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Welcome to the HB2018

Welcome to the 61st ICFA Advanced Beam Dynamics Workshop on High-Intensity and
High-Brightness Hadron Beams.

It is a great pleasure to have the HB2018 workshop first time in Korea. It is a very nice
time to host the HB2018 workshop at the Institute for Basic Science, as the construction
of the RAON heavy ion accelerator facility is currently underway.

The construction of the Spallation Neutron Source that started in the year of 1998
presented urgent needs to further the understanding of space-charge mechanisms and
the beam loss. And the HB workshop series was conceived in the ICFA (International
Committee for Future Accelerators) ABDW (Advanced Beam Dynamics Workshops). The
1st HB workshop was held in the year of 2002 at the Fermilab in the United States. And
since then the HB workshop has become the main international event for the high-
intensity hadron beam accelerator community.

At the time of the 1st HB workshop, the highest power accelerator had about 0.1 MW
beam power. Since then, brilliant progresses have been made. Now the Spallation
Neutron Source reached its design power of 1.4 MW and is striving for power-upgrade.
The J-PARC reached 0.5 MW and is ramping up the beam power. The beam power of
the European Spallation Source is 5 MW which is under construction and the beam power
of the IFMIF is 10 MW.

The HB starts with the Monday morning plenary session, followed by two parallel
sessions. Also there is one plenary session in Wednesday morning and the poster
session in Wednesday afternoon. The HB consists of five working groups: Beam
Dynamics in Rings (WG-A), Beam Dynamics in Linacs (WG-B), Accelerator Systems
(WG-C), Commissioning and Operations (WG-D) and Beam Instruments and Interactions
(WG-E).

The program of the HB is set by the International Organizing Committee (IOC), which
selects the plenary speaker and working group conveners. The invited oral programs are
formulated by each working groups and approved by the IOC. These committees have
done an excellent work in setting up the scientific program.

Daejeon is known as the science city of Korea and is a home to majority of thenational
laboratories and several prestigious universities. Daejeon has a population of 1.5-million
people and has a rich culture. We hope that you all enjoy the HB2018 workshop and your
stay in Daejeon.

Dong-O Jeon
HB2018 Chairman
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CHALLENGES IN UNDERSTANDING SPACE CHARGE EFFECTS

H. Bartosik®, CERN, Geneva, Switzerland

Abstract

Space charge effects in high intensity and high bright-
ness synchrotrons can lead to undesired beam emittance
growth, beam halo formation and particle loss. A series of
dedicated machine experiments has been performed over
the past decade in order to study these effects in the par-
ticular regime of long-term beam storage (10°-10° turns)
as required for certain applications. This paper gives an
overview of the present understanding of the underlying
beam dynamics mechanisms. In particular it focuses on the
space charge induced periodic resonance crossing, which has
been identified as the main mechanism causing beam degra-
dation in this regime. The challenges in further progressing
with the understanding, the modelling and the mitigation
of these space charge effects and the resulting beam degra-
dation are discussed. Furthermore, an outlook for possible
future directions of studies is presented.

INTRODUCTION

Space charge effects in high intensity and high brightness
synchrotrons can lead to undesired beam emittance growth,
beam halo formation and particle loss. Some accelerator
projects require long-term storage (up to several seconds) of
high brightness bunches at injection energy in order to allow
accumulating several injections from an upstream machine.
This is the case for the Proton Synchrotron (PS) and the
Super Proton Synchrotron (SPS) at CERN, which are part
of the injector chain for the Large Hadron Collider (LHC).
In preparation for the High Luminosity era of the LHC (HL-
LHC), the injector chain at CERN is in the course of being
upgraded in the framework of the LHC Injectors Upgrade
(LIU) [1]. In simplified terms, the aim of this project is
to enable the injectors to deliver twice higher intensity at
equal emittance, i.e. twice as high brightness, as compared
to today’s performance. Table 1 shows an overview of the
required storage times, the space charge tune shifts and the
loss and emittance growth budgets for the various machines
of the proton injector chain at CERN. For the heavy ion
injector chain, space charge is critical in the Low Energy
Ion Ring (LEIR). In the SPS, a space charge tune shift of
up to AQ, = —0.3 is achieved and storage times of up to
40 s are required. In this case the beam quality is subject to
strong degradation, which has been taken into account for
the projection of the LIU-ion target parameters [2].

At the Facility for Antiproton and Ion Research project
(FAIR) at GSI, the future SIS100 is required to store high
brightness beams with a maximum space charge tune shift
of about AQ, ~ —0.3 for about 1 s to accumulate several
injections from SIS18 with losses on the percent level [3].
In this case, the tight constraint on beam losses is (at least

* hannes.bartosik @cern.ch
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Table 1: Target Parameters for LIU Project at CERN

Machine AQ, Storagetime Budget for losses /
Emittance growth

PSB -0.5 - 5% / 5%

PS -0.31 1.2s 5% / 5%

SPS -0.21 10.8 s 10% / 10%

partially) imposed by dynamic vacuum issues stemming
from the large ionization cross section of U*?® jons with the
residual gas.

Keeping the beam degradation within tight tolerances for
long storage times can be quite challenging in presence of
large space charge tune spread. A detailed understanding of
the underlying beam dynamics mechanisms is required. A
series of dedicated machine experiments has been performed
over the past decade in collaboration between CERN and
GSI in order to study the space charge dynamics in this
regime. The aim of this paper is to give an overview of
the present understanding, discuss the challenges faced and
provide an outlook for future directions of study.

OVERVIEW OF STUDIES AND PRESENT
UNDERSTANDING

One-dimensional Resonances

The first systematic experimental study of long-term space
charge effects in presence of non-linear resonances was per-
formed at the CERN PS in 2002-2003, as reported in [4]
and [5]. In this experiment, the fourth order horizontal res-
onance 40, = 25 was deliberately excited by a single oc-
tupole. A bunched proton beam with a horizontal (vertical)
incoherent direct space charge tune shift of -0.075 (-0.12)
was stored at injection energy for about 1 s for different work-
ing points. Depending on how the space charge tune spread
overlaps the resonance, two regimes of beam degradation
could be clearly identified. For bare machine working points
only slightly above the resonance, beam loss dominates. At
the same time a reduction of both the horizontal emittance as
well as the bunch length are observed. For higher machine
tunes, losses are reduced but a large halo is formed in the
horizontal plane leading to an enlarged emittance.

The beam degradation observed in the PS experiment was
explained by trapping and scattering of particle trajectories
during the periodic resonance crossing induced by space
charge in a bunched beam, as anticipated by a simplified
simulation model in 2002 [6]. This picture was refined in
the following years [7-9], describing the main features of
the phenomenon as follows:

* Space charge couples transverse and longitudinal
planes: due to the change of line charge density along
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the bunch, the instantaneous transverse Coulomb force
depends on the particle location in the longitudinal
plane. Therefore, the longitudinal motion induces, via
space charge, a variation of transverse tunes.

The presence of a relatively small tune shift compared
to the machine tunes (AQx/Qx of a few percent), does
not destroy the validity of standard transverse non-
linear dynamics, but rather induces a slow modulation
of transverse tunes according to twice the synchrotron
frequency.

The transverse-longitudinal space charge coupling de-
termines, via the depression of tunes, the transverse
position of the fixed-points generated by the 1D reso-
nance.

The strength of the resonance determines the tune of
particles around the fixed-points and also the resonance
island size. The island size is also determined by the
detuning created by space charge: a stronger gradient
in the amplitude dependent detuning leads to smaller
islands,

The synchrotron tune determines the speed of the reso-
nance crossing. A figure of merit on the speed of the
resonance crossing is given by the adiabaticity parame-
ter 7', which is obtained as the ratio between the speed
of migration of the fixed-points to the maximum speed
of rotation of the particle in the island. If this ratio is
small (T < 1) the motion is adiabatic and the particles
remain locked to the island. As a consequence, the
particle gains large amplitudes (trapping). If instead
T > 1, a single resonance crossing results in a “kick”
to the particle invariant (scattering).

Particles that periodically cross the resonance will
slowly diffuse to large amplitudes to form a halo. Its
density and extension depend on the number of parti-
cles that cross the resonance, and on the outer position
of the islands. If the outer position of islands intercepts
the beam pipe or reaches the dynamic aperture, beam
loss occurs according to a rate which is function of the
distance from the resonance. When the accelerator is
tuned close to a resonance (and above it), only particles
with large synchrotron amplitude may cross the reso-
nance and therefore become trapped or scattered into a
halo and eventually be lost. This leads to a correlation
between beam loss and longitudinal beam size such
that only particles with large synchrotron amplitude
will be lost resulting in a reduction of the bunch length.

The space charge induced tune modulation due to lon-
gitudinal particle motion has twice the synchrotron fre-
quency. The tune modulation introduced by chromatic-
ity, instead, has the same frequency as the synchrotron
motion. When maximum space charge detuning and
maximum chromaticity detuning are comparable, the
resulting slow modulation of the transverse tunes is
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the composition of these two effects with different fre-
quencies. Consequently, the position of the fixed points
is different in the two synchrotron half-periods. The
overall effect is that islands are pushed further out (dur-
ing half of the synchrotron period) and the halo size is
increased.

