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Abstract

At the European Spallation Source (ESS) in Lund (Swe-
den), the commissioning of the high-power normal conduct-
ing linac started in 2018. This paper deals with the beam
destinations for the commissioning phases with initially the
proton source and LEBT, then the MEBT and lately four
DTL sections. The beam destinations were designed to with-
stand the ESS commissioning beam modes (with proton
current up to 62.5 mA, pulse length up to 50 ps and repe-
tition rates up to 14 Hz). The EPICS-based control system
allows measurements of the proton current and pulse length
in real-time; it controls the motion and the power suppliers,
and it also monitors the water cooling systems. Special focus
will be on the results of thermo-mechanical simulations in
MCNP/ANSYS to ensure safe absorption and dissipation
of the volumetric power-deposition. The devices’ materials
were chosen not only to cope with the high-power proton-
beam, but also to be vacuum-compatible, to minimize the
activation of the beam destinations themselves and the resi-
dual dose nearby. The results of neutronics simulations will
be summarized with special focus on the shielding strategy,
the operational limits and relocation procedures.

INTRODUCTION

The European Spallation Source (ESS) is going to be a
5 MW pulsed neutron source, relying on a 2 GeV proton
linac to produce neutrons via the spallation process [1]. Once
fully installed and commissioned, the linac will deliver 2.86
ms long proton pulses with 14 Hz repetition rate. The proton
linac comprises firstly the NCL (Normal Conducting Linac)
and secondly the SCL (Super Conducting Linac).

First of all, the NCL commissioning started in fall 2018,
with protons initially dumped on the Faraday cup (FC) in the
Low Energy Beam Transport line (LEBT) [2]. Following
the RFQ conditioning and the installation of the Medium
Energy Beam Transport (MEBT) [3], the commissioning
continued up to the MEBT Faraday cup [4] between fall
2021 and spring 2022. In June 2022, the protons were ac-
celerated for the first time through the first Drift Tube Linac
section (DTL1) and dumped in the shielded Faraday cup
downstream the DTL1 section [5]. After the installation of
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three additional DTL sections [6], the protons were acceler-
ated and transported down to the DTL4 section and dumped
in the DTL4 Faraday cup in April 2023. Each Faraday cup
was designed for specific proton energies and the foreseen
beam power density. Table 1 lists the beam destinations that
were operational during ESS NCL commissioning phases,
as well as the average beam power and the calculated peak
temperature.

Table 1: List of beam destinations used for the subsequent
phases of the ESS NCL commissioning, at increasing proton
energy (E) and average proton beam power (P). The corre-
sponding maximum core temperature (T) was computed via
thermo-mechanical simulations.

Destination E P T
(MeV) W) O
LEBT FC 0.075 0.005 800
MEBT FC 3.6 16 960
DTL1 FC 21 170 620
DTL4 FC [21, 74] 323 1010
GOALS

During the ESS NCL commissioning, four Faraday cups
were used as beam destinations, in place of expensive and
bulky beam dumps. The goals of the Faraday cups were to
fully stop the proton beam, to safely absorb and dissipate
the beam power, and to provide real-time measurements of
the proton current as well as the pulse length. In addition,
the DTL FCs had to be installed in a dedicated shielding for
the following three reasons: (I) tunnel accessibility during
commissioning, (II) installation work in the SCL in paral-
lel to the commissioning, and (IIT) dismantling within few
weeks after the end of the DTL1 and DTL4 commissioning.
All the beam destinations were operated under ultra high
vacuum, water-cooled and movable in/out of the beam line
by means of a pneumatic actuator.

The beam-intercepting components were designed to with-
stand the so-called commissioning beam modes: Probe-
beam (6 mA, 5 ps, 1 Hz), Fast-tuning (62.5 mA, 5 ps, 14 Hz),
and Slow-tuning (62.5 mA, 50 ps, 1 Hz). In addition, the
LEBT FC can withstand also the so-called Production-mode
(62.5 mA, 2860 ps, 14 Hz).
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The control-system relied on EPICS [7] for: I) monitoring
the status of the water cooling systems, II) controlling the
high-voltage and the motion in/out of the beam line, III)
the data acquisition (DAQ) and IV) the timing synchroniza-
tion [8]. The pTCA is the adopted technology for high speed
processing and communication interfaces. For the ESS Main
Control Room, Operator Interfaces were developed in Phoe-
bus. For instance, the measured proton pulses, the history
of the maximum proton current during the last 20 minutes
and the status of the water cooling system were constantly
monitored. In particular, the DAQ allowed the beam current
ranging from 0.1 mA to 65 mA with an accuracy better than
1% and a time resolution better than 1 ps. Figure 1 shows
two representative examples of measured proton pulses by
the LEBT FC and by the DTL4 FC.
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Figure 1: Example of proton pulses measured by: (top) the
LEBT FC and (bottom) the DTL4 FC.

