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Abstract — A special radio-frequency manipulation has been studied and successfully imple-
mented at the CERN Proton Synchrotron for the first time. This technique aims at depleting a
well-defined fraction of a continuous longitudinal beam distribution by creating a so-called barrier
bucket. In addition to the intrinsic interest for its originality, this approach has an immediate
application at CERN in combination with the Multi-Turn Extraction scheme. The combination
of these two exotic techniques into a single, highly sophisticated process allows to dramatically
reduce the beam loss at PS extraction, thus opening the door to the production of high-intensity
proton beams for future fixed-target experiments at the CERN Super Proton Synchrotron.
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Introduction. — Since the introduction of the Multi-
Turn Extraction (MTE) as an operational beam manipu-
lation in the CERN Proton Synchrotron (PS), the losses of
high-intensity proton beams delivered to the fixed-target
physics facilities at the CERN Super Proton Synchrotron
(SPS) have been greatly reduced [1-5] with respect to
the previously applied Continuous Transfer (CT) extrac-
tion method [6,7]. MTE is a technique based on beam
splitting in the transverse horizontal plane by means of
trapping particles into stable resonance islands generated
by non-linear magnetic fields, such as sextupoles and oc-
tupoles [1,8,9]. Although the losses in the transverse plane
have been cured by this new extraction technique, resid-
ual losses originate from the fact that the SPS requires the
beam from the PS to be debunched and modulated with
a 200 MHz structure prior to extraction. During the ex-
traction process, fast dipoles, which are also referred to as
kickers in the following, are used to deflect the beam out of
the PS ring. The residual losses are generated during the
rise time of these kickers, as particles are swept through

(2) E-mail: mihaly.vadai@cern.ch (corresponding author)

the blade of the magnetic extraction septum, where they
are eventually lost. These losses lead to local irradiation of
accelerator equipment and consequently issues in terms of
hands-on maintenance and increased failure rate. A sketch
of the extraction scheme is shown in fig. 1.

In order to mitigate these losses, a so-called dummy
septum [10-14] has been developed and installed in the
ring (a layout of the PS ring with the main elements used
for the studies described in this paper is shown in fig. 2).
This well-shielded passive device is made to intercept the
particles during the rise time of the fast dipoles, thus shad-
owing the blade of the magnetic extraction septum.

The most efficient approach to further reduce the ex-
traction losses is to create a gap in the longitudinal beam
distribution, which has to be synchronised with the rise
time of the kicker magnets. If the duration of the longi-
tudinal gap matches the rise time of the extraction ele-
ments, the beam losses can be virtually reduced to zero.
Such a gap can be generated by means of special radio-
frequency (RF) gymnastics, which have been applied for
the first time in the PS ring in the framework of this
study.
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Fig. 1: Sketch of the principle of beam extraction with the
beam losses induced by the continuous longitudinal distribu-
tion. The rise time of the kickers is of the order of 390 ns, re-
ferring to the time needed to increase the kicker strength from
5% to 95% of the nominal value (one PS turn corresponds to
2.1 us).

The barrier bucket manipulation alone or the accelera-
tion with pulsed RF systems has been performed routinely
in different laboratories [15-19] and some of the applica-
tions also include purposes of loss reduction for single-turn
extraction. MTE is also part of the routine operation of
the PS machine [4] since the end of 2015 [2]. However,
the combination of both techniques with the associated
reduction of extraction losses has been successfully demon-
strated for the first time. Note that this implies master-
ing two sophisticated techniques, which, in principle, are
not fully decoupled. Their combination has shown that
the barrier bucket manipulation preserves the transverse
beam quality. Compared to the conventional debunching,
the longitudinal distribution is only altered close to the
barriers. Furthermore, clear intensity-dependent effects
(see, e.g., [20,21] for the case of transverse splitting) have
been observed in the past, but in spite of this, the novel
technique has provided excellent results independently of
the beam intensity used. Thanks to the new scheme, new
options become viable for future operation of fixed-target
beams in the CERN accelerator chain. Hence, combin-
ing MTE with the barrier bucket manipulation allows to
extend the performance reach of the fixed-target physics
programme at the SPS, possibly enabling novel physics
searches as studied by the CERN Physics Beyond Collid-
ers (PBC) working group [22,23].