This mechanism was confirmed in a systematic measure-
ment campaign performed at the GSI SIS18 in 2007, where
the horizontal third order resonance 3Q, = 13 was studied
for both coasting and bunched beams with different beam
intensities and space charge tune spreads [10]. The strong
emittance growth was only observed for the high intensity
bunched beam but not for the coasting beam with the same
space charge tune shift, since for the coasting beam there is
no periodic resonance crossing.

Two-dimensional Sum Resonances

While all the studies reported above concentrated on one-
dimensional non-linear resonances, an experiment in 2012 at
the CERN PS was dedicated to studying the beam behaviour
close to the third order coupled sum resonance Qx + 20, =
19 deliberately excited by a sextupole magnet [11]. The
beam was stored for about 1 s. Also in this experiment
the loss dominated and the emittance growth dominated
regimes were observed depending on the working point.
However, the halo formation measured with wire scanners
was observed to be very asymmetric between the horizontal
and vertical planes. In particular, the beam developed much
larger tails in the vertical plane. This observation could not
be explained by a naive extension of the one-dimensional
model developed earlier, since the particle trajectory on
the coupled resonance follows resonant tori in phase space
rather than fixed points. These resonant tori, in this context
referred to as “fixed lines” [12—-14], have a peculiar shape
in the 4 dimensional phase space of horizontal and vertical
coordinates. In the case of the Oy + 20, resonance, the
projection of the single particle trajectory in the physical
x — y space has a larger excursion in the vertical plane and,
depending on the phase advance from the driving sextupole
to the observation point, follows either a figure-of-eight or a
C-shape. This explains the larger vertical halo observed in
this experiment at the PS.

It should be mentioned that there is an experimental cam-
paign ongoing at the CERN SPS to study the fixed lines on
the O +2Q,, resonance in the “zero” space charge limit [15].
Furthermore, a general theory of space charge dynamics in
the presence of non-linear coupled sum resonance of arbi-
trary order is being developed [16].

(REMAINING) CHALLENGES

Macroparticle Simulations

Space charge in a synchrotron is usually modelled by
alternating space charge interaction (“space charge kicks”)
with particle tracking in the magnetic guide field. As the
space charge forces depend on the transverse beam sizes,
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the rule of thumb is that about 10 space charge kicks per
beam size variation period (sometimes referred to as betatron
wavelength) are needed.

The brute force way of calculating the space charge forces
is based on the Particle-In-Cell (PIC) algorithm [17]. In
this approach the real number of particles is represented by
macroparticles (usually about 10%), where the total beam in-
tensity is equally distributed to the charge of each macropar-
ticle. The charge distribution is binned onto a spatial grid
and the Poisson equation is solved numerically on the grid
points to obtain the space charge kicks through the electric
field. This method is self-consistent, i.e. the evolution of
the particle distribution as a function of time is fully taken
into account. However, a large number of macroparticles is
needed to reduce emittance growth due to numerical noise in
the particle distribution [18]. This approach is therefore very
demanding in terms of computational power, necessitating
the implementation of parallel computing. In addition, there
is some artificial emittance growth induced by the grid (“grid
heating”) [19] and special care needs to be taken to make
the calculation symplectic [20], which comes at additional
computational cost.

To avoid the issue with noise, simulations with a so-called
“frozen” space charge potential are commonly used for long-
term simulations. In this approach, the space charge kicks
are computed analytically for a chosen (fixed) particle distri-
bution. A closed analytic expression for the electric field gen-
erated by a bi-dimensional Gaussian transverse distribution
was derived by Bassetti and Erskine [21]. For each particle in
the simulation, this formula is evaluated at the position of the
particle using the actual horizontal and vertical beam sizes
at the location of the space charge interaction and taking
the local longitudinal line density into account. Simulations
with this approach require only a few thousand particles
to study the emittance growth and losses statistically. The
drawback of this approach is that coherent collective effects
cannot be taken into account. Furthermore the evolution of
the particle distribution is not treated self-consistently.

The latter is partially overcome by adapting the beam
parameters such as intensity and transverse emittances pe-
riodically and recomputing the frozen potential, as imple-
mented in MAD-X [22] and in PyOrbit [23]. PyOrbit allows
furthermore to partially account for the generation of halo
by representing the beam by two transverse Gaussian dis-
tributions with different weights and different transverse
emittances.

Some years ago a code-to-code benchmarking suite has
been put in place in order to check the space charge in-
duced particle trapping phenomenon [24]. In addition to
MICROMAP [25] and SIMPSONS [26], this benchmarking
case has been successfully passed by MAD-X [22], PTC-
ORBIT [27] and lately also SYNERGIA [28,29]. It should
be highlighted that SYNERGIA is a PIC code and all the
features observed in the frozen space charge codes could
be reproduced. Even the long term emittance evolution test
case was in very good agreement, once a sufficient number
of macroparticles was used [30]. Work is presently ongoing
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to check the frozen space charge module of PyOrbit against
this benchmarking case.

A more general overview of space charge code bench-
marking can be found in [31,32].

Quantitative Agreement Between Measurements
and Simulations

Achieving quantitative agreement between machine ex-
periments and space charge simulation codes is challenging.
In fact, reproducing the evolution of the particle distribution
during long-term storage requires several ingredients:

¢ Accurate measurement of beam parameters The
measurement of the transverse beam profiles in syn-
chrotrons is particularly challenging, because a high
signal to noise ratio is required in order to resolve the
beam halo.

¢ Good knowledge of machine linear and non-linear
errors The long-term evolution of the particle distri-
bution in the presence of space charge is very sensitive
to machine errors and non-linearities. Having a good
model of the machine is crucial. In general, the infor-
mation on magnet errors for machines, which have been
in operation for more than two decades, is sparse. In
this case an effective non-linear model of the machine
can be established from beam-based measurements, as
done for example at the SPS [33].

¢ Accurate aperture model including misalignments
Reproducing losses relies critically on a good model of
the machine aperture, including element misalignments
and the closed orbit. This information is unfortunately
not always readily available, especially concerning the
alignment data.

¢ Properly identifying and accounting for interfering
effects To achieve quantitative agreement with simula-
tions it is crucial to identify any effects that contribute
to emittance growth and or losses in the machine under
study. If these effects cannot be suppressed in the ma-
chine, they need to be quantified and eventually taken
into account in the simulations. In some cases the inter-
play between space charge and other effects requires a
study on its own. This might become more and more rel-
evant in the future, when the accelerator performances
will be pushed further. This aspect will be addressed
in more detail later in this paper.

An example where a good quantitative agreement between
measurements and simulations could be achieved is the PSB.
As reported in [34], a benchmark experiment was performed
for a working point slightly above the 20, = 9 half integer
resonance. The beam loss evolution over about 200 ms was
studied on a constant energy plateau when switching off the
half integer correctors. To reproduce the observed losses
in PIC simulations, a very accurate machine model of the
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linear errors had to be developed using beam-based mea-
surements. In the end, even the evolution of the longitudinal
bunch profile measured in the experiment was in very good
agreement with the simulations.

A similar level of agreement has not yet been reached
for the PS. Studies performed in 2013 have shown that high
brightness beams suffer from losses for machine working
points above Q,, = 6.25, while practically no losses are ob-
served for beams with low brightness [35]. Further studies
have shown that the non-linear space charge potential of
the Gaussian particle distribution drives the 8" order res-
onance 80y, = 50, because 50 is the strongest harmonic of
the PS lattice functions [36,37]. More recent campaigns
concentrated on tune scans in different experimental condi-
tions. However, simulations using a frozen adaptive model
in PyOrbit for the ideal PS lattice do not explain the ob-
served losses quantitatively (about a factor 3 higher losses
in the measurements for high brightness beams) as shown
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Figure 1: Relative emittance growth and losses as a function
of the vertical machine tune in measurements (top) and in
simulations (bottom) [38]. The horizontal tune was set to
6.2 in all cases.
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in Fig. 1 [38]. The space charge tune shift of the beam
used in this study was about AQ, = —0.25. As the discrep-
ancy between measurements and simulations is relatively
large, detailed investigations on this subject are ongoing.
In particular, the interplay with some residual, but yet to
be quantified, magnetic resonance excitation at 9, = 6.25
(e.g. octupole components) is being studied. A direct mea-
surement of such residual resonance excitation is however
difficult. Furthermore, the aperture model of the machine is
being refined (e.g. comparison of model aperture with direct
measurement of the effective physical aperture). Finally the
importance of other effects like indirect space charge, as
recently proposed in [39], and coherent space charge effects
is being investigated. It should be mentioned that, since the
beam loss at these working points is observed only for high
brightness beams, the studies need to be performed with a
relatively large tune spread. It could therefore be that mul-
tiple resonances are contributing to the beam degradation,
which is an additional complication for these studies. In fact,
driving term calculations have shown that there are also 8"
order coupled sum resonances excited by space charge [40],
in addition to third order (skew) resonances in the tune space
investigated (as indicated in the top of the graphs in Fig. 1).