WORKFLOW AND CHALLENGES

The workflow for each Faraday cup from the conceptual
design to the operation in the ESS proton linac is summarized
as follows:
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1. DESIGN: including thermo-mechanical simulations of
the beam-intercepting devices, calculations of activa-
tion and residual dose-rates, shielding design, CAD
modelling and integration in the overall linac model.

2. PRODUCTION: including the call of tenders, final
design review, manufacturing, assembly and factory
acceptance tests.

3. INSTALLATION: including acceptance tests, instal-
lation in the linac, cables and water pipes connec-
tions, electronics and rack installation, DAQ calibration
(ADC/mA), survey and alignment, verification of the
control system and verification without beam.

4. DOCUMENTATION of technical reports, test results,
licensing and review reports.

5. OPERATION: including the definition of the opera-
tional limits, verification with beam, verification of
the operator interfaces, control-room shifts and data
analysis of commissioning results.

During the design phase, the main challenges were posed
by the limited space for allocating the beam-intercepting
devices to be exposed to demanding beam power-densities.
In fact, the available space was very limited both outside and
inside the beam line. In particular, the beam-intercepting
components had to be designed with high-strength, heat-
resistant and radiation-resistant materials. Moreover, the
devices were designed with the intent of minimizing the
radiation-induced activation. The computing time for the
Monte Carlo simulations in MCNPX [9] were significantly
reduced by running on the DMSC cluster [10].

During the manufacturing and testing phase, the main
challenges were posed by the tight schedule and the limited
availability of materials caused by the COVID-19 pandemic.

During the commissioning phases, the main challenges
were the definition of the operational limits while no mea-
surements of the beam size, beam emittance nor the beam
energy were possible. Therefore, thermo-mechanical calcu-
lations allowed to predict and avoid conditions that could
have induced permanent damages to the devices, caused
linac downtime or contamination of linac cavities.

In the following sections, highlights are given for each
beam destination. The recent developments and results are
summarized in order to provide an update to the previously
published information and results in [11-13].

LEBT FC

The Faraday cup (FC) in the Low Energy Beam Transport
(LEBT) line was designed at ESS [14] and manufactured by
Pantechnik in 2014 [15]. A second unit was manufactured in
2019 in order to support the testing of the second ESS proton
source and in case a replacement is needed, too. Both LEBT
Faraday cups are visible in Fig. 2 when they were installed
in a vacuum tank for testing their pneumatic actuators, the
motion and HV control system.
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The actual cup is entirely made of copper, with two sepa-
rate cooling loops: one for the front repeller and one for the
conical copper body. In 2017, the LEBT FC supported the
very first tests on the ion source at the INFN Catania division
in Italy. Since September 2018, the LEBT FC contributed to
all the four NCL commissioning phases. The current mea-
surements by the LEBT FC were useful for: proton-source
characterization [16] as well as to pave the way for instal-
lation, test and verification procedures of beam diagnostics
devices [17]. The LEBT FC was also useful in order to study
the impact of the proton source repeller on the space charge
compensation [18].

o Ze
Figure 2: The two LEBT FC in the tank for testing prior to
installation in the ESS linac.

MEBT FC

The Faraday cup (FC) in the Medium Energy Beam Trans-
port (MEBT) line was designed by ESS-Bilbao [19] and
manufactured by Pantechnik [15]. A spare unit was pro-
duced by Pantechnik in 2021, too. The MEBT FC has been
operational since November 2021. The main challenge of
keeping the thermal load and stresses below the mechani-
cal limits was solved by shaping the collector surface in a
saw-tooth path (see Fig. 3). During the design phase and for
defining the operational limits, dedicated beam power den-
sity calculations and thermo-mechanical calculations were
performed in MCNPX [9] and ANSYS [20], respectively.

During the operation of the MEBT FC as well as all the
other FCs, the temperature of the water cooling was con-
stantly monitored; the temperature of the cooling water and
the water flow had dedicated interlocks. In Fig. 4, it is possi-
ble to observe that the cooling water temperature remained
below 20.3°C while sending the nominal proton current
(62.5 mA) to the MEBT FC in the Slow-tuning mode. It
is also possible to observe that the readings from the water
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Figure 3: Calculated temperature distribution in the MEBT
FC graphite collector, zoomed in the central part of the saw-
tooth surface, after 3.6 MeV protons. The peak value is just
130 pm deep into the graphite.

temperature sensors follows the current measurements after
several seconds.

DTL1 FC

The Faraday cup (FC) for the commissioning up to the
first Drift Tube Linac (DTL1) was designed at ESS and
manufactured by RadiaBeam Technologies in 2020 [21].

The DTL1 FC acted as beam dump during the DTL1
commissioning, with typical beam power densities in the
order of MW/cm?. The DTL1 FC was temporarily installed
in its dedicated shielding located at the exit of the DTL1
section. The actual cup stopped up to 21 MeV protons and
has a remarkably small thickness of 27 mm, driven by the
spatial constraints in its future and permanent location within
the DTL2 intertank. Further details regarding the design
and the performance of the DTL1 FC can be found in [22].

