in this specific section. Moreover, it is
worth noting that any plastic deformation in this region
would not compromise its ability to evacuate heat toward the
cooling plates. However, the vacuum chamber shown in
Fig. 24(b) is subjected to high-stress concentrations at its
extremities. This is primarily due to the assumption that the
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FIG. 24. FT production (~270 kW) FEM structural simula-
tions: (a) CuCrlZr core and (b) vacuum chamber.
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TABLE XII. Peak temperatures and equivalent stresses in the
CuCrl1Zr core and vacuum chamber for LHC filling (~164 kW)
and FT production (~270 kW).

Peak Peak equivalent
temperature (°C)  stress (MPa)
164 kW  CuCrlZr core 175 149
Vacuum chamber 108 103
270 kW CuCrlZr core 258 252
Vacuum chamber 180 190

chamber walls are bonded to the rest of the structure, repre-
senting a conservative contact condition. Furthermore, the
equivalent stresses detected in the chamber walls suggest the
possibility of plastic deformation.

(b) Nominal operational scenario. The following cal-
culations consider the steady-state conditions created by the
LHC filling supercycles and an average beam thermal
power of 164 kW. Table XII gathers the peak temperatures
and equivalent stresses in the CuCrlZr core and vacuum
chamber, as the contour distributions are the same as those
in Figs. 23 and 24.

The peak temperatures and equivalent stresses in the
CuCrlZr core and vacuum chamber are found on the
left-hand side wall with respect to the particle-beam direction.
When these stresses are compared to the yield-strength values
listed in Table XIII, it can be seen that there are large safety
margins, meaning that the materials are not expected to enter
the plastic domain during this critical operational loading case.

2. Transient simulations

According to its functional specification [37], the
TIDVG 5 SPS internal beam dump should be able to
accept five consecutive high-energy, full intensity, FT
SHiP beam dumps starting from steady-state conditions of
LHC filling supercycles. To assess the thermal and structural
integrity of the dump, this scenario was simulated.

The maximum temperature increases for the CuCrlZr
cooling plates and the vacuum chamber were found to
be 10.5 and 3.0°C, respectively, at the end of the fifth
pulse (see Fig. 25). The temperature change in the
CuCrlZr side plate has a minimal effect on its stress

TABLE XIII.  Yield strengths of CuCrl1Zr and 304L SS [35,36]
at different temperatures. The 304L SS yield-strength values at
high temperatures are approximated.

Yield strength
of CuCrlZr (MPa)

Yield strength

Temperature (°C) of 304L SS (MPa)

20 280 200
100 275 150
200 260 118
250 250 110
300 230 100
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FIG. 25. Results of transient FEM thermal simulations, show-

ing the maximum temperature increases after five FT-SHiP pulses
following steady-state LHC filling.

value, which increases from 175 to 180 MPa. In contrast,
stress relaxation predominates in the vacuum chamber,
and negligible stress differences were found with respect
to the initial LHC filling steady-state conditions.

V. INSTRUMENTATION

To monitor the actual thermomechanical behavior during
operation, several sensors were installed in the TIDVG 5 SPS
internal beam dump, and these are detailed in this section.

A. Temperature sensors, flowmeters, and LVDTs

TIDVG 5 is equipped with 35 Pt100-type temperature
probes. These are distributed as follows: (a) 24 on the
absorbing blocks, (b) 2 on the hottest points of the CuCr1Zr
side plates, (c) 4 on the vacuum chamber, (d) 2 on the cast-
iron first shielding, and (e) 3 at the outlet of the first
shielding and CuCrlZr water-cooling circuits.

Each absorbing block is monitored via two Pt100 sensors
on each side, left and right with respect to the particle-beam
direction (24 sensors in total). The CuCrlZr is monitored
by only two Pt100s, which are located at the theoretical
hottest points of the two upstream side plates. Both
configurations are illustrated in Fig. 26.