Mitigation of Beam Degradation

In view of pushing the accelerator performance further,
an important aspect to be addressed is the mitigation of the
space charge induced beam degradation. On the one hand,
individual non-linear resonances excited by magnetic errors
can be compensated in case appropriate corrector magnets
are available in the machine (at the expense of possibly fur-
ther exciting other resonances or reducing the dynamic aper-
ture). Typically two independent correctors with adequate
phase advance are needed in order to control the resonance
driving term in the complex plane. This has been tested
in the PS for third order normal and skew resonances, see
for example [38,40,41]. Experimental studies in the SIS18
on this subject are summarized in [42]. It seems that after
the compensation, some minor residual resonance excitation
left. It is not yet clear if this is related to the space charge
detuning or to non-ideal resonance compensation settings,
or due to another reason.

The other approach could be to try compensating the space
charge detuning in the first place. A study in this direction
was performed recently based on using electron lenses [43].

FUTURE DIRECTIONS

As described above, the main mechanism for beam degra-
dation of high brightness bunches in the long-term storage
regime has been attributed to periodic resonance crossing.
Future study efforts could focus on identifying and better
understanding the interplay with other collective effects or
beam dynamics mechanisms such as:

* Tune modulation induced by power converter ripple

* Intra Beam Scattering (especially for ions)
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¢ Electron-cloud

* Indirect space charge and impedance

which are encountered in some operational conditions in the
CERN injectors. A good example is the SPS, as discussed
in more detail below.

Reaching the LIU target beam parameters requires in-
jecting 25 ns beams with unprecedented intensity (about
twice compared to today’s nominal) and beam brightness.
In the past, coherent and incoherent electron cloud effects
were encountered in the SPS already with the nominal inten-
sity. Over the years this effect was slowly reduced by beam
induced scrubbing. In recent machine studies with high in-
tensity beams (not yet LIU intensity) a strong incoherent
emittance growth was observed when storing the beam for
about 20 s at injection energy. However, a clear improve-
ment of the beam quality could already be observed after
running the machine in this scrubbing configuration for two
days [44]. Nevertheless, some residual electron-cloud might
always be present in future operation and the interplay with
space charge effects could become important.

Other recent studies at the SPS indicate that the tune mod-
ulation induced by power converter ripple can play an im-
portant role in the beam degradation during the long storage
in presence of space charge [45]. Figure 2 (top graph) shows
the relative emittance growth and transmission for differ-
ent working points in the SPS close to excited resonances
(QOx = 20.33 deliberately excited using a single sextupole
and at O, = 20.40 most likely driven by space charge itself).
Simulations using a frozen potential are far from the exper-
imental observations (middle graph) unless the measured
tune ripple induced by the power converters for the main
quadrupoles of the SPS is taken into account (bottom graph).
Detailed studies on this subject are ongoing.

It should be pointed out that the tune ripple might also play
arole for the strong emittance growth and losses observed for
the Pb%* ion beam on the SPS injection plateau. This beam
has to be stored for more than 40 s for accumulation of several
batches from the PS to reach the LIU ion target parameters
[2] and the space charge tune shift at injection reaches up to
AQy = —0.3. On the other hand, Intra Beam Scattering is
also contributing to emittance growth [46] and the interplay
between space charge and Intra Beam Scattering needs to
be studied.
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BEAM DYNAMICS CHALLENGES FOR THE LHC AND INJECTOR
UPGRADES

G. Rumolo*, CERN, CH-1211 Geneva 23, Switzerland

Abstract

The High Luminosity upgrade of the Large Hadron Col-
lider (HL-LHC) will rely on significantly higher bunch cur-
rent and brightness to meet the future yearly integrated lu-
minosity target. The implications are twofold. On one side,
all the accelerators of the LHC injection chain will have to
be upgraded to produce the desired beam parameters. For
this purpose, the LHC Injectors Upgrade (LIU) program
has been established to implement all the needed modifica-
tions for meeting the required beam specifications. These
upgrades will lead to the lifting of the main intensity and
brightness limitations in the injectors, linked to beam in-
stabilities driven by impedance or electron cloud (e-cloud),
and space charge. On the other side, the LHC will have
to be able to swallow the new beam parameters. This will
mainly require control of impedance driven instabilities and
beam-beam effects, and e-cloud mitigation. In this paper,
we will focus on proton beams by describing the identified
performance limitations of the LHC and its injectors, as well
as the actions envisioned to overcome them.

INTRODUCTION

The LHC Injectors Upgrade (LIU) project [1,2] aims
at increasing the intensity and brightness of the beams in
the injectors in order to match the beam requirements set
out by the High Luminosity LHC (HL-LHC) project [3],
while ensuring high availability and reliable operation of
the injector complex well into the HL-LHC era (up to about
2037) in synergy with the Consolidation (CONS) project
[4]. For the upgrade of the LHC injector proton chain, LIU
includes the following principal items:

 The replacement of Linac2, which accelerates protons
to 50 MeV, with Linac4, providing 160 MeV H~ ions;

* Proton Synchrotron Booster (PSB): New 160 MeV H™
charge exchange injection, acceleration to 2 GeV from
current 1.4 GeV with new power supply and RF system;

* Proton Synchrotron (PS): New 2 GeV injection, broad-
band longitudinal feedback;

e Super Proton Synchrotron (SPS): Upgrade of the
200 MHz RF system, impedance reduction and e-cloud
mitigation, new beam dump and protection devices.

All these upgrades will lead to the production of beams
with the challenging HL-LHC parameters and, if not already
installed, they will for the most part be implemented during
the Long Shutdown 2 (LS2) in 2019-20.

To extend its discovery potential, the LHC will undergo a
major upgrade during Long Shutdown 3 (LS3) in 2024-25
under the HL-LHC project. The goal will be to increase the
rate of collisions by a factor of 5-7.5 beyond the original
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LHC design value, leading to a target integrated luminosity
of 3000-4000 fb~! over the full HL-LHC run (2026-2037).
The new configuration will rely on the replacement of the
final focusing quadrupoles at the high luminosity Interac-
tion Points (IPs), which host ATLAS and CMS, with new
and more powerful magnets based on the Nb3Sn technology,
as well as a number of key innovations that push acceler-
ator technology beyond its present limits while enabling,
or even broadening, the future desired performance reach.
Among these are the cutting-edge 11 T superconducting
NbsSn-based dipoles, the new superconducting link tech-
nology with MgB,, compact superconducting cavities for
transverse beam tilting along the longitudinal axis to com-
pensate for the crossing angle at collision (crab cavities), the
upgrade of the cryogenic system and general infrastructure,
new technology and material for collimators, the optional
use of hollow electron lenses for beam halo cleaning.

The beam dynamics aspects of the LIU and HL-LHC

projects are challenging, because during the HL-LHC era:

» The LHC injectors will have to be able to routinely
produce, stably control and safely handle beams with
unprecedented intensity and brightness;

* The LHC will have to be able to run with the future
beams, preserve their stability and make them avail-
able for collisions all along the calculated optimum fill
length with the desired levelling scheme, ensuring as
little as possible beam quality degradation.

Addressing the beam intensity limitations of the LHC and
its injectors and illustrating the envisaged strategies to cope
with them will be the subject of the next sections.

BEAM PERFORMANCE LIMITATIONS IN
THE LHC INJECTORS AND GOALS

In this section we will first present a general overview on
the present LHC beam performance of the injectors and the
beam requirements for the LIU project. We will only focus
on the so called ’standard LHC beam’, which is baseline for
the projects and produced as follows:

* Two subsequent injections of 4+2 bunches from the

four PSB rings into the PS at Eyjp,=1.4 GeV;

* In the PS, triple splitting of the injected bunches at
2.5 GeV, then acceleration to 25 GeV and two consecu-
tive double splittings of all 18 bunches at 25 GeV;,

» Four subsequent injections of trains of 72 bunches
spaced by 25 ns into the SPS (train spacing 200 ns)
at 25 GeV and acceleration to 450 GeV.

Then, we will describe the actions that the LIU project has
(planned to) put in place to overcome the intensity/brightness
limitations in the various accelerators of the injector chain.
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Present Performance of the LHC Injector Chain

An upper limit for the brightness of standard LHC beam
is determined at the PSB injection, because of the efficiency
of the multi-turn injection process as well as the effects of
space charge during injection. The normalised transverse
emittance has been measured as a function of intensity at the
PSB extraction after optimization of the injection settings
and for a longitudinal emittance of 1.2 eVs at extraction [5].
The relation is found to be linear and the resulting line de-
fines the “PSB brightness” line. The longitudinal emittance
at extraction can be made in principle as high as 2.8 eVs
via longitudinal emittance blow up along the PSB cycle [6]
compatibly with other constraints coming from the transfer
to the PS and further longitudinal beam manipulation in
the PS ring. Although this is believed to be beneficial in
terms of space charge in the PS since it would allow the
transfer of longer bunches with larger momentum spreads,
the experimental proof is to date still missing — probably
due to other issues related to the transfer of bunches with
large momentum spread. The PSB does not have an inten-
sity limitation for the LHC beams, as it already nowadays
successfully accelerates to 1.4 GeV beams up to 6 times
more intense than the current LHC beams, which are used
for fixed target experiments at the ISOLDE facility.
Combining the experience accumulated with operational
beams with the outcomes of several dedicated space charge
Machine Development (MD) studies conducted throughout
2012 — 2017, it can be assumed that the maximum values of
space charge vertical tune spread, AQ,,, compatible with the
beam loss and emittance blow up budgets reported below,
are 0.31 and 0.21 at the PS and SPS injection, respectively.
Besides, prior to the LIU upgrade program, due to longitu-
dinal dipolar coupled bunch instabilities on the ramp and
at top energy, the PS was not able to produce 25 ns beams
with more than 1.8el1 p/b within the longitudinal emittance
of 0.35 eVs, which is currently the optmised value to limit
capture losses and keep the beam longitudinally stable in the
SPS. Finally, due to RF power constraints on the main SPS
RF system (200 MHz) and longitudinal coupled bunch in-
stabilities along the cycle, beams with more than 1.3el1 p/b
could not be extracted from the SPS with the desired bunch
length of 1.6 ns for a basically lossless injection into LHC.
E-cloud has been also affecting 25 ns beams in the SPS, but
currently the SPS has undergone sufficient beam induced
scrubbing to produce beams with 1.3el1 p/b transversely
stable and without the characteristic pattern imprinted by
e-cloud on the bunch intensities and emittances along the
trains. Finally, the onset of the vertical Transverse Mode
Coupling Instability (TMCI) limited in the past the bunch
intensity to 1.6e11 p/b [7], but this limitation was lifted in
2012 by commissioning a new optics with vy, lower by 4 units,
which increases the TMCI threshold by a factor 2.5 [8].

