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Abstract

The Chopper Dump in the Linac4 accelerator at CERN is
a beam-intercepting device responsible for the absorption
of the 3 MeV H™ ion beam produced by the Linac4 source
and deflected upstream by an electromagnetic chopper. It
allows a portion of the beam, which would otherwise fall
into the unstable region of the radiofrequency buckets in
the Proton Synchrotron Booster, to be dumped at low en-
ergy with minimal induced radiation. It may also be used
to absorb the entire beam. With peak currents of 25 to 45
mA and shallow penetration, this results in large deposited
energy densities, thermal gradients and mechanical stresses.
Additional constraints arise from geometric integration, vac-
uum and radiation protection requirements. Material selec-
tion, beam-matter interaction studies and thermo-structural
analyses are important aspects of the design process. The
Chopper Dump underwent modification in 2019 following
observed material degradation in the original version of the
device. The experience gained, modifications made and
observations noted since then are detailed herein. Against
this background, the design and analysis of an upgraded
device, intended to cope with future operational conditions,
is outlined and discussed.

INTRODUCTION

Chopping of the 3 MeV H™ beam in CERN’s Linac4 accel-
erator allows bunches that would fall into the unstable region
of the radiofrequency buckets of the PS booster to be dumped
at low energy [1]. A chopping system consisting of electro-
static plates and quadrupole magnets is used to deflect parti-
cles vertically onto a conical dump in the medium energy
beam transport (MEBT) line. Chopping at low energy min-
imises the required chopping element strength and induced
radiation, but results in more demanding low-penetration
conditions for the absorbing surface. The dump must absorb
the entire beam when required and dissipate the resulting
heat so as not to exceed material limits on temperature or
stress. Additional challenges in the design arise from tight
geometric constraints, vacuum and radiation protection.

Material degradation in a previous version of the dump
prompted installation of a modified version during 2019 [2].
This has operated successfully at 25 mA peak dumped cur-
rent but is predicted not to withstand future conditions up to
45mA. Activation due to ®Zn production also restricts long
term use. A project to consolidate the dump is ongoing.
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OPERATIONAL EXPERIENCE
Nickel-Coated Device

The original dump, first operated in 2013, consisted of a
GlidCop® AL-60 core (Fig. 1a) — a dispersion-strengthened
copper-based metal-matrix composite desired for its high
thermal conductivity and good mechanical properties — with
the internal surface coated in nickel to reduce activation [3].

Observed Degradation

In 2019, material degradation in the form of delamination
and local melting of the nickel was observed (Fig. 1b), a
concern for device integrity and potential introduction of
debris in the beamline. Subsequent analysis concluded that
the degradation was a result of a loss of local heat conduction
due to subsurface cracks or voids in the coating, potentially
caused by plastic deformation and low-cycle fatigue during
the pulse-cooldown cycle [2]. Hydrogen implantation and
blistering was identified as another possible cause.

Figure 1: (a) GlidCop® core, (b) damaged Ni coating [2].

Modifications

A modified version of the dump with the nickel coating
removed (except for a small region at the aperture) was
installed in August of that year. With the beam impinging
directly on the GlidCop® substrate, this provides better heat
conduction and increased resilience owing to the material’s
superior thermo-mechanical properties. Device activation
is increased but acceptable in the short term.

Operation and Subsequent Inspection

The modified device has operated during Linac4 com-
missioning and the start of Run 3 during 2019-2022. An
inspection in the 2021 year-end technical stop observed no
sign of melting or delamination problems as experienced in
the previous device. Some minor changes were noted, how-
ever are not thought to have a significant impact on continued
operation in 2022. These included discolouration (darken-
ing) approximately in the region of beam impact (Fig. 2)
thought to be caused by migration of intrinsic carbon to the
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surface of the copper. This phenomenon, particularly under
annealing temperatures and in the presence of hydrogen (of
which the beam is a source), is detailed by studies on the
chemical vapour deposition of graphene [4, 5].

Reflective surface marks could indicate some minor dete-
rioration of ridges left behind after machining. However, no
worsening of damage to the remaining nickel at the aperture
of the dump was observed. Finally, it was noted that the
beam impact position appears further downstream than the
nominal case, potentially putting at risk downstream equip-
ment and supporting the inclusion of a more comprehensive
alignment system in future.