24 Pt100s, two at the sides
of each absorbing block

+ 2 Pt100 in the hottest points
of the upstream side plates

FIG. 26. Positions of the temperature sensors on the (a) absorb-
ing blocks and (b) CuCrlZr side plates.
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FIG. 27. Total deformation of vacuum chamber in the opera-
tional scenario at 166 kW.

In the vacuum chamber, the temperature distribution at
the time of operation has to be controlled to avoid excessive
thermal stresses and displacements. Four temperature
sensors are installed on the vacuum chamber: on the left
and right of its upstream and downstream sides with respect
to the beam direction. The upstream sensors will record the
maximum temperatures, and the downstream sensors will
provide information about the temperature gradients.

Finally, two temperature sensors are mounted at the inner
diameter of the cast-iron first shielding, at approximately
the same longitudinal positions as those installed on the
vacuum chamber. For the cooling circuits, the three Pt100
sensors installed at the outlets of the CuCrlZr and the top
and bottom first-shielding circuits will be used to compute
the thermal power extracted along with the inlet temper-
atures and the flow rates.

The flow rates of the top/bottom first shielding and the
CuCrlZr cooling circuits are measured by two flow meters
installed at the corresponding outlets. The air-flow rate and
the temperature are also measured by a flow meter installed
immediately at the outlet of the air-cooling system.

The particle beam deposits energy on the dump’s com-
ponents asymmetrically. With respect to the beam direc-
tion, the left side is more heavily loaded than the right side.
This results in non-negligible bending and hence displace-
ments of the whole system. Figure 27 shows the expected
total displacements of the dump’s upstream and down-
stream ends when thermal energy is absorbed at a rate of
166 kW; these reach up to 3 mm.

To compensate for these displacements, bellows are
installed on either side of TIDVG 5, and these will be
monitored by six LVDTS in total, three upstream and three
downstream, one for each direction, as shown in Fig. 28.

FIG. 28.

LVDT sensors: (a) upstream and (b) downstream.

TABLE XIV. Steady-state cases analyzed.

Date Average power (kW)
June 26, 2021 25
July 04, 2021 41
March 29, 2023 100

LVDTs are used to convert mechanical motion into a
variable electrical current, voltage, or electrical signal.

VI. OPERATIONAL FEEDBACK

As noted earlier, TIDVG 5 is designed to cope with an
average beam thermal power of 166 kW in nominal
operation and 270 kW in a worst-case scenario, both in
a steady state. Nevertheless, at the time of writing, these
conditions have not yet been achieved.

A. Commissioning beam parameters

Since the beginning of its commissioning phase, TIDVG
5 has reached a thermal steady state on several occasions.
Three scenarios with different average beam thermal
powers were selected to be compared with the results of
FEM simulations. The criteria to select a period of time to
be compared were (a) uniform initial temperature of all
components, (b) the average beam thermal power deposited
in the blocks is constant in time, and (c) the selected period
of time has to be sufficiently long for the all the components
(absorbing blocks, CuCrlZr core, and vacuum chamber) to
reach a thermal steady state.

Table XIV lists three occasions on which such scenarios
occurred, along with information regarding the average beam
thermal power. Although beams of higher average thermal
power have been intercepted by TIDVG 5, these situations
did not fulfill the requirements to reach a steady state.

B. Thermal steady state

The Pt100-measured values and the FEM simulations
account for temperature variations on both the left and right

Graphite
TZM
0 Tungsten
_75 —e— FEM
¢ -~ PT100s (Measured)
s | a
g 50
[} ~.
=3 T~s
R = B S
F 25
0

0 500 1060 1500 ZObO 2500 3000 35b0 4000 45'00
Length [mm]

FIG. 29. Plots of measured and simulated left-side temperatures
in the absorbing blocks at an average thermal power of 25 kW.
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FIG. 30. Plots of measured and simulated left-side temperatures
in the absorbing blocks at an average thermal power of 41 kW.
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FIG. 31. Plots of measured and simulated left-side temperatures

in the absorbing blocks at an average thermal power of 100 kW.

sides due to the uneven energy deposition. However, these
temperature differences are minimal. Despite the fact that
the hottest points are predominantly on the left side of the
dump, the temperatures recorded on the right side remain
quite similar. Therefore, this analysis primarily focuses on
the temperatures observed by the left-side sensors.