After including some predefined budgets for emittance
blow up and beam loss (5% in the PSB and PS for both, and
10% in the SPS) we can represent in the plane emittance vs.
intensity per bunch at the SPS extraction the curves corre-
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sponding to PSB brightness, PS and SPS space charge limits,
and intensity limitations of the PS and SPS. The regions of
inaccessible parameter ranges are shaded. The outcome of
this exercise is displayed in Fig. 1, from which we deduce
that presently the best standard LHC beam produced by the
injectors has 1.3e11 p/b within about 2.7 ym transverse emit-
tance. All the points measured at LHC injection over the
years 2015 — 2018 fully confirm this analysis.
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1e11
Figure 1: Limitation diagram for the standard LHC beam in
the present injectors’ chain.

Other methods of LHC beam production exist, which can
lead to brighter bunches at the expense of the length of the
trains transferred from the PS to the SPS at each cycle. For
example, by transferring trains of 48 bunches instead of 72,
obtained through a different sequence of batch compression
and bunch merging/splitting actions at 2.5 GeV in the PS,
the beam brightness can be almost doubled with respect to
the scheme discussed above. The beam obtained in this way
has been preferred for physics production in the LHC for
most of the current run and has been routinely employed
since the beginning of 2018. More details about alternative
LHC beam production schemes can be found in [9-11].

HL-LHC Beam Requirements

The HL-LHC upgrade aims at accumulating an integrated
luminosity of 250 fb~!/year at the high luminosity IPs. As-
suming 50% HL-LHC performance efficiency, this goal can
be achieved assuming a standard LHC beam with bunch
intensity of 2.3e11 p/b and a transverse emittance of 2.1 ym
injected from the SPS. In order not to exceed a pile up of 140
events/crossing, the luminosity is levelled at 5e34 cm™2s™!
by gradually lowering the beta functions at the IPs (8*) down
to 15 cm while partially compensating for the crossing angle
with the crab cavities. An ultimate goal of 320 fb~!/year is
also set assuming levelling at 7.5e34 cm™2s~!, allowing for
a pile up of 200 events/crossing. Table 1 shows achieved
and HL-LHC specified beam parameters at the SPS exit.

It is clear that both intensity and brightness of the LHC
beams will need to be roughly doubled in the HL-LHC era.
Looking back at Fig. 1, HL-LHC is basically targeting a point
right in the middle of the currently inaccessible region.
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dD

=Table 1: Current and HL-LHC Beam Parameters Out of SPS

al

Np (1011 p/b) €x,y (pm)
Achieved 1.3 2.7
HL-LHC target 2.3 2.1

LIU CHALLENGES TO REACH THE
HL-LHC BEAM PARAMETERS

Figure 1 directly suggests the path to reach the challenging
beam parameters specified in the second row of Table 1. We
will discuss first how to achieve the desired brightness and
we will focus later on the intensity reach.

Achieving the future brightness relies on two main pillars:

¢ Reduction of the slope of the PSB brightness line by at

least a factor two;

» Mitigation of the space charge effect in the PS.
‘SThe space charge in the SPS does not seem to limit the
‘sperformance even for the future beams, as its limitation
—curve clearly lies below the HL-HLC target point. The two
Egoals listed above will be realised within the LIU project by
—‘means of the following actions. Firstly, the PSB brightness
Bhne with half slope will be made possible by using Linac4

(s), title of the work, publisher,

t maintain attribution to the author!

€w1th H™ charge exchange injection into the PSB at 160 MeV.

Blt has been simulated that if Linac4 provides 40 mA within
oO 4 um, the future LHC beams can be injected in about
=20 turns and the desired transverse emittance is compatible
~w1th the blow up due to space charge at the new injection

Tenergy (as was expected from a naive %y scaling) [12]. If
éthe current from Linac4 is lower (compatibly with the goal
soset for the future fixed target beams), the number of injected
§turns will have to be correspondingly increased. Secondly,

@the injection energy into the PS will be raised to 2 GeV,

owhich alone guarantees a 63% intensity increase for a fixed

§transverse emittance while keeping the space charge tune

Zspread the same as nowadays. Besides, the longitudinal

“beam parameters at the PSB-PS transfer will have to be

moptimised to further reduce the tune spread at PS injection

8and ensure that the PS space charge curve in the limitation
£diagram ends up in the shadow of the PSB brightness line.

%©The longitudinal emittance will be blown up along the PSB

ecycle to provide longer bunches at the PS injection, while

CL’the larger momentum spread will also further reduce the

ﬂspace charge tune spread due to the increase of the average

CL’beam horizontal size through dispersion. The longitudinal

=em1ttance blow up can be reproducibly applied in the PSB

®V1a either phase modulation of a higher harmonic or injection
o.)Of band limited phase noise on the main harmonic, as has

>been demonstrated in MDs in 2017 [6] and 2018.

The achievement of the future intensity relies on:

* Longitudinal stabilisation of the beam along the PS
accelerating ramp and at top energy;

* Increase of the available power of the 200 MHz RF
system in the SPS in combination with a program of
longitudinal impedance reduction;

* E-cloud mitigation in the SPS.

MOA]PL02
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The main longitudinal limitation for LHC-type beams in
the PS are dipolar coupled-bunch instabilities. A dedicated
broad-band feedback system using a Finemet cavity as a
longitudinal kicker has been installed and commissioned in
the PS. Extensive tests with beam have been performed since
2016 to explore the intensity reach with this system. The
maximum intensity with nominal longitudinal emittance at
PS extraction has been measured to be above 2.0e11 p/b [13].
Due to quadrupolar instabilities and incoherent longitudinal
emittance growth, it is not yet clear whether a higher har-
monic system will be required eventually to keep the beam
longitudinally stable with the desired longitudinal emittance
at the design intensity for HL-LHC reported in table 1.
The LIU baseline for the SPS includes an upgrade of the
low-level RF and a major upgrade of the 200 MHz RF sys-
tem [14]. The low-level RF upgrade will allow pulsing the
RF amplifiers with the revolution frequency (the LHC beam
occupies less than half of the SPS circumference) leading
to an increase of the available RF power from the existing
power plant up to about 1.05 MW per cavity. The main
upgrade consists of the re-arrangement of the four existing
cavities and two spare sections into two 4-section cavities
and four 3-section cavities, and the construction of two ad-
ditional power plants providing 1.6 MW each. This will
entail a reduction of the beam loading per cavity, an over-
all increase of the available RF voltage and a reduction of
the peak beam coupling impedance at the fundamental fre-
quency. With all this massive upgrade in place, the SPS will
be able to provide LHC beams with up to about 2el1 p/b,
still limited by coupled bunch longitudinal instabilities on
the ramp and at top energy [15]. To achieve 2.3e11 p/b it is
necessary to reduce the SPS longitudinal impedance. LIU
has foreseen shielding of the vacuum flanges between the
focusing quadrupoles and the adjacent straight sections as
well as installation of High Order Mode (HOM) couplers to
improve the damping of the HOMs of the 200 MHz cavities.
Numerical simulations have shown that these two measures
will allow matching the HL-LHC beam requirement [16].
Finally, the e-cloud in the SPS is a potential limiting factor
for operation with higher intensity. Accelerating the present
LHC beam without significant degradation from the e-cloud
has required an integrated time of several days of dedicated
scrubbing distributed over several years. Scrubbing is pre-
served from year to year in the SPS regions not exposed to air
during the stop, while it is partially lost, but usually quickly
recovered, where there has been air exposure. Studies of
e-cloud build up in the different SPS chambers have revealed
that the Secondary Electron Yield (SEY) thresholds will not
change significantly when going to the HL-LHC intensity
for most cases [17]. Although instability simulations showed
that the beam becomes more sensitive to the e-cloud in the
dipoles when increasing the beam intensity, it is believed
that scrubbing will work also up to the HL-LHC bunch inten-
sity. Recent experience with beams with 2el1 p/b already
injected into the SPS has indeed revealed that scrubbing
can be efficiently carried out over few days and results in
a clear reduction of the e-cloud induced emittance growth
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(see Fig. 2). Coating with amorphous carbon (a-C) [18] will
be applied to the chambers of the focusing quadrupoles (QF)
and adjacent drift chambers during LS2 in synergy with
the impedance reduction campaign, which will also gain an
extra margin on the instability threshold.
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Figure 2: Evolution of emittance growth in SPS during high
intensity run. Courtesy of H. Bartosik and M. Carla.

