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COMMISSIONING OF THE LOW-ENERGY PART OF LINAC4
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Abstract

The Linac4 front-end (3MeV) was first commissioned
in a dedicated test stand and then moved to its final
position in the Linac4 tunnel. Accelerating cavities will
be added progressively over two years to allow the
characterisation of the beam with a dedicated
measurement line at several energy stages (3,12,30,50,
100 and finally 160MeV). This paper reports about the
progress and the commissioning experience up to today.

INTRODUCTION

Linac4is a 160 MeV H linear accelerator presently
under construction at CERN. It will replace the present
50 MeV proton Linac2 as injector of the CERN PS
Booster, as a first step of the LHC Injector Upgrade
project. A sketch of Linac4 is shown in Fig. 1 and a

detailed description of the layout and beam dynamics can
be found in [1,2]

The pre-injector includes a source followed by a Low
Energy Beam Transport at 45 keV, a Radio Frequency
Quadrupole which accelerates the beam to 3MeV and a
Medium Energy Beam Transport line (MEBT). The
MEBT, 3.6 m in length, houses a fast chopper with the
purpose of removing selected micro-bunches in the 352
MHz sequence and therefore avoid losses at capture in the
CERN PSB (1MHz). Presently the preferred scheme
envisages to chop out 133 bunches over 352 with a
resulting average current reduced by 40%. The beam is
then further accelerated to 50 MeV by a conventional
Drift Tube Linac (DTL) equipped with Permanent Magnet
Quadrupoles (PMQ), to 100 MeV by a Cell-Coupled Drift
Tube Linac and to 160 MeV by a Pi-mode structure. The
focusing after 100 MeV is provided by Electromagntic
Quadrupoles (EMQ) whereas between 50 and 100 MeV
by a combination of PMQs and EMQs.
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Figure 1: Sketch of Linac4.
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COMMISSIONING STAGES

Linac4 is being commissioned with the aim of reaching
the final energy in 2015. The commissioning is staged
both for simplifying the task as well as for matching the
production schedule of the different accelerating
structures. The so-called pre-injector, including the
source, the Low Energy Beam Transport, the Radio
Frequency Quadrupole and the Medium Energy Beam
Transport Line has been commissioned in a dedicated test
stand before being installed in the final location with the
final power supplies and control system. Since October
2013 the commissioning takes place in the final location,
the underground tunnel, where periods of beam
commissioning are interlaced with period of installation.
Six commissioning stages are planned, at the energies of
45 keV, 3 MeV, 12 MeV, 50 MeV, 100 MeV and finally
160 MeV. After the final energy is reached, Linac4 will be
run for about 12 months to assess its reliability and to
improve it if necessary. At the time of writing, the 12
MeV stage has been started, although with a temporary
version of the ion source. At each stage a dedicated suite
of diagnostics has been temporarily installed to address
the specific needs of that particular stage. At each stage
the transverse emittance, the average energy and energy
spread have and will be measured, with some extra
specific measurements which will be detailed in the
following.

MEASUREMENTS

Some of the measurements that follow have been taken
at a dedicated test stand during the period January 2012-
June 2013 [3], others in the final location in the tunnel
starting October 2013. Unless necessary, the location and
time of the measurements are not indicated and the
chronological order is not respected.

Measurements at 45 keV

The 45 keV stage comprises a temporary source giving
about 20 mA of H’, two solenoids for matching to the
RFQ and a pre-chopper located in between the solenoids.
A profile harp and a beam transformer are located
between the two solenoids as well. A gas injection
system, capable of injecting different gases (hydrogen and
nitrogen) and controlling the pressure to 10° mbar, is
used to influence beam neutralisation during transport to
the RFQ with the intention of enhancing beam quality.
Temporary diagnostics including a slit-and-grid emittance
metre and a spectrometer have been installed at different
locations along this 2 m long line. Measurements of
emittance have been taken under different source regimes,
different gas pressures and for different solenoid’s
settings. The aim of these measurements is to gain an
understanding of the dynamics in the LEBT, to correlate
the phase space portraits at the RFQ input plane with the
solenoid settings and to reconstruct a representative beam
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distribution to be able to predict with sufficient accuracy
the behaviour of the beam further down the accelerator.

The first measurements were done after the first
solenoid with the set-up shown in Fig. 2.

Solenoid
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Figure 2: Set-up for emittance measurements at 45 keV.