The plots of measured and simulated temperature in
the absorbing blocks in Figs. 29-31 correspond to the
cases listed in Table XIV, with average beam thermal
powers of 25, 41, and 100 kW, respectively. The values are
plotted in relation to the dump’s length, such that the
segment “0-4400 mm” corresponds to the graphite section,
“4400-4600 mm” to the TZM section, and “4600-
4800 mm” to the tungsten block. This representation

provides valuable insights into the thermal gradients that
emerge as the beam traverses the dump, offering a clear
understanding of the heat distribution. For the FEM
simulations, the TCC values correspond to the TIDVG
5-tuned values listed in Table IX.

For an average beam thermal power of 25 kW, the FEM
model accurately predicts temperatures in the first five
graphite blocks, but it tends to overestimate temperatures
from the sixth block to the last. Notably, when it comes to
the TZM block, the model slightly overestimates temper-
atures, but they are still within an acceptable range.

In contrast, in the cases of average beam thermal powers of
41 and 100 kW, we observe a reversal in the pattern for the
isostatic graphite blocks. In these cases, the temperatures
simulated by the FEM model are lower than those measured.
The most significant discrepancy occurs in the TZM block,
where the model predicts much higher temperatures than
those observed. This discrepancy may be attributed to
material expansion, which leads to contact with adjacent
blocks and subsequent heat dissipation. Another factor could
be an overly conservative estimate of the TCC between the
TZM blocks and the CuCrlZr cooling plates.

The measured temperatures of the tungsten block show
strong agreement with the numerical values across all three
cases with negligible differences.

To enhance the model, potential improvements could
involve reevaluating the specific heat capacity and isotropic
thermal conductance of isostatic graphite at high temper-
atures. Additionally, a reexamination of the TCC between
the absorbing blocks and the CuCrlZr cooling plates may
be warranted.

Table XV presents temperature data from the CuCrlZr
core sensors and the vacuum chamber in three different
cases. Similar to the absorbing blocks, the temperature
variations caused by uneven beam deposition are minimal,
with slightly higher temperatures recorded on the left-side
Sensors.

The temperature measurements were taken at critical
locations, including the hottest point of the CuCrlZr, the
upstream region of vacuum chamber 1, and the downstream
region of vacuum chamber 2. Notably, there are negligible
differences between the Pt100 values and FEM results,
indicating a high level of agreement across all average
beam thermal powers. However, it is worth mentioning that
the FEM model overpredicts the temperature values in the
CuCrlZr core in the 100 kW case.

TABLE XV. Measured and simulated left-side temperatures under an average power of 25, 41 and 100 kW.

25 kW 41 kW 100 kW
Sensor location Pt100 measured (°C) FEM (°C) Pt100 measured (°C) FEM (°C) Pt100 measured (°C) FEM (°C)
CuCrlZr core 45.6 47.0 63.2 60.0 80.0 107.8
Vacuum chamber 1 43.8 40.0 52.2 48.0 60.0 55.5
Vacuum chamber 2 31.9 31.0 34.0 33.0 35.0 36.0
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FIG. 32. Residual dose rates measured at several points, spanning two years of standard operation followed by a two-day cooldown

period. Top view.

C. Residual-dose-rate measurements

After a two-day cooldown period following 2 years of
operation, measurements of the residual dose rates in the
vicinity of the beam dump were conducted. This was
conducted to evaluate the efficacy of both the internal and
external shielding and to establish a reference for future
comparisons with simulation data. The measurements
included three points upstream and three points down-
stream of the beam dump, as well as one measurement at
the center. Two additional measurement points were
located 50 cm from the upstream, and two further points
were located 50 cm from the downstream region, where the
residual dose rate increases due to the masks installed in
this area. Figure 32 shows the values measured around the
external shield.