Here, it is worth noticing that the device has an entrance
foil made of graphite that entirely stops the low energy pro-
tons fallen out of the RF bucket. The graphite collector is
isolated from the rest of the cup body to measure the current
of protons at the nominal 21 MeV energy. It was therefore
possible to perform phase scans [23] at different amplitudes
of the DTL1 accelerating field in the range [2.7, 3.1] MV/m
(see Fig. 5). In addition, the DTL1 FC foil reduces the en-
ergy of protons at the nominal energy and scatters the beam,
so that the thermal load on the collector is reduced.

At the end of the DTL1 commissioning, the low residual
dose-rate in the vicinity of the DTL1 FC (below 2 pSv/h,
after 8 hours of decay time), allowed the relocation of the
dump and its shielding the day after the commissioning was
over, thus quickly leaving the floor for the installation of the
DTL2-3-4 sections.
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Figure 4: Measurements as a function of the time: (blue) proton current in the MEBT FC and (orange) temperature of the
MEBT FC cooling water. Values were extracted from the EPICS [7] Archiver Appliance.

DTL4 FC

The Faraday cup (FC) for the commissioning up to the
fourth Drift Tube Linac (DTL4) [24] was designed at ESS

and manufactured by RadiaBeam technologies in 2021 [21].

Details about the design and performance can be found in
[25]. The DTL4 FC was originally intended to dump protons
in the [57, 74] MeV range, but actually also stopped protons
down to 21 MeV whenever it was unexpectedly impossible
to achieve the full acceleration in the DTL. At such low
energy, the proton current was limited up to 6 mA, following
the results of the thermo-mechanical calculations. Contrary
to all the other FCs, the DTL4 FC does not have a biased
repeller mainly because of lacking space to include a repeller
in addition to the entrance foil, the collector, the heat sink
and the water pipes within a cylindrical envelope with just
R=60 mm and h=33mm. Moreover, the secondary emission

-e- 2.7MV/m
—— 3.1 MV/m

AVERAGE PROTON CURRENT on DTL1 FC (mA)
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Figure 5: Average proton current measured by the DTL1
FC, as a function of the DTL1 RF phase, after two values of
the accelerating DTLI1 field.
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yield is larger at the lower proton energies stopped by the
LEBT, MEBT and DTL1 FCs.

Similarly to the DTL1 FC case, the DTL4 FC was in-
stalled in a dedicated shielding that allowed the tunnel ac-
cess for maintenance during the DTL4 commissioning, and
storage for four weeks at the end of the commissioning. MC-
NPX/CINDERY0 [26] calculations were performed to de-
termine the activation and residual dose rates before dis-
mantling of the dump and its shielding. Figure 6 shows the
computed neutron fluences and the residual dose rates in
the region of the DTL4 FC shielding. During the routine
checks, measurements confirmed the calculated dose value
of 150 pSv/h at the shielding aperture close to the DTL4 exit.
The central part of the shielding was made of carbon steel
for shielding fast neutrons, whereas the outer part is made
of concrete blocks arranged in a modular structure. The
dismantling was possible after four weeks of decay, while
the residual dose rate at 30 cm from the dump was about 1
mSv/h. Once the DTLS is in place, it is planned to install a
Faraday cup within the DTL4 intertank.

CONCLUSIONS AND OUTLOOK

This paper summarized the last five years of operations
of the beam destinations during the commissioning of the
ESS normal conducting linac. The devices acted as beam
dumps and provided measurements in real-time of the proton
current as well as the pulse length. Monte Carlo and thermo-
mechanical simulations were key tools not only during the de-
sign phase, but also during the commissioning phase when it
was not possible to actually measure the beam size, the beam
emittance nor the beam energy. The simulations allowed to
select high-strength, heat-resistant and radiation-resistant
materials to withstand the demanding beam power density
and the radiation environment. In particular, the DTL FCs
had to be shielded in order to simultaneously allow the NCL
commissioning and the SCL installation.

Beam Instrumentation and Interaction Devices
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Figure 6: Calculated (left) neutron fluences after 74 MeV protons on the shielded DTL4 FC, and (right) residual dose rates
after 50 hours of continuous beam on the DTL4 FC at the average current of 1pA.

The control-system of all the Faraday cups relied on
EPICS for the water cooling system, the high-voltage control,
the motion in/out of the beam line, the timing synchroniza-
tion and the data acquisition. The data analysis will continue
and the current measurements will be compared with the
beam current monitors upstream. The permanent installation
of the DTL FCs in the compact DTL intertanks will require
dedicated motion reliability tests and careful alignment.

Four Faraday cups will be permanently installed in the
ESS proton linac in the decades to come: one in the LEBT,
one in the MEBT, one in the DTL?2 intertank and one in the
DTL4 intertank. For all the FCs, preventive maintenance
will include routine maintenance of the actuator, cooling
system, cables and connectors in order to keep the devices
up and running for decades and avoid costly linac downtime.
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