Putting together all the points discussed in this section, we
can draw the new brightness and intensity curves represent-
ing the projected limitations after the implementation of the
LIU upgrades or actions, obtaining the limitation diagram
in Fig. 3. The HL-LHC required point from Table 1 is also
shown in yellow, demonstrating that the LIU upgrades are
indeed compliant with the achievement of this final goal.
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Figure 3: Limitation diagram for the standard LHC beam in
the injectors’ chain after the LIU upgrades.

HL-LHC CHALLENGES

The HL-LHC layout is based on the nominal LHC ring
configuration, in which about 1.2 km of beam line will be
changed. The nominal configuration is designed for a real-
istic, cost-efficient and achromatic implementation of the
low B* collision optics, based on the deployment of the
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Achromatic Telescopic Squeeze (ATS) scheme [19]. The in-
stallation of triplet quadrupoles of larger aperture is needed
to safely accommodate the beams, which reach large dimen-
sions (peak beta functions >20 km), and the shielding to
limit the energy deposition and radiation in the SC coils
and cold mass [3]. Single particle stability in HL-LHC is
challenged by the large beta functions in the triplets and in
the adjacent arcs, which enhance the effect of linear and
non-linear errors in those regions leading to potentially low
Dynamic Aperture (DA) in absence of correction. Even to
allow for basic optics measurements pre-computed correc-
tions based on accurate magnetic measurements will have
to be used. Besides, the 8* levelling during many hours of
operation at constant luminosity will require the commis-
sioning of a large number of optical configurations. This
further challenges the efficiency of the optics measurement
and correction tools, needed to fulfil the tight tolerances
coming from DA or coherent stability constraints [20].

In terms of effects related to the collective beam dynam-
ics, running HL-LHC with double intensity and brightness
will pose notable challenges, such as beam stability, beam
induced heat loads in the cold regions and beam-beam [21].
(1) Transverse instabilities have been observed in the LHC
with different types of beams and during different machine
processes, and have required operation with quite extreme
settings, e.g. with Q’=+15, octupole strength close to the
maximum, as well as with maximum gain and maximum
bandwidth of the transverse feedback (50 turns and 20 MHz,
respectively) at high energy. The instabilities observed at in-
jection energy (450 GeV), which are also cured by high chro-
maticity and octupole strength, are ascribed to e-cloud. Due
to some features (such as symmetry between the transverse
planes, heat load measurements on single magnets, simu-
lated electron distributions with different magnetic fields),
the e-cloud forming in the quadrupoles is likely to be the
main culprit. Combined e-cloud build up and instability
simulations show that the electron density in quadrupoles
decreases for higher bunch currents and therefore these insta-
bilities should become less critical for HL-LHC intensities.
The underlying assumption is of course that all beam cham-
bers will scrub for the higher HL-LHC beam intensities at
least as much as they have for the present intensity. To gain
margin in the octupole strength needed for suppressing in-
stabilities driven at least partly by impedance, impedance
reduction will be applied to the main existing contributors
(i.e. the collimators) and to new elements in high beta re-
gions (e.g. crab cavities). In particular, all secondary beta-
tron collimators will be replaced with new ones based on a
low-impedance design. The present baseline foresees using
Mo-Graphite jaws coated with a Sum Mo layer. This mate-
rial exhibits comparable robustness as the present carbon-
based secondary collimators, but has an electrical resistivity
5 (uncoated) to 100 times (coated) lower [22]. Through an
iterative process between the RF and the impedance teams,
the HL-LHC crab cavities have been already designed with
attention to minimise the impact of HOMs on beam stability.
(2) Within HL-LHC, the SEY in the insertion regions will
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%be actively reduced by surface treatments (a-C coating [18]
Eor laser treatment [23]), with an expected reduction of the
cheat load due to e-cloud in these regions. However, no in-
gtervention is foreseen on the beam screen of the arcs, which
Zcover more than two thirds of the whole machine. When op-
Eerating with 25 ns beams, the measured heat loads in the arcs
Shave been consistently much larger than those expected from
zimpedance and synchrotron radiation and they exhibited a
fstill unexplained spread between arcs, being very close to the
cnominal cryogenics limits in the “hottest” arcs [24]. In fu-
‘Sture operation, we will be faced with two main issues. First,
-::éwhen moving to HL-LHC intensities and 7 TeV, the contri-
Sbution of impedance and synchrotron radiation will become
Zthree-fold, which roughly halves the available margin of the
icryogenic system for additional heat loads. Second, the scal-
ging with intensity of the observed additional heat loads is
Aquite uncertain. Making the educated assumption that e-
cloud is the most plausible source of these heat loads (since
%it is compatible with a number of observations), we can
2however predict the heat load in the new parameter regime,
Gas displayed in Fig. 4. For SEYs in the 1.2-1.4 range, as
>inferred from the present excess heat load in the various sec-
) . . . . .
ptors, e-cloud build up simulations foresee a relatively mild
%change of e-cloud generated heat load when increasing the
f:bunch intensity to HL-LHC values. This scaling needs to
2be validated experimentally after LS2 (when LIU will make
ghigher intensity beams available from the injectors [25]).
éWhen summing up all the heat load contributions from the
ge-cloud in the different regions and those from impedance
gand synchrotron radiation, one finds out that, while the heat
zload in low-load sectors would be below 8 kW/arc and thus
Scompatible with HL-LHC, the heat load in high-load sec-
Stors exceeds the maximum value by at least 20%. If this is
gconﬁrmed, a back-up filling scheme featuring several 125 ns
~<gaps within the bunch trains will be used for keeping the
heat load in the high-load sectors within the capacity of the
-Zcryogenic plant. This will be at the expense of a 10-30%
Elower number of bunches in LHC.

5(3) The beam-beam interaction introduces additional strong
Enonlinearities in the particle motion and leads to resonance

1
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excitation as well as a large tune spread, potentially result-
ing in a significant restriction of the DA and thus beam
degradation. Operational experience and machine studies
have proven that the present LHC has surpassed the head-
on beam-beam tune shift limit, which was assumed based
on experience from past colliders [26,27]. However, the
HL-LHC represents yet another jump into an unexplored
parameter range, furthermore with a baseline configuration
of luminosity 8* levelling and crossing angle compensation
with crab cavities. The beam-beam studies for HL-LHC are
performed by tracking the particles over a few million turns
under the weak-strong approximation for the beam-beam
interaction and for HL-LHC baseline parameters. The DA
is calculated and compared with the target value of 60 over
le6 turns. Simulations seem to confirm so far that the target
DA is comfortably achieved during the whole levelling pro-
cess and including the chromaticity and octupole settings
necessary for beam stability. This gives room to crossing
angle adjustments during the levelling process to reduce the
pile-up density and the radiation on the inner triplets [28].
A global exploration of the impact on DA of all the related
parameters, including possible compensation of the long-
range beam-beam effects with wires or electron lenses, is
underway to refine operational scenarios and optimise the
projected HL-LHC performance.
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Abstract

Linac4 will be connected to the Proton Synchrotron
= Booster (PSB) during the next long LHC shutdown in 2019
,} and it will operationally replace Linac2 as provider of pro-
‘5“‘ tons to the CERN complex as of 2021. Commissioning to
£ the final beam energy of 160 MeV was achieved by the end
P o of 2016. Linac4 is presently undergoing a reliability and
= = beam quality test run to meet the beam specifications and
g relatlve tolerances requested by the PSB. In this paper we
= 2 will detail the main challenges left before ach1ev1ng nomi-
2 nal operation and we will report on the commissioning
steps still needed for final validation of machine readiness
before start of operation.