VII. CONCLUSIONS

To cope with the higher intensity and more powerful
beams that will be operating in the LIU and HL-LHC era,
an innovative and robust new internal beam dump for the
CERN SPS, TIDVG 5, was designed, manufactured, and
installed in LSS5 during the CERN LS2, 2019-2020. This
new dump will intercept protons accelerated to energy
levels from 14 to 450 GeV (the full energy range of the SPS
accelerator), and it will be required to withstand a maxi-
mum power of ~270 kW delivered by beam pulses, i.e., a
fourfold rise compared to the power to which its prede-
cessor was subjected. For this reason, TIDVG 5 features an
upgraded array of absorbing materials providing a higher
attenuation factor than TIDVG 4, HIP-diffusion-bonded
CuCrl1Zr-316L SS cooling plates for superior thermal-
evacuation efficiency, and a seamless and air-cooled
vacuum chamber. The change of the dump location from
LSS1 to LSS5 enabled a comprehensive redesign of the
device, increasing its active length to 5 m and adding
massive shielding to allow quick and safe access to the area.
The change of position also allowed the decoupling of the
injection from the dumping system, thus overcoming
various difficulties.

The model was validated using three actual cases with
average beam thermal powers of 25, 41, and 100 kW
deposited in the dump’s core. When comparing the opera-
tional feedback obtained from the Pt100 sensors and the
FEM simulations, the discrepancies found were small, and
the temperatures achieved in TIDVG 5 demonstrated strong
agreement with those calculated. This study assessed the
reliability of the TIDVG 5 simulations, and this will also
help in the modification or design of future beam dumps.

ACKNOWLEDGMENTS

The authors would like to acknowledge the LIU-SPS
Project at CERN for funding the studies and constructing
the system, as well as the multidisciplinary team involved
in the project for its significant contribution to the design,
production, and installation of this new generation SPS
internal beam dump. Specific acknowledgement is given to
M. Meddahi, B. Goddard and S. Gilardoni for their support
during the entire project. Acknowledgements also to the
Accelerator Consolidation Project at CERN. The authors
are especially thankful to the following groups at CERN:
SY/STI, EN/MME, EN/CV, EN/HE, TE/VSC, BE/CEM,
and HSE. The support of the Project Reviewers who
provided their time and valuable insights is kindly
acknowledged.

[1] R. Garoby, S. Gilardoni, B. Goddard, K. Hanke, M.
Meddahi, and M. Vretena, Plans for the upgrade of the
LHC injectors, in Proceedings of the 2nd Inter-
national Particle Accelerator Conference, IPAC-2011,
San Sebastian, Spain (EPS-AG, Spain, 2011), WEPS017,
https://cds.cern.ch/record/1382976?In=en.

[2] G. Apollinari, I. B. Alonso, O. Briining, M. Lamont, and L.
Rossi, High-Luminosity Large Hadron Collider (HL-LHC)
preliminary design report, CERN, Geneva, Report
No. CERN-2015-005, 2015, http://dx.doi.org/10.5170/
CERN-2015-005.

[3] C.M. Bhat, P.S. Martin, and A.D. Russell, Design of
the MI40 beam-abort dump, in Proceedings of the

043001-17


https://cds.cern.ch/record/1382976?ln=en
https://cds.cern.ch/record/1382976?ln=en
https://cds.cern.ch/record/1382976?ln=en
http://dx.doi.org/10.5170/CERN-2015-005
http://dx.doi.org/10.5170/CERN-2015-005
http://dx.doi.org/10.5170/CERN-2015-005
http://dx.doi.org/10.5170/CERN-2015-005
http://dx.doi.org/10.5170/CERN-2015-005

A. ROMERO FRANCIA et al.

PHYS. REV. ACCEL. BEAMS 27, 043001 (2024)

(4]

(51

(6]

(7]

(8]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

Particle Accelerator Conference, Dallas, TX, 1995 (IEEE,
New York, 1995), pp. 1903-1905.

V. Kumar, M. Harvey, M. Wendel, P. Jain, and N. J. Evans,
Thermal loading analysis of the ring injection dump for the
Spallation Neutron Source facility, Nucl. Instrum. Methods
Phys. Res., Sect. A 1006, 165380 (2021).