Particle dynamics in a barrier bucket. — The elec-
tric potential generated by RF fields is suitable to con-
fine the charged beam particles into several stable regions,
called buckets, created by the RF cavities typically us-
ing a sinusoidal waveform, whose frequency is an integer
harmonic of the synchrotron revolution frequency. Thus,
the RF cavities are providing longitudinal focusing to the
beam, generating bunches of particles (see the left-hand
side of fig. 3).
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Fig. 2: Layout of the PS ring including the combined-function
main magnets (red and blue rectangles for the focusing and
defocusing parts, respectively, where the radial offset between
the rectangles accounts for the four different magnet types [24])
and the location of the key elements for MTE: sextupoles and
octupoles (element names starting with X or O), fast dipoles
for beam extraction (element names starting with K), mag-
netic (SMH16) and dummy (TPS15) septa, and wire scanners
(element names starting with W) for the measurement of the
transverse beam distributions. The position of the Finemet
cavity [25] used for the generation of the barrier bucket is also
indicated.
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Fig. 3: Comparison of a single-harmonic waveform and corre-
sponding longitudinal phase space (left) and a barrier bucket
waveform and corresponding phase space (right).

A single RF bucket can be generated using an isolated
sine pulse. However, if the voltage of the RF waveform is
inverted, a long, flat bucket all along the circumference of
the ring will be created (see the right-hand side of fig. 3).
This is called a barrier bucket [15]. The main character-
istic of a barrier bucket is that the confined particles can
drift freely, as in an unbunched beam, between the two
potential barriers. The basic description of the particle
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dynamics in a barrier bucket can be obtained by consid-
ering the Hamiltonian describing the synchrotron motion
of a single particle when an arbitrary RF voltage, V (t), is
applied to an accelerating RF cavity, namely [26,27]
Ul 2 LA

H(AE,At) = SRy AFE o ), (1)
where Tj is the revolution period of the particles having Fj
energy, which is taken to be constant in this application.
n = 1/44 — 1/4? is the slip factor (v is the relativistic
quantity and ~, is the value of v corresponding to the
transition energy), e is the elementary charge, and [ is
the relativistic factor. AFE is the energy deviation with
respect to Ey and At is the difference in the arrival time
of the particle with respect to the beginning of each turn.
A few trajectories corresponding to a constant value of
H have been plotted for two different RF waveforms in
fig. 3 (bottom).

The main feature of a barrier bucket is that off-energy
particles do not experience any change in AE during their
drift between the potential barriers. This can be achieved
if the RF voltage is zero in this drift region (see fig. 3,
right). The second condition is that the RF waveform
must be DC-free [15]. Apart from these two conditions,
the actual shape of the V-pulse is a free parameter. The
highest potential for a given amplifier peak output can be
achieved by a rectangular pulse, but such a pulse requires
a high-bandwidth RF system. In practice, the input wave-
form can be optimised as a trade-off between the depth of
the potential well and the bandwidth used. The freedom
in defining the shape of the waveform allows even to cre-
ate so-called thick barrier buckets with systems having a
lower bandwidth [28]. Note that waveform requirements
for accelerating barrier buckets are not considered here,
justified by the fact that beam loss reduction at constant
energy in conjunction with the MTE process has been the
main motivation for this study.

In order to generate a barrier bucket to further reduce
the extraction losses for MTE, a wideband RF cavity,
which has been installed in the PS ring in 2014 [29] (see
fig. 2) as part of a longitudinal feedback, can be used. The
cavity is loaded with Finemet” material, which makes it
usable in the frequency range from 400 kHz to well above
10 MHz.