of the work, publisher, and D

INTRODUCTION

Linac4 is a 160 MeV H- linear accelerator that will re-
« place Linac2 as injector of the CERN PS Booster (PSB)
£ and provider of protons to the whole CERN complex as of
-£ 2021. The pre-injector part is composed of a RF volume
%‘ source producing a 45 keV beam at 2 Hz maximum repeti-
g tion rate, followed by a Low Energy Beam Transport sec-
E tion (LEBT), a Radio Frequency Quadrupole (RFQ) accel-
‘g erating the beam to 3MeV, and finally a Medium Energy
:5 Beam Transport Line (MEBT), matching the beam to the
& linac. The MEBT is composed of 11 quadrupoles, 3 bunch-
i ers and a chopper, formed by two sets of deflecting plates,
% which are used to selectively remove micro-bunches in the
8 352 MHz sequence, in order to optimise injection into the
e 1 MHz CERN PSB RF bucket. The nominal scheme cur-
g rently envisaged is to chop 133 bunches out of 352, with a
ié consequent current reduction by 40%. After the MEBT, the
< linac consists of three distinct sections: a conventional
; Drift Tube Linac (DTL) accelerates the beam to 50 MeV. It
S is divided in 3 tanks and is equipped with 111 Permanent
O Magnet Quadrupoles (PMQs). This is followed by a Cell-
é) Coupled Drift Tube Linac (CCDTL), made up of 21 tanks
o of 3 cells each, accelerating the beam to 100 MeV. The
E CCDTL was constructed by the Russian Scientific Re-
& search Institute for Technical Physics (VNIITF) and the
2 Budker Institute of Nuclear Physics. Focusing is provided
3 by Electro-Magnetic Quadrupoles (EMQs) placed outside
§ each module, and PMQs between coupled tanks. Final ac-
g celeration to 160 MeV is done through a PI-Mode Structure
= (PIMS), composed of 12 tanks of 7 cells each, interspersed
"2 with 12 EMQs for beam focusing. The PIMS were con-
E structed within a CERN-NCBJ-FZ Julich collaboration and
s_ assembled and tuned at CERN. Both CCDTL and PIMS
3 represent the first such cavities to work in an operational
£ machine. A70 m long transfer line, including 17 EMQs, 5
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LINAC4 COMMISSIONING STATUS AND CHALLENGES TO NOMINAL
OPERATION

G.Bellodi” for the Linac4 team, CERN, Geneva, Switzerland

dipoles (3 horizontal and 2 vertical) and a PIMS-like de-
buncher cavity connects Linac4 to the present injection line
into the PSB, which will be only slightly modified for the
remaining 110 m to the PSB entrance. A sketch of Linac4
is shown in Fig. 1.

COMMISSIONING

The commissioning of Linac4 was organised in six dif-
ferent phases over 3 years, alternating hardware installa-
tion and beam validation periods at increasing energy val-
ues. The commissioning was prepared and accompanied by
extensive beam simulations, which turned out to be crucial
to successfully optimise beam transmission and quality. A
key decision was to start simulations with a particle distri-
bution obtained by measuring the beam in the LEBT under
different solenoid focusing and back-tracing the measure-
ments to the start of the line.

In the first commissioning stage a dedicated 3 MeV test
stand was used for a systematic beam measurement cam-
paign that lasted 6 months. The following stages at higher
energies (12 MeV, 50 MeV, 100 MeV and 160 MeV) lasted
on average 3 weeks each. Two diagnostics test benches
were used during commissioning. The low energy one
(used at 3 and 12 MeV), allowed direct measurements of
transverse emittance and energy spread via a slit-and-grid
system and a spectrometer arm respectively. The high en-
ergy bench (used at 50 and 100 MeV) contained 3 profile
harps and wire-scanners at 60 deg phase advance from each
other for emittance reconstruction; a Bunch Shape Monitor
(BSM) and lasing station for beam stripping and two Beam
Position Monitors for Time-Of-Flight (TOF) and trajectory
measurements.

Table 1: Energy and Beam Intensity Milestones

Energy Date Record Date 2017

[MeV] | (beam peak (record | operational

energy) | current | current) current

0.045 2013 50mA | 11/2015 40 mA

3 03/2013 | 30 mA | 10/2015 26 mA

12 08/2014 | 24 mA | 11/2016 20 mA

50 11/2015 | 24 mA | 11/2016 20 mA

105 06/2016 | 24 mA | 06/2016 20 mA

160 10/2016 | 24 mA | 10/2016 20 mA

A very important result of the low energy commissioning
was the agreement between direct measurements of the
beam transverse emittance via the slit-and-grid method and
indirect measurements based on emittance reconstruction
from profiles, using either a “forward-method” technique
or a tomographic reconstruction method [1].
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Figure 1: Sketch of Linac4.

We refer to past publications for a more complete de-
scription of commissioning measurements [2]; timelines
and main milestones of the different commissioning stages
are summarised in Table 1. Note that record peak currents
were not always taken during the measurement campaign
at the corresponding energy. Beam commissioning to the
final energy of 160 MeV was successfully completed by
the end of 2016.

HALF SECTOR TEST

After achieving this milestone, the 160 MeV beam was
used for a few months at the end of 2016 to feed a test set-

up of the PSB injection chicane, the Half Sector Test (HST).

The purpose of this test was to gain information about the
H>proton stripping system, to help reduce risks and fa-
cilitate the commissioning during the Long-Shutdown-2
(LS2, 2019-2020), when many modifications are foreseen
in the framework of the LHC Injectors Upgrade (LIU) pro-
gramme, and to ensure that the new equipment works ac-
cording to specifications. The Linac4 connection requires
a complete renewal of the PSB injection scheme, due to the
energy increase from 50 to 160 MeV and the injection of
H ions instead of protons as currently done from Linac2.
Protons are presently injected via a multi-turn injection
process using kickers and an injection septum. After con-
nection, the H™ ions from Linac4 will be injected through a
stripping foil located in the centre of the injection bump.
Fast kicker magnets will be used for phase-space painting.
The new injection scheme will benefit from reduced space
charge effects and injection losses (from the current 50%
to ~2% due to unstripped or partially stripped particles).
The high complexity of integration in a limited space avail-
ability, however, justified the proposal for a test installa-
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tion in the Linac4 transfer line, consisting of a half injec-
tion chicane of one PSB ring (see Fig. 2). The installation
was composed of:
- astripping foil system with a loader containing 6
foils and a screen with radiation-hard camera
- half of the injection chicane
- amonitor measuring partially and unstripped par-
ticles (H/H") and the H/H- dump
- beam-loss monitors in vicinity of the dump
- beam current transformers upstream and down-
stream of the HST for stripping efficiency meas-
urements
- a screen for beam profile and position measure-
ments.
A separate stripping foil test stand was installed at the
beginning of the Linac4 transfer line in order to:
test foil changing mechanisms and interlock
functions
- gain experience on foil handling
- test different foil materials and thicknesses
- gain information on foil lifetime.

The HST received first beam at the end of October 2016
and stopped operation in April 2017. Stripping efficiency
was confirmed to be >99% for 200 pg/cm? thick carbon
foils, fulfilling the design specifications.

A few foil breakages were observed, possibly due to in-
terference with the Beam Televison (BTV) screen, used for
beam observation (see a sample measurement in Fig. 3).
All the main functionalities were checked and validated.
Input was gained on possible design changes to improve
measurement precision and stability and for noise reduc-
tion. The operational experience gained with equipment
handling, controls and interlocks, was crucial for future
commissioning phases.
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Figure 3: Transverse profile of the beam at 160 MeV meas-
ured on the Beam Television (BTV) screen.

RELIABILITY RUN
Once connected to the PSB, Linac4 will be the sole pro-

o vider of protons to the whole CERN accelerator complex.
; This sets very high requirements in terms of machine avail-
O ability, which will ultimately need to match the current per-
2 formance of Linac2, running today, after 40 years, with an
Z average availability of more than 98%. After successful
o completion of machine commissioning, a Reliability Run
= was therefore planned, intended also as a transitional pe-
o riod towards operation. The main aim of the run was essen-
%‘ tially consolidation of routine operation and identification
2 of potential recurring problems, thus providing a unique
i opportunity for early identification of weak points and for
% improving procedures. The Reliability Run took place
8 from June to the end of December 2017, and it was divided
& in two phases to allow for scheduled Technical Stops for
< maintenance and technical interventions. The first phase
§ lasted until the end of September, and it was composed of
.« short periods of operation followed by repairs and optimi-
= zation. The second phase took place from the end of Octo-
S ber to the end of the year, with longer periods of operation
= followed by technical interventions, to approach more re-
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Figure 2: Sketch of the half-sector test installation.

alistic operating conditions. In total, 19 weeks were dedi-
cated to the Reliability Run. The Accelerator Fault Track-
ing system [3], initially developed for the LHC, was also
adopted for Linac4 fault tracking, with some ad hoc adjust-
ments, needed to account for the fact that Linac4 is not yet
an operational machine (hence call-out support is not avail-
able on a round-the-clock basis). Machine availability and
beam-on time was thus calculated manually from logbook
entries during working hours only, subtracting scheduled
interventions and machine studies.

The analysis of the weekly availability is shown in Fig. 4.
The average machine availability over the 19 weeks of the
run exceeded 90%. There were 2 specific weeks where
long faults were recorded: 1) week 36, with a controls tim-
ing issue and a RF cavity cooling problem , and 2) week
47, with the failure of a power converter anode module
needing replacement. Apart from these two occurrences,
most of the down-time was due to short and recurrent faults,
mainly affecting the RF systems, power converters, the
pre-chopper and the source. A full fault distribution cover-
ing the entire run period is shown in Fig. 5. Some of the
problems identified were addressed and fixed immediately
during the ensuing End-of-the-Year-Technical-Stop, while
others will be corrected during the Extended Technical
Stop foreseen in summer 2018.

BEAM QUALITY RUN

The last Linac4 operational period took place between Feb-
ruary and May 2018. Substantial RF interventions had
taken place during the previous End-of-Year-Technical-
Stop ( LLRF upgrades, maintenance of high-power RF sys-
tems, upgrades of the RF restart procedures etc). The focus
of this run was therefore placed on recommissioning all the
changes implemented and on the validation of a series of
beam quality requirements that had been agreed amongst
different groups as necessary for future Linac4 operation
with the PSB.
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Figure 4: Linac4 weekly availability during the 2017/2018 reliability run.
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Figure 5: Linac4 fault distribution by system.