Emittance measurements were taken for different
solenoid settings in both transverse planes at a fixed
source configuration. A series of 5 measurements, for
increasing solenoid field is shown in Fig. 3. For
simulations, a beam is created from the measured
transverse phase spaces, and populated with a cloud of
500k macro-particles using a dedicated module built into
the PATH code [4] and interfaced with the measurement
system. The two transverse planes are assumed to be
uncorrelated as information on the cross-correlation
cannot be gained with a slit and grid system. The cloud of
particles mimicking the measured data has been back-
traced to the source output. The beam distribution
obtained for the five cases of Fig. 3 is shown in Fig. 4. We
can notice that the phase space tracked back to the source
is consistent for the five cases and most importantly is
consistent with what is expected out of the source from
IBSimu simulations (a strongly divergent beam with a
radius of 25 mm) [5]. After this stage we have an input
distribution that very well represents the distribution that
comes out of the source. Matching to the next stage of
acceleration has been done starting from this input
distribution and using statistical computer optimisation
techniques to find the solenoid settings that optimise
transmission and beam quality into the RFQ acceptance.
These settings were confirmed by a series of emittance
measurements at the location of the RFQ input plane.
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Figure 3: Transverse phase space profile for increasing
solenoid field, units of mm and mrad.
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Figure 4: Transverse phase space profile of Fig.3 back-
traced at the source output, units of mm and mrad.

The emittance measurement device acquisition can be
gated in 6 us slices which allows observing the evolution
of the emittance along a single pulse (standard length
200-400 ps) and hence the time dependent effects of
neutralisation. The emittance along the pulse at the

approximate location of the RFQ is shown in Fig. 5.

Different curves correspond to different pressures in the
LEBT [6].
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Figure 5: Twiss beta parameter (top) and un-normalised
emittance (bottom) along the beam pulse for different
pressure in the LEBT.
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The variation of the emittance parameters along the
pulse is a clear effect of neutralisation. We also confirmed
that the LEBT pressure influences neutralisation: the
higher the pressure the faster the emittance reaches
stabilization, although unfortunately at a higher value. It
is not clear from measurements in the LEBT which
pressure is the optimal and only measurements after the
RFQ will be able to tell.

At the end of this stage a 16 mA H beam was matched
to the RFQ acceptance. As the source is not yet the final
one, the emittance of the beam exceeds the acceptance of
the RFQ and a transmission of about 75% is expected,
instead of the nominal 90%.

Measurements at 3 MeV

A beam was very swiftly accelerated to 3 MeV after
connecting the RFQ to the LEBT and setting the
solenoids to the values predicted by PATH [4]. The
maximum expected transmission of 75% was obtained
within hours. The correct functioning and the calibration
of the RFQ were further confirmed by measuring the
transmission of accelerated particles through the RFQ
when varying the RF power and comparing it to the
expectations from PARMTEQ [7] and TOUTATIS [8].
The results are shown on Fig. 6. A very good agreement is
obtained thus validating the RFQ mechanical and
conceptual design, the RF calibration and the simulation
accuracy. This measurement was repeated after the RFQ
was moved into the final location in the tunnel to confirm
that no damage had occurred during the transport.

80 L - ]
S0 %‘Q'Q oB o’ 0
= X
£ izt
@0 % &
%DSO x i
3 L]
2 X * P=5E-7 mbar
< a0 —
s *o = P=1E-6 mbar
2 30 —
& P=3E-6 mbar
o 20 —
= £y ® Simulation
N | | |
0

150.0 200.0 2500 300.0 3500 4000 4500 500.0
RF power in the RFQ (kW)

Figure 6: Transmission vs. RF power in the RFQ for
different LEBT pressure. The nominal RFQ power is
400kW. Simulations in light blue dots.

After confirming the performance of the RFQ, the 3
MeV beam was passed through the MEBT line and
analysed in the temporary diagnostics line. The MEBT
line is composed of eleven EMQs, three buncher cavities
and an electro-static chopper system integrated in the
quadrupoles. Diagnostics including two wire scanners and
two beam transformers are located permanently in the line
whereas a diagnostics bench comprising a slit-and-grid
emittance meter, a spectrometer, a laser and diamond
detector, a Bunch Shape Monitor (BSM) and a halo
monitor was fitted temporarily at the end of the line.
There are multiple issues to address in the MEBT line:
first and foremost the correct functioning of the chopping
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system [9]. The chopping system is composed of 4 plates
with a meander line which are meant to selectively kick
unwanted micro-bunches so that they are fully separated
in phase space at the end of the 800 mm long plates.
Subsequently the beam enters a system of three
quadrupoles (and a buncher) set such that the separation
in phase space is transformed into a separation in real
space and the unwanted bunches can be safely disposed of
on an in-line dump (a section of a cone that limits the
beam aperture over 20 cm). This choice has allowed
limiting the voltage needed on the chopper plates and
keeping the system as compact as possible but it has the
drawback that the dynamics of the through-beam is
strongly coupled to the dynamics of the chopped beam, as
the same three quadrupoles have to guarantee maximum
transmission through the cone for the main beam and
maximum extinction factor for the chopped beam.
Measurements of the chopping efficiency were a high
priority for Linac4. The results are reported in the
following.