H. Takahashi, K. Agari, E. Hirose, M. leiri, Y. Katoh, A.
Kiyomichi, M. Minakawa, R. Muto, M. Naruki, H. Noumi,
Y. Sato, S. Sawada, Y. Shirakabe, Y. Suzuki, M. Takasaki,
K. H. Tanaka, A. Toyoda, H. Watanabe, and Y. Yamanoi,
Construction and beam commissioning of Hadron Exper-
imental Hall at J-PARC, J. Phys. Conf. Ser. 312, 052027
(2011).

M. Avilov, A. Aaron, A. Amroussia, W. Bergez, C.
Boehlert, T. Burgess, A. Carroll, C. Colin, F. Durantel,
P. Ferrante, T. Fourmeau, V. Graves, C. Grygiel, J. Kramer,
W. Mittig, I. Monnet, H. Patel, F. Pellemoine, R.
Ronningen, and M. Schein, Thermal, mechanical and fluid
flow aspects of the high power beam dump for FRIB, Nucl.
Instrum. Methods Phys. Res., Sect. B 376, 24 (2016).

Y. Lee, A. Olsson, M. Eshraqi, R. Miyamoto, M. Moller, T.
Shea, C. Thomas, M. Wilborgsson, S.G. Nilsson, S.
Molloy et al., Working concept of 12.5 W tuning dump
at ESS, in Proceedings of the International Particle
Accelerator Conference, Copenhagen, Denmark, 2017
(JACoW, Geneva, Switzerland, 2017), pp. 4591-4594.
K. Yamamoto, Design and actual performance of J-PARC
3 GeV rapid cycling synchrotron for high-intensity oper-
ation, J. Nucl. Sci. Technol. 59, 1174 (2022).

B. Braias, F. Arranz, O. Nomen, D. Iglesias, F. Ogando,
M. Parro, J. Castellanos, J. Moll4, C. Oliver, D. Rapisarda,
and P. Sauvan, The LIPAc beam dump, Fusion Eng. Des.
127, 127 (2018).

A. Ijspeert, The temperatures and thermal stresses in the
internal beam dump of the SPS, CERN, Geneva, Technical
Report No. CERN/SPS 81-9 (ABT), 1981.

A.Tjspeert, R. Bellone, and P. Sievers, The new internal beam
dump at the SPS: Temperature and stresses calculations and
its design, IEEE Trans. Nucl. Sci. 28, 3062 (1981).

M. Ross and S. Péraire, Beam dump TIDV 1: Vacuum failure
of 17 October 97, CERN, LS-Division, Geneva, Switzerland,
Technical Report CERN/SL Note No. 97-85 (BT), 1997.

E. Brouzet and K. Schindl, The LHC proton injector chain,
CERN, Geneva, Technical Report Note Nos. 256, CERN/
PS 93-39 (DI), CERN/SL 93-37 (AP), 1993.

S. Peraire, Decharge Sur le Dump Interne TIDV du SPS de
Faisceaux Destines au LHC, CERN, LS-Division, Geneva,
Technical Report CERN/SL Note No. 96-15 (BT/TA),
1996.

J.M. Zazula, M. Ross, and S. Peraire, A preliminary
approach to optimize the SPS beam dump for sustaining
the LHC injection regime, CERN, Geneva, Technical
Report CERN/SL Note No. 94-52 (BT/TA), 1994.

V. Kain, K. Cornelis, M. Meddahi, B. Goddard, M.
Lamont, C. Maglioni, R. Losito, F. Pasdeloup, G.
Steele, 1. Leitao et al., Origin of the damage to the internal
high energy beam dump in the CERN SPS, in Proceedings
of the 6th International Particle Accelerator Conference,
IPAC-2015, Richmond, VA (CERN, Geneva, Switzerland,
2015), pp. 3927-3929.