Since the system made of the cavity and its amplifier
modifies the phase and the magnitude of the harmonics of
the input signal in a non-uniform way, a pre-distortion
scheme of the input waveform had to be developed to
achieve the desired output. Indeed, applying the ideal
waveform directly at the input of an RF system is usu-
ally not sufficient to produce a reasonably flat longitudinal
beam distribution between the potential barriers [16,30].
A better waveform quality can be achieved by linearising
the response of the RF system [31]. In particular, beam
manipulations that require a changing barrier potential,
such as compression, multiple injections, momentum min-
ing [17] or more sophisticated operations, usually ask for

eV (r)dr,

precise control of the flatness of the beam density in the
drift region of the barrier bucket. This can be obtained
by applying small corrections to the drive signal [32].

To achieve the required precision in the waveform syn-
thesis and facilitate a flexible implementation that allows
the parameters of the barrier waveform to be easily pro-
grammed, an arbitrary shape, beam synchronous, signal
generator based on programmable logic (FPGA) has been
developed. The input waveform to the amplifier and the
cavity can be calculated in a higher-level programming
language (Python) based on high-resolution measurements
of the cavity frequency response. Although fitting a single
polynomial to approximate the wide-band transfer func-
tion was found to be a good approximation of the global
system response, a combined, narrow-band interpolation
approach in the relevant frequency range lead to a more
precise barrier-bucket generation.

A number of tests has been performed in the PS as
part of the initial validation with beam of the new RF
gymnastics. These tests included measurements at injec-
tion energy and with different beam intensities, in order
to disentangle the effects related to the response of the
RF system from those due to beam-induced contributions.
A quasi-constant beam density after optimising the al-
ready linearised waveform was achieved.

Experimental and simulation results. — The trans-
verse beam splitting at the heart of MTE is performed at
constant beam momentum of 14 GeV/c¢ [1-4]. Before and
during the splitting process, the beam is longitudinally
confined into 16 RF buckets by the 10 MHz main RF sys-
tem of the PS [33]. Prior to extraction, the voltage is
normally reduced to zero and the beam is debunched. In
order to facilitate the handover from the main RF sys-
tem to the wideband one for the barrier bucket tests, the
voltage of the main RF system is gradually lowered while
the voltage of the barrier bucket system is increased. The
phase of the gap created by the barrier bucket system is
centred between two main RF buckets. An example of the
debunching from standard buckets into a barrier bucket is
shown in fig. 4.

The gradual disappearance of the bunches is clearly vis-
ible, with a symmetric gap appearing simultaneously in
the empty space between two bunches. A scan was per-
formed to synchronise the position of the barrier bucket
with the rise time of the fast dipoles so to minimise ex-
traction losses. After having completed this preliminary
setting up, the longitudinal beam density has been mea-
sured both in the PS ring just prior to extraction as well
as in the transfer line between the PS and SPS, and the
results are shown in fig. 5. In the upper part the beam dis-
tribution along the PS circumference is shown a few turns
before extraction. The gap generated by the barrier bucket
is clearly visible and the distribution in the drift space be-
tween the RF barriers is reasonably flat. In the lower part,
the longitudinal distribution is shown over five turns as a
result of the transverse splitting. The single gap visible
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Fig. 4: Re-bucketing into a barrier bucket at total beam inten-
sity of 1.87 x 10*® p. The voltage of the main accelerating RF
system is lowered and simultaneously that of the wide-band
system is increased. Finally, the amplitude of the 200 MHz
system is raised within about 1 ms to reach full voltage at ex-
traction. The vertical time axis represents a little more than
one PS turn, Thp = 2.1 us. The colour scale represents the lon-
gitudinal line density.
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Fig. 5: Longitudinal beam profile measured in the PS prior
to extraction (top) and after extraction in the transfer line
between PS and SPS (bottom). Note the five-turn structure
in the transfer line, which is generated by MTE. The gaps
generated by the barrier buckets are clearly visible. The high-
frequency modulation is generated by a 200 MHz RF system
in the PS, which is required by the SPS to receive the beam
correctly.

in the distribution in the PS ring is replicated four times
and also in this case the distribution is reasonably flat be-
tween the gaps. Note that the high-frequency oscillations
are generated by the 200 MHz RF system that is used to
modulate the longitudinal beam density. Additional op-
timisation of the waveform of the barrier bucket should
be performed to improve the flatness of the longitudinal
beam distribution, but this is a second-order effect and
has no impact on the losses at PS extraction. Note that
the low-frequency modulation is present in MTE beams
without the barrier bucket and its origin is being actively
investigated and represents a coupling between transverse
and longitudinal motion.