First the current in a beam transformer downstream the
inline dump (BCT04040) has been measured as a function
of the quadrupole (L4L.QFC03130) settings between the
chopper and the dump. Results are shown in Fig. 7. The
top curve shows the transmission of the main beam, the
bottom curve the transmission of the chopped beam. It
was confirmed that it is possible to maximise the
transmission of the main beam and extinguish the
chopped beam simultaneously.
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Figure 7: Measured Current in BCT04040 (mA) vs
LAL.QFC03130

The two, fully separated beams are also visible at the
time-resolved wire scanner located in the vicinity of the
dump, see Fig. 8. It was also confirmed that emittance of
the main beam didn’t change either in orientation or in
size when the chopper was turned on.

The transverse emittance of the main beam was
measured with three different methods: a traditional slit-
and-grid emittance meter, a newly designed laser-plus-
diamond detector [10] and an indirect method based on
reconstructing the emittance from several profile
measurements at varying quadrupole settings [11]. The
main purpose of this campaign was to cross-check the
indirect method against a direct one as for the higher-
energy stages a direct method is not foreseen.
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Figure 8: Beam transverse profile on the wire scanner
before the in-line dump. Top : A profile (solid black line)
is taken every 6 us. Bottom : Profile of a slice of the
main beam . Horizontal scale in mm, vertical a.u..

The values of the emittance obtained with the 3
methods are consistent as all measurements considered
are within 10% of each other (see Table 1). The alpha and
beta parameters of the measurements differ because they
have been taken at different locations of the line, but
when tracked to the same location they are consistent as
well. The most difficult part in this analysis was to choose
the appropriate threshold for each case. Finally the best
approach turned out to be choosing the minimum
threshold on the raw data, which is not necessarily the
same threshold for the three different measurement
methods. More details can be found in [11].

Table 1: Transverse emittance

Method Ex Ey Threshold
normrms norm rms

Slit-grid 0.27 0.24 1%

Laser-diamond 0.27 0.27 0.1%

From profiles  0.31 0.34 0.5%

The diagnostics bench is equipped with a Bunch Shape
Monitor BSM [12], a device capable of measuring the
phase extent of the micro bunch, by analysing the time of
arrival of electrons emitted by a wire positioned in the
beam. The BSM is located 4.9m from the RFQ and 4.4m,
29m and 1.6m from the three buncher -cavities
respectively. We have used the BSM to measure the beam
phase extent for different amplitudes and phases of the
second buncher. Starting from those measurements we
have been able to reconstruct the longitudinal beam
emittance, compare it with our expectation from the RFQ
simulations and compare the energy spread with the direct
measurements at the spectrometer [13]. The results are
summarised in Table 2.
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Table 2: Longitudinal emittance

Method Erms AW
deg MeV MeV

simulations 0.19 0.022

From BSM 0.16 0.021

phase profiles

spectrometer - 0.019

Measurements at 12 MeV

Before moving the temporary bench, the MEBT
settings for matching the beam to tankl of the DTL were
found. The transverse phase spaces are compared to the
matched beam in Fig. 9. The longitudinal matching and
the corresponding buncher settings have been found with
the help of the BSM and the spectrometer. The expected
transmission through the DTL with the measured beam is

o 3458 et

Figure 9: Measured transverse beam phase space (colour)
compared to the nominal matched beam (grayscale) at the
input to the DTL.

The commissioning of the first DTL tank started with
the RF buncher cavities between the RFQ and DTL
switched off, with the purpose of sending into the DTL a
quasi-continuous beam and sampling the empirical
longitudinal acceptance, which is a key to finding the
correct longitudinal matching. Preliminary measurements
are shown in Fig. 10.

Transmission through DTL tank1
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Phase of DTL tank1 - degrees at 352 MHZ

Figure 10: Transmission through the DTL tankl vs. DTL
phase for bunchers off and bunchers on.

CONCLUSION

Linac4 has been commissioned with a temporary
source up to the energy of 12 MeV. Measurements of
transmission, emittance and profiles have been taken at
several locations along the accelerator with the help of a
movable diagnostics bench. The results of the
measurements have been compared with the expectation
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from simulations and a sound model of the beam
dynamics in the machine has been obtained. The beam
input distribution for the simulation has been obtained
from measurement data. The dynamics in the LEBT, in
the RFQ and in the chopper line have been verified, as
well as the acceleration to 12 MeV.

The thorough analysis of the LEBT and the success
obtained with the reconstructed beam makes us confident
that we will be able to retune Linac4 once the source will
be changed to the final one, given that the beam
distribution will be measured before installation.
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