[17]

(18]

[19]

(20]

(21]

(22]

(23]

(24]

[25]

(26]

(27]

(28]

[29]

043001-18

F. Pasdeloup, Operating limits for RUN2, CERN, Geneva,
Calculation Note CERN EDMS Document No. 1426158,
2014.

P. Rios-Rodriguez, A.P. Marcone, M. Calviani, S.
Gilardoni, R. Esposito, D. Grenier, J. R. Poujol, S. De
Man, M. Grieco, J. A. Briz et al., Analysis and operational
feedback of the new design of high energy beam
dump in the CERN SPS, in Proceedings of the 8th
International Particle Accelerator Conference, IPAC-17,
Copenhagen, Denmark (JACoW, Geneva, Switzerland,
2017), pp. 3524-3527.

F.M. Velotti, C. Bracco, O. Aberle, M. Meddahi, J.
Uythoven, P. Chiggiato, J.A. Ferreira Somoza, B.
Goddard, E. Carlier, and V. Senaj, Performance improve-
ments of the internal beam dump for the HL-LHC beam, in
Proceedings of the 4th International Particle Accelerator
Conference, IPAC-2013, Shanghai, China (JACoW, CERN,
Geneva, Switzerland, 2013), THPEA041, pp. 3231-3233.
T. Kramer, G. Arduini, O. Berrig, E. Carlier, L.
Ducimetiere, B. Goddard, A. Koschik, and J. Uythoven,
Studies of beam losses from failures of SPS beam dump
kickers, in Proceedings of the 22nd Particle Accelerator
Conference, PAC-2007, Albuquerque, NM (IEEE, New
York, 2007), TUPANO097, pp. 1607-1609.

J.M. Ordan, SPS internal beam dump TIDVGS installa-
tion, CERN, Geneva, General Photo No. CERN-PHOTO-
202010-134, 2020.

S. Pianese, A. Perillo Marcone, F.-X. Nuiry, M. Calviani,
K. A. Szczurek, G. Arnau Izquierdo, P. Avigni, S. Bonnin,
J. Busom Descarrega, T. Feniet, K. Kershaw, J. Lendaro, A.
Perez Fontenla, T. Schubert, S. Sgobba, and T. Weiligirber,
Hot isostatic pressing assisted diffusion bonding for appli-
cation to the super proton synchrotron internal beam dump at
CERN, Phys. Rev. Accel. Beams 24, 043001 (2021).
SGL Carbon, SIGRAFINE isostatic graphite, https:/
www.sglcarbon.com/en/markets-solutions/material/sigrafine-
isostatic-graphite, 2023.

CISRI AT&M, Tungsten, molybdenum, rhenium, and
related alloys, https://www.antai-emarketing.com/tungsten-
molybdenum-rhenium-and-related-alloys/, 2020.

F. Leaux, Short study on the radio protection (RP) proper-
ties of marble, CERN, Geneva, Technical Report CERN
EDMS Document No. 1276590, 2013.

D. Bjorkman and H. Vincke, RP evaluation of the
future SPS beam Ddmp and ECXS5 Cavern, CERN,
Geneva, CERN Technical Note CERN EDMS Document
No. 2045604, 2020.

M. Baudin, SPS beam dump optimization: Residual and
prompt dose rates in ECX5 and ECAS around the future
internal beam dump, CERN, Geneva, CERN Technical
Note CERN EDMS Document No. 1570812, 2015.

M. Ferrari, D. Senajova, K. Kershaw, A. Perillo Marcone,
and M. Calviani, Selection of radiation tolerant com-
mercial greases for high-radiation areas at CERN:
Methodology and applications, Nucl. Mater. Energy 29,
101088 (2021).