The following list of measurements can be earmarked as
main achievements of the run:

i) Beam intensity flatness along the pulse and shot-to-
shot stability were both confirmed to be within £2% (ex-
cluding the initial current rise time due to space charge
compensation build-up at low energy), which is compara-
ble or slightly better than the current performance from
Linac2.

ii) Similarly, the horizontal and vertical position varia-
tions along the pulse were measured to be contained within
+1 mm (requested margin at the entrance of PSB not to ex-
ceed a transverse emittance of 1.7 um for LHC beams, see
Table 3).

i) The chopper performance was tested in depth, by op-
erating with different (and sometimes extreme) chopping
patterns on two parallel users in the machine supercycle. In
the first case a LHC-type test beam was used, with a pulse
length of 160 us and a chopping factor of 60% at 352 MHz
(equivalent to a ~625 ns long bunch train being accelerated

Plenary Session

and ~375 ns long bunch train being chopped off and de-
flected onto the 3 MeV dump). In the second case a sub-
stantially different chopping pattern was implemented
(3.6 us beam transmitted, 2.4 ps chopped off), with a
longer pulse length. This validated the pulse-to-pulse use
of the chopper and was a test exercise to mimic production
of different beams in parallel for the LHC and fixed target
physics experiments. The remnant current transmitted
when the chopper is activated was measured to be ~0.15
mA, which is at the limit of resolution of the measuring
devices and amounts to ~1% of the total transmitted beam
intensity. Rise and fall times of the chopper signals were
confirmed to be within a few ns, in agreement with the
technical specifications of the pulse amplifier and PSB re-
quests to minimize losses and reduce activation of the ver-
tical injection septum.

Dedicated time was also set aside to progress with the
commissioning of several beam diagnostics devices, par-
ticularly the laser emittance monitor [4] and the Bunch
Shape Monitor (BSM) [5]. The laser emittance monitor
uses a pulsed laser beam delivered to the tunnel by optical
fibres to detach electrons from the H- ions, which are then
deflected into an electron multiplier. The resulting neutral
H° atoms are separated from the main beam and recorded
downstream by diamond-strip detectors. By scanning the
laser through the H- beam, transverse profiles can be ob-
tained from the signals on the electron multiplier. The H°
profiles on the diamond detector allow to determine the
beam divergence, which in combination with the laser po-
sition, allows the H- transverse emittance to be recon-
structed (see Fig. 6).
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Figure 6: Beam phase space reconstruction at 160 MeV in
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Table 2: Linac4 Design Targets vs Today’s Achievements

Linac4 design Linac4
targets achieved
Peak current in 40 mA 24 mA
the linac
Routine current in 40 mA 20 mA
the linac
Transverse emit- 0.4 T mm 0.3 T mm
tance at 160 MeV mrad mrad
Energy at PSB 160 MeV 160 MeV
injection
Pulse length / 400 us/ 1 Hz ~ Up to 600 s/
rep rate 1 Hz

of the RFQ. Target performance for Linac4 after connec-
tion to the PSB is to inject via charge-stripping up to 1x10'3
protons per ring at 160 MeV. The current performance is
still sufficient to guarantee the production of LHC-type and
fixed-target-physics-type beams (see Table 3), by compen-
sating the lower intensity with a higher number of injected
turns [6].

Table 3: Beam Specifications at the PSB

© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and D

Figure 7: Screenshot from a BSM measurement at Linac4
o showing clockwise:1) beam intensity along the pulse
Q . . .

§ 1ength (top right); ‘2) longitudinal beam phase profile (bot-
= tom right); evolution of the phase profile along the pulse
< length (mountain and cascade plots on the left).

BY

C

o to make longitudinal beam profile measurements with a
& phase resolution of 1° (over a full range of 180° at
» 352 MHz). Two such devices are installed at Linac4: the
5 first one after the PIMS in the straight line to the dump, and
é the second one after the debunching cavity in the transfer
g line to the PSB. Hardware and beam commissioning were
successfully completed in varied measurement conditions
(changmg chopping pattern, pulse length etc- see Fig. 7).

OUTLOOK AND FUTURE PLANNING

Table 2 shows a comparison of the nominal Linac4 beam
parameters with the results achieved during the 2017 relia-
b111ty run. The beam current amounts to 60% of the target
1V
p

s of th

alue. This intensity limitation occurs in the low-energy
re-injector section and is due to the fact that the beam ex-
tracted from the currently installed cesiated RF volume
source has an emittance exceeding the transverse aceptance
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O The BSM was developed and fabricated at INR in Russia,

Beam Intensity Emittance | N° turns at
(pro- at PSB — 20 mA
tons/ring) | [mm mrad] | beam cur-
rent
LHC-type 3.4x10" 1.7 45
Fixed target | 1-1.2 x10"3 10 110-150
physics

A R&D programme has however been launched in par-
allel on a separate dedicated ion source test stand to study
alternative source extraction geometries and plasma gener-
ators in order to maximise the current in the RFQ ac-
ceptance. This will open the way to upgrades and will al-
low to exploit the full potential of the linac.

Linac4 has now entered a phase of Extended Technical
Stop (ETS) for 3 months until September 2018 to allow the
RF team to complete a series of scheduled upgrade and
maintenance activities. This will be followed by a re-com-
missioning run until the end of the year with the aim of
validating all changes implemented.

Linac4 will be connected to the PSB during the first se-
mester of 2019, and further commissioning periods are be-
ing planned in the following to complete validating the
whole installation and its beam performance before the
start of official operation in 2021.
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Abstract

The J-PARC 3 GeV rapid cycling synchrotron (RCS) is
~a high-power pulsed proton driver aiming for a 1 MW
g output beam power. This paper presents our recent efforts
5 for beam dynamics issues that we faced during the RCS
2 beam power ramp-up, especially about the optimization of
§ the injection painting method in a situation involving the
= emittance exchange caused by the Montague resonance.
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INTRODUCTION

The J-PARC 3 GeV rapid cycling synchrotron (RCS) is
= the world’s highest class of a high-power pulsed proton
£ driver aiming for a 1 MW beam power [1, 2]. A 400 MeV
2 H™ beam from the injector linac is multi-turn charge-
E exchange injected into the RCS through a carbon foil over

5 a period of 0.5 ms. The RCS accelerates the injected
E protons up to 3 GeV with a repetition rate of 25 Hz. Most
§ of the RCS beam pulses are delivered to the materials and
S life science experimental facility (MLF), while only four
.S pulses every several second are injected to the main ring
2 synchrotron (MR) by switching the beam destination pulse
Z by pulse.

T The requirements for the beam operations to the MLF
Zand the MR are different. Thus, different parameter
& optimizations are required for the two operation modes.
3 Due to the higher operational duty, the machine activations
© of the RCS are mainly determined by the beam operation
E/ to the MLF. Therefore, a sufficient beam loss mitigation is
§ required for this operation mode. In addition, for the MLF,
=a wide-emittance beam with low charge density is required
s to mitigate a shockwave on the neutron target, which is
; essential to obtain a sufficient lifetime of the neutron target.
L On the other hand, for the MR, a narrow-emittance beam
P with low beam halo is required contrary to the MLF case,
< which is essential to mitigate beam loss at the MR. In order

2 to meet the different requirements for the beam operations
= to the MLF and the MR, we can utilize transverse injection
o painting [3], that is, applying large painting for the MLF
+ and small painting for the MR.

Figure 1 shows the tune diagram around the operational
oint, in which the red lines represent the structure
resonances up to 4th order derived from the three-hold
symmetric lattice of the RCS, and the green circle shows
the operational betatron tune that we had used until very
< recently. This operational point allows space-charge tune
S shifts to avoid serious structure resonances such as vxy= 6,
2 4vyy =27 and 2vx + 2vy = 27, but, in exchange, it is very
close to the Montague resonance 2vy— 2vy= 0 [4]. As well
£ known, the 2vx —2vy = 0 resonance, which is mainly
£ excited by space-charge nonlinear fields such as octupole,
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causes emittance exchange. The emittance exchange has a
major influence on the formation of the beam distribution
during injection painting. This is the major issue in
optimizing the injection painting for the MLF and the MR.

In this paper, the influence of the emittance exchange on
injection painting and the optimization of the painting
method in such a situation involving the emittance
exchange are discussed for a high-intensity beam of 8.33 x
10" ppp (1 MW-equivalent intensity). The present status
of the RCS beam operation, optimized through the above
discussion, and the future prospect are also mentioned in
the latter part.
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Figure 1: Tune diagram around the operational point.
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Figure 2: Time dependences of the beam emittances
calculated for the first 1.5 ms.

EMITTANCE GROWTH DURING
INJECTION PAINTING

In the RCS, both correlated painting and anti-correlated
painting are available, and the painting emittance (&) is
adjustable from 0 to 200r mm mrad for both the horizontal
and the vertical planes [3], where g, is defined as the un-
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Figure 3: 2d plots of the betatron actions (Jy, Jy) at the
end of injection calculated with the correlated painting
of £,=2007 mm mrad.
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Figure 4: Single-particle motions during the correlated
painting of &,=2001t mm mrad.

normalized value of the entire painting area.