F

Figure 2: 2021 inspection — GlidCop® surface.

UPGRADE

Whilst operating successfully at 25 mA dumped current,
finite element studies indicate the dump cannot withstand
higher intensities planned for the future [6]. Radiological
constraints on production of 5Zn from direct exposure of
copper to the beam also prohibit its use in the long term.

The upgrade currently underway is specified to withstand
peak dumped currents of 27 mA (Run 3) and 45 mA (Run
4) with dumping of the entire 800 us pulse at 0.83 Hz. This
results, respectively, in 81 kW and 135 kW pulse power, and
54 W and 90 W average power (an 80% increase on the ex-
isting 25 mA specification which yields 75 kW pulse power
and 50 W average power). The exclusion of highly con-
ductive copper as a material option makes managing the
concentrated energy deposition an even greater challenge.

Conceptual Design

The initial idea was to create a device similar to the exist-
ing one, but using Inconel® 625 (a nickel superalloy) as the
core material. However, whilst this offered advantageous
properties, mechanically and radiologically (as isotopes pro-
duced in nickel are short-lived) [7], its low thermal conduc-
tivity resulted in unacceptably high temperatures.

This prompted a more comprehensive redesign (Fig. 3)
with R4550® isostatically-formed graphite [8], which is used
extensively in beam-intercepting devices [9, 10]. However,
its porosity means it cannot serve as the vacuum chamber nor
host water-cooling channels. Hence, a shrink-fitted stainless
steel jacket with a helical cooling channel was introduced
with a precise interference to ensure good thermal contact.

A 3-point adjustable support platform and fiducial mark-
ers were included to facilitate full control of the alignment.
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Figure 3: CAD model vertical cross section — graphite
core (1) with cooling jacket (2).

Beam-Matter Interaction Studies

The Fluka Monte-Carlo simulation code [11, 12] was used
to simulate the beam-material interaction. This provided
a distribution of deposited energy density throughout the
material, highlighting the shallow penetration of around
20 um into the conical surface and high deposited energy
densities up to 34.2kJ/cm? per pulse in the 45 mA case.

Finite Element Studies

Thermal (steady-state and transient) and structural (steady-
state and quasi-static) finite element analysis (FEA) was
completed in ANSYS® Workbench 2020 R2 [13].

A two-scale modelling approach consisted of a coarse
global model (Fig. 4) of the core and cooling jacket plus a
finer sub-model of the beam-intercepting surface.
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Figure 4: Global model — temperature plot (end of pulse).

Meshing created a global model with 432 000 elements
and a sub-model with 78 000 elements with sizing controls
used to match the array of energy deposition data. Element
aspect ratio was unavoidably high; however, with small de-
formations and well-formed elements, this was deemed ac-
ceptable and confirmed by basic mesh convergence studies.

Thermal boundary conditions in the global model con-
sisted of a convection condition applied on the water-cooling
channel with 25 °C fluid temperature and a heat transfer co-
efficient of 7000 W/m?K, plus the beam loading applied as
a 2D surface heat flux (flattened from the 3D energy deposi-
tion array). Then, in the sub-model, temperatures from the
global model were transferred to the cut boundary surfaces,
and the beam loading was applied with a higher-fidelity
three-dimensional distribution of heat generation.
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Structurally, the shrink-fitting pre-stress was accounted
for by including the real interference in the global model
geometry and resolving the contact to a specified penetration
tolerance at the beginning of the simulation. A fixed support
boundary condition was applied on the downstream jacket
edge which will be welded to the downstream flange. In the
sub-model, cut-boundary displacements were transferred
from the global model. In both cases, the temperature re-
sults from thermal simulations were applied to simulate the
thermal stress.

The sub-model results (Table 1) indicated, in the 45 mA
case, a peak temperature of 1054 °C. Although high, this re-
mains below the limits imposed by the onset of sublimation.