SHiP and the associated SPS Beam Dump Facility is a
new general-purpose experiment proposed at the SPS
to search for “hidden” particles—as predicted by a very
large number of recently elaborated models of hidden


https://doi.org/10.1016/j.nima.2021.165380
https://doi.org/10.1016/j.nima.2021.165380
https://doi.org/10.1088/1742-6596/312/5/052027
https://doi.org/10.1088/1742-6596/312/5/052027
https://doi.org/10.1016/j.nimb.2016.02.068
https://doi.org/10.1016/j.nimb.2016.02.068
https://doi.org/10.1080/00223131.2022.2038301
https://doi.org/10.1016/j.fusengdes.2017.12.018
https://doi.org/10.1016/j.fusengdes.2017.12.018
https://doi.org/10.1109/TNS.1981.4332008
https://doi.org/10.1103/PhysRevAccelBeams.24.043001
https://www.sglcarbon.com/en/markets-solutions/material/sigrafine-isostatic-graphite
https://www.sglcarbon.com/en/markets-solutions/material/sigrafine-isostatic-graphite
https://www.sglcarbon.com/en/markets-solutions/material/sigrafine-isostatic-graphite
https://www.sglcarbon.com/en/markets-solutions/material/sigrafine-isostatic-graphite
https://www.sglcarbon.com/en/markets-solutions/material/sigrafine-isostatic-graphite
https://www.antai-emarketing.com/tungsten-molybdenum-rhenium-and-related-alloys/
https://www.antai-emarketing.com/tungsten-molybdenum-rhenium-and-related-alloys/
https://www.antai-emarketing.com/tungsten-molybdenum-rhenium-and-related-alloys/
https://www.antai-emarketing.com/tungsten-molybdenum-rhenium-and-related-alloys/
https://doi.org/10.1016/j.nme.2021.101088
https://doi.org/10.1016/j.nme.2021.101088

DESIGN AND EARLY OPERATION OF A ...

PHYS. REV. ACCEL. BEAMS 27, 043001 (2024)

(30]

(31]

(32]

(33]

sectors—which are capable of accommodating dark matter,
neutrino oscillations, and the origin of the full baryon
asymmetry in the Universe.

C. Ahdida et al. (SHiP Collaboration), The SHiP experi-
ment at the proposed CERN SPS beam dump facility,
Eur. Phys. J. C 82, 486 (2022).

C. Ahdida et al., New capabilities of the FLUKA multi-
purpose code, Front. Phys. 9, 788253 (2022).

W. Sumelka and T. Lodygowski, Thermal stresses in
metallic materials due to extreme loading conditions,
J. Eng. Mater. Technol. 135, 021009 (2013).

R. von Mises, Mechanics of solid bodies in the plastically-
deformable state, Nachr. d. Kgl. Ges. Wiss. Gottingen,
Math. Phys. Klasse 4, 582 (1913), http://resolver.sub
.uni-goettingen.de/purl 7PPN252457811_1913.

(34]

(35]

(36]

(37]

043001-19

R.M. Christensen, A comprehensive theory of yielding
and failure for isotropic materials, J. Eng. Mater. Technol.
129, 173 (2007).

0O.S. de Frutos, Thermomechanical characterization of
Glidcop and CuCrZr, CERN, Geneva, Technical Report
CERN EDMS Document No. 1771731, 2017.

R. K. Desu, H. N. Krishnamurthy, A. Balu, A. K. Gupta,
and S.K. Singh, Mechanical properties of austenitic
stainless steel 304L and 316L at elevated temperatures,
J. Mater. Res. Technol. 5, 13 (2016).

E. Carlier, B. Goddard, V. Kain, and F. Velotti, SPS
beam parameters and total dumped intensity for validation
of new LSS5 SPS beam dump design, CERN, Geneva,
Technical Report CERN EDMS Document No. 1760169,
2019.


https://doi.org/10.1140/epjc/s10052-022-10346-5
https://doi.org/10.3389/fphy.2021.788253
https://doi.org/10.1115/1.4023777
http://resolver.sub.uni-goettingen.de/purl?PPN252457811_1913
http://resolver.sub.uni-goettingen.de/purl?PPN252457811_1913
http://resolver.sub.uni-goettingen.de/purl?PPN252457811_1913
http://resolver.sub.uni-goettingen.de/purl?PPN252457811_1913
https://doi.org/10.1115/1.2712847
https://doi.org/10.1115/1.2712847
https://doi.org/10.1016/j.jmrt.2015.04.001