In addition, the longitudinal beam quality shows less
degradation than expected [16] during the whole process.
Qualitatively, the absence of major longitudinal blow-up
can be deduced from the smooth evolution of the bunch
profile during the re-bucketing process from 16 bunches
into the barrier bucket (see fig. 4), with only a minor frac-
tion of the beam remaining partially bunched.

For the quantitative evaluation of the longitudinal emit-
tance and to analyse the bunch distribution at extrac-
tion, numerical simulations with the longitudinal tracking
code BLonD [34] have been performed. They cover the re-
bucketing from the conventional bunches in the main RF
system at A = 16 into the barrier bucket. The pulsed RF
voltage generating the barrier bucket has been modelled
by the Fourier sum of 25 RF systems with sinusoidal am-
plitudes. The same algorithm was applied to synthesise
the waveform used for the beam tests. The time evolution
of voltages used in the tracking simulations corresponds
to the ones illustrated in fig. 4. Intensity effects are not
taken into account in these simulations.

The particle distribution in the longitudinal phase space
and its corresponding emittance during acceleration can
be reconstructed based on an ensemble of bunch profiles
using tomography [35]. This measurement provides the
initial emittance of the simulated bunches. The total emit-
tance of all 16 bunches amounts to about 24 eVs. A minor
longitudinal blow-up, below 10%, can be expected from
the moment of the emittance measurement and the start
of the re-bucketing process to the barrier bucket. Figure 6
shows the simulated evolution of the bunch profiles under
conditions comparable to those of the measured evolution
presented in fig. 4.

Figure 7 illustrates the resulting phase-space distribu-
tion of the particles in the barrier bucket at extraction,
but without the modulation at 200 MHz, which is usually
present only during the last few hundred turns. Due to the
slow synchrotron motion, only a fraction of the particles is
yet reflected at the barriers. This explains the shoulders
of higher density observed at the edges of the final bunch.

The longitudinal emittance of the initial bunches was
scanned in simulations to match the measured duration
of the region without beam. Figure 8 shows that the
simulated duration of the particle-free region agrees well
with the measured one assuming an initial longitudinal
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Fig. 6: Simulated profile evolution for the same principal RF
voltage evolution as for the measurements shown in fig. 4. The
initial longitudinal emittance corresponds to the one measured
during acceleration.
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Fig. 7: Simulated longitudinal phase space at extraction with
the matched emittance corresponding to figs. 4, 6 and without
the 200 MHz modulation. The partial filamentation mechanism
in the barrier bucket is illustrated. The projection of the beam
distribution is also shown.

emittance of about 25eVs. This is compatible with the
total emittance measured during acceleration.

Although further studies with beam are required to as-
sess the longitudinal emittance blow-up in more detail,
fig. 7 indicates that the particles are merely redistributed
in the central part of the barrier bucket as compared to a
fully debunched beam. The time of the beam manipula-
tion is too short for macroscopic emittance growth due to
dilution.
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Fig. 8: Simulated duration of the particle-free region vs. total
longitudinal emittance. The uncertainty in determining this
time (£2.5ns, light blue area) is dominated by the shape of
the projections of the simulated bunch distribution.
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Fig. 9: Left: readings of the BLMs distributed along the PS
ring for three different gap configurations. The dramatic reduc-
tion of losses in the extraction region is clearly visible. Right:
zoom of the BLM readings in the extraction region.