Table 1: Selected Thermo-Structural FEA Results — Full
Dumping of 800 us Pulse

Result 27mA  45mA
Steady state max. temperature [°C]  35.2 422

Transient peak temperature [°C] 629.8 1054.2
Minimum principal stress [MPa] (-)46.9 (-)75.7

Stresses in the core are generally compressive owing to
the shrink-fitting stress. In the region of maximum stress,
bi-axial compression dominates. The failure criterion is
therefore considered simply as when the minimum principal
stress exceeds the compressive strength. For bi-axial com-
pression, this is consistent with the Mohr-Coulomb criterion
implemented in ANSYS®. Comparing the worst case mini-
mum principal stress with an ultimate compressive strength
of 130 MPa yields an acceptable factor of safety of 1.7.

The calculation to specify the shrink-fitting interference
between the core and cooling jacket was carried out analyt-
ically in the first case, using the Lamé equations for thick
cylinders, and later with finite element simulations. Manu-
facturing limitations required that calculations be made at
the limits of the tolerances so as to ensure sufficient interface
pressure and acceptable stresses in all cases. The diametric
interference specified was 30-70 um.

Fatigue

A phenomenological S-n curve assessment of fatigue due
to the 0.83 Hz pulse-cooldown cycle highlighted slim safety
margins, although uncertainties were large owing to a lack
of material data. A second calculation considered that the
cyclic stresses are extremely superficial, and that even if a
crack were to exist on the inner core surface penetrating to a
depth of 0.3 mm (where the stress is effectively non-cyclic),
the crack tip stress intensity factor would likely not exceed
the fracture toughness and the crack would not propagate.

Cooling System Performance

Cooling system calculations were performed with analyti-
cal equations using the empirical Dittus-Boelter correlation
for calculation of the Nusselt number and thus the heat trans-
fer coefficient. With the 6 mm square channel specified, this
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yielded an estimated heat transfer coefficient of 7000 W/m2K
which was then applied in the FEA studies.

Preliminary CFD analysis broadly confirmed the analyti-
cal findings, although velocities near the inner wall may be
reduced by centrifugal effects. However, the system is not
considered particularly sensitive to this as critical tempera-
tures are dominated by local conduction on a short timescale.

Microstructural Effects

Whilst temperatures in the homogeneous FEA were well
below sublimation point, there is some concern that iso-
lated grains in the microstructure of graphite with reduced
capacity for conduction could reach higher temperatures.

An analytical micro-model of an isolated 10 um grain of
graphite with the peak deposited energy density applied and
radiation to the surrounding bulk material modelled by the
Stefan-Boltzmann law indicated temperatures may indeed
reach sublimation point.

In a parallel approach, integrating the specific heat capac-
ity over temperature up to 3800 K yields an energy require-
ment of 7050kJ/kg. Filtering the energy deposition map
by this threshold gives a region (accounting for up to 45%
or 48 J of energy deposition) in which isolated grains may
adiabatically reach this temperature. If a sublimation energy
requirement of 41 900 kJ/kg is now considered (adding la-
tent heat to the previous figure), and assuming that 1% of
the material consists of isolated grains, then the sublimation
rate is estimated as 1.14 x 10~8 kg per pulse.

If sustained, this equates to 0.034 g per hour, which would
be unacceptable. However, as isolated grains sublimate,
the vulnerable portion of material is expected to deplete,
meaning sublimation may cease after an initial “bake-out”
period. Re-condensation and deposition may also occur.

Experimental tests in a 45 keV test stand are planned to
assess this potential for surface degradation under low energy
beam conditions.

Device Production

Trials have been carried out to verify the assembly pro-
cess and associated precision manufacturing requirements.
Shrink-fitting requires that the core and jacket be heated to
250 °C such that different degrees of thermal expansion gen-
erate a clearance to allow insertion of the core. Metrology
analysis of the interface surfaces will ensure compliance
with tolerances and reduce uncertainty over the interface
pressure, thermal contact and stresses in the core.

The graphite will also undergo vacuum firing treatment to
reduce outgassing at high operational temperatures, followed
by residual gas analysis to assess vacuum compliance.

CONCLUSIONS

Building on past operational experience, a new design
for CERN’s Linac4 Chopper Dump has been proposed and
analysed. Whilst further studies on the integrity of graphite
under shallow beam penetration are ongoing, the device is
foreseen to be installed in 2022/23.
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