The key measurements of these studies have been per-
formed by assessing the impact of the gap in the longi-
tudinal beam distribution on the extraction losses. Beam
loss monitors (BLMs) are installed all along the PS ring.
These devices are ionisation chambers and their technol-
ogy is derived from the corresponding devices installed in
the CERN LHC [36]. The comparison between various
configurations is illustrated in fig. 9. The distribution of
losses around the whole PS circumference is shown (left)
together with a zoom (right) of the extraction region, cor-
responding to the location around the straight section 16
(see also fig. 2), where the highest peaks occur. This is the
only ring location where the presence of the gap should in-
duce a reduction of beam losses. The reduction of losses
due to the presence of the gap is clearly visible. In agree-
ment with expectations, a further reduction of beam losses
is obtained by increasing the gap size.

A detailed scan of the gap width has been performed
and the corresponding impact on the extraction losses is
shown in fig. 10. Three different intensity regimes have
been probed, namely the operational intensity used dur-
ing the 2018 fixed-target physics run, an intermediate
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Fig. 10: Extraction losses as a function of the barrier gap size
for three different total beam intensities (indicated on top of
the plot). The extraction losses decrease dramatically due to
the presence of the gap and a dependence on the gap width is
evident. Boxes indicate the data distribution whenever more
than 10 measurements are available for a given configuration.

intensity used for these special tests, and a high-intensity
case, close to the value expected for future experiments
(see, for example, the Search for Hidden Particles (SHiP)
experiment [37]). For the high-intensity case, only a single
value of the gap width has been tested. The analysis shows
that a gain of a factor of 10 in losses can be achieved for a
gap width of 300 ns. This excellent result does not depend
on the total beam intensity, indicating that the barrier
bucket gymnastics works very well in a rather extended
intensity range.

These extremely promising results indicate that the so-
phisticated manipulations performed in the horizontal and
longitudinal phase spaces are well decoupled from each
other and also from the value of the total beam intensity.
In addition, the use of the natural figure of merit of the
MTE performance, namely

<IIslands>

MTE efficiency = nure =
ITotal

(2)
where (I1gands) and Itota stand for the average intensity
in the islands and the total beam intensity, respectively,
can provide a quantitative indication about the real decou-
pling between horizontal and longitudinal degrees of free-
dom. The nominal efficiency is 20% and corresponds to an
equal beam sharing between islands and core. In fig. 11
the comparison of ny1g for the three values of total beam
intensity already considered is shown and it is clearly visi-
ble that the presence of the gap does not lead to significant
differences in nyrE. For the highest beam intensity a lack
of statistics can be observed, which is due to the limited
time available for these measurements. Nevertheless, the
performance in terms of nyrE appears to be comparable,
but will certainly be subject of additional studies in the
future. All in all, the presented results indicate a rather
high degree of decoupling between the two complicated
beam manipulations under study.
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Fig. 11: MTE efficiency as a function of the barrier gap size
for three different total beam intensities (indicated on top of
the plot). No relevant impact of the gap presence on nurte
is observed. The difference in myrr for different intensities
is explained by the lack of time to adjust the splitting process
during the measurements. Boxes indicate the data distribution
whenever more than 10 measurements are available for a given
configuration. The black open circle corresponds to an outlier.

Conclusions. — Two original techniques have been
merged into a single, novel, and highly sophisticated beam
manipulation, whose successful studies have been reported
in this article. A detailed experimental campaign has been
carried out in 2018 to assess the performance of the bar-
rier bucket technique in the PS and its application in con-
junction with the MTE process. The goal of reducing the
beam losses virtually to zero at PS extraction has been
successfully achieved, which is an essential step in view of
future high-intensity fixed-target experiments at the SPS,
such as SHiP. To implement the loss-free transfer, the lon-
gitudinal gap generated by the barrier bucket still needs
to be aligned in time with a beam already circulating in
the SPS. This will be subject to future studies. First lon-
gitudinal beam dynamics simulation studies without in-
tensity effects confirm the basic features of the observed
profile evolution. These simulations also suggest that the
barriers change the longitudinal beam distribution near
the gap only, due to the short duration of the manipula-
tion. The detailed analysis of the SPS ring performance
for MTE beams in combination with the barrier bucket
is in progress with the goal of quantitatively assessing the
overall performance of this new and highly advanced beam
process.
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