Figure 2 shows time dependences of the beam
emittances for the first 1.5 ms calculated with &, = 2007
mm mrad and &, = 50n mm mrad for correlated painting
and anti-correlated painting. As shown in the figure, the
correlated painting and the anti-correlated painting give the
opposite result for the large painting and the small painting.
In case of the large painting, the anti-correlated painting
provides less emittance growth. But, in case of the small
painting, the correlated painting rather than the anti-
correlated painting gives narrower beam emittance. The
opposite phenomena observed in the large painting and the
small painting can be comprehended by considering the
emittance exchange caused by the 2vx— 2vy= 0 resonance,
as is discussed below.

PARTICLE MOTIONS DURING
LARGE PAINTING

First, we discussed the particle motions during injection
painting with a large painting emittance of &, = 200 mm
mrad, which is required for the beam operation to the MLF.

Figure 3 shows a 2d plot of the betatron actions (J, Jy)
at the end of injection calculated with the correlated
painting of &, = 200n mm mrad. As is shown in the left
panel obtained with no space charge, in correlated painting,
the injection beam is painted along the line of Jx —J,= 0,
namely, from the middle to the outside on both the
horizontal and the vertical planes. This situation with no
space charge significantly changes when the space charge
is turned on, as shown in the right panel; one can see a
significant diffusion of beam particles swerving from the
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Figure 6: Single-particle motions during the anti-
correlated painting of £;,=200m mm mrad.

path of beam painting. This large emittance dilution over
the painting area is mainly caused by the emittance
exchange. As illustrated in the left plot in Fig. 3, the
directions of the beam painting and the emittance exchange
are perpendicular to each other in case of correlated
painting. This geometrical situation more directly leads the
emittance exchange to significant emittance growths.
Figure 4 shows a single-particle motion of one macro-
particle leading to large emittance growths. It clearly
shows that the emittance growth formed in the correlated
painting is originated from the emittance exchange which
occurs perpendicularly to the path of beam painting.
Figure 5 shows the case of the anti-correlated painting

with gy, = 200mr mm mrad. As is shown in the left panel

obtained with no space charge, in anti-correlated painting,
the injection beam is painted along the line of J+J,=const.,
namely, from the middle to the outside on the horizontal
plane, while, from the outside to the middle on the vertical
plane. As illustrated in the left plot in Fig. 5, the direction
of the anti-correlated painting is the same as that of the
emittance exchange. Figure 6, displaying a single-particle
motion of one macro-particle during the anti-correlated
painting, clearly shows such a situation. This geometrical
situation prevents the emittance exchange from causing
large emittance growths. In the right panel in Fig. 5, one
can confirm that most of the beam particles stay in the
painting area even if the emittance exchange occurs, thanks
to the same directions of the beam painting and the
emittance exchange.

Thus, the emittance exchange has a different effect on
the formation of the beam distribution depending on the
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Figure 7: Beam loss monitor signals measured at the
RCS collimator section.

geometrical relation between the beam painting and the
emittance exchange in the (Jy, Jy) space. The above analysis
concludes that the anti-correlated painting more favours
the suppression of emittance growths caused by the
.£ emittance exchange. Figure 7 is the result of the 1 MW
£ beam test [5], showing the beam loss monitor signals at the
Z RCS collimator section. As shown in the figure, a
% significant beam loss was observed for the correlated
S painting with &, =200n mm mrad. But, by introducing the
.2 anti-correlated painting with the same painting emittance,
"‘ the beam loss was successfully reduced to the order of a
S couple of 107 as expected. This empirical situation was
£ well reproduced by the numerical simulations, as shown in
= Fig. 8. Through the measurements and the numerical
% simulations, we confirmed the advantage of anti-correlated
2 painting. But, we have to note that the conclusion here is
< just for the case of large painting.

aintain attribution to the author(s), title of the work, publisher, and D

PARTICLE MOTIONS DURING
SMALL PAINTING

Next, we investigated the case of small painting, which
is required for the beam operation to the MR.

Figure 9 shows the beam emittance 1-ms after the end of
; injection, calculated as a function of the painting emittance
O for correlated painting and anti-correlated painting. This
© dependence is ascribed to the balance between the painting
. emittance and its resultant space charge mitigation; they
are well balanced at &, = 50mr mm mrad, providing the
minimum beam emittance there. In addition, in this figure,
one can find the correlated painting rather than the anti-
correlated painting achieves the narrower beam emittance
at &= 50 mm mrad. This situation for correlated painting
and anti-correlated painting is completely opposite to the
case of large painting. This characteristic phenomenon
observed in the small painting is also understandable by
considering the effect of the emittance exchange, as is
discussed below.

In anti-correlated painting, the direction of the beam
2 painting is the same as the direction of the emittance
exchange. This geometrical situation well suppresses
£ emittance growths directly caused by the emittance
2 exchange but it has a potential of causing a significant
E 2 modulation of the charge density. Figure 10 shows a 2d
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Figure 8: Numerical simulation results corresponding to
the results of the | MW beam test in Fig. 7.
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Figure 9: Beam emittances 1-ms after the end of
injection calculated as a function of gy.

plot of the betatron actions (Jx, Jy) during the anti-
correlated painting with &, = 50n mm mrad. In this figure,
one can find the formation of a high-density isle at the late
stage of injection. This concentration of beam particles is
ascribed to the synchronism between the beam painting
and the move of the beam distribution caused by the
emittance exchange, as shown in Fig. 11. But, such a
significant charge density modulation is not found in the
large painting, as shown in Fig. 5. The synchronism
between the two motions is lost in going to larger painting,
so a uniform distribution is relatively maintained in the
large painting. That is, it can be said that the charge density
modulation is a characteristic phenomenon enhanced in the
anti-correlated painting with a small painting emittance.

Figure 12 shows the case of the correlated painting with

= 50T mm mrad. In correlated painting, the emittance
exchange occurs in the orthogonal direction to the path of
beam painting. This geometrical situation enhances
emittance growths simply caused by the emittance
exchange itself, but, in exchange, it has the advantage of
avoiding a modulation of the charge density, as shown in
the figure.

These characteristic behaviours of beam particles during
the small painting were experimentally confirmed as
shown in Fig. 13; a high-density peak structure was found
for the anti-correlated painting with &, = 50r mm mrad,
while a more uniform beam distribution was observed for

Beam Dynamics in Rings



615 ICFA ABDW on High-Intensity and High-Brightness Hadron Beams

ISBN: 978-3-95450-202-8

Space charge: off charge: on

Painting area
;

2], (m mm mrad)
s B

8

75 100 .
2], (m mm mrad)

Figure 10: 2d plots of the betatron actions (Jx, Jy) at the
end of injection calculated with the anti-correlated
painting of &,=50m mm mrad.
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Figure 11: Schematic diagram of the geometrical
relationship in the (Jx, Jy) space between the emittance
exchange and the anti-correlated painting with a small
painting emittance.

the correlated painting with &, = 50 mm mrad, as
predicted.

The high-density isle formed in the anti-correlated
painting with g, = 50nr mm mrad causes a large space-
charge detuning as shown in Fig. 14, leading to significant
additional emittance growths afterward. The emittance
growth caused via the formation of the high-density isle is
more critical than that caused by the emittance exchange
itself in the correlated painting. This is the main reason
why the anti-correlated painting leads to larger emittance
growths in case of ;= 501 mm mrad.

RESULT OF DISCUSSION

The emittance exchange makes two major effects during
injection painting. One (i) is the emittance growth simply
caused by the direct effect of the emittance exchange,
which is more enhanced in correlated paining. Another (ii)
is from the secondary effect of the emittance exchange,
namely, the emittance growth caused through a modulation
of the charge density, which is more enhanced in anti-
correlated painting. In large painting such as £,=200n mm
mrad, the former effect (i) is more significant, so anti-
correlated painting, suppressing the effect (i), leads to less
beam loss. On the other hand, in small painting such as &
= 50 mm mrad, the latter effect (ii) is more critical, so
correlated painting avoiding the effect (ii), leads to less
emittance growth.
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Figure 12: 2d plots of the betatron actions (Jx, Jy) at the
end of injection calculated with the correlated painting
of &,=50m mm mrad.
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of injection.

PRESENT STATUS AND FUTURE
PROSPECT OF RCS BEAM OPERATION

Based on the above result, we optimized the operational
parameters including injection painting for the MLF and
the MR, which are now applied for the routine user
operations.

For the MLF, the betatron tune is now set to (6.45, 6.32)
as shown in Fig. 1 (red circle), where the large painting
with & =200n mm mrad is applied. This operational point
is relatively far from the 2vx —2vy = 0 resonance, so the
effect of the emittance exchange is not critical. Therefore,
the correlated painting as well as the anti-correlated
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Figure 15: Beam profiles measured at extraction.

painting are now feasible for the MLF.

For the MR, the operational point is set to (6.42, 6.40) as
shown in Fig. 1 (blue circle), where the small painting with
€p= 50m mm mrad is applied. This small painting causes a
g large space-charge detuning, so a part of beam particles
= possibly reaches the integers of vyy= 6 as illustrated by a
§ blue necktie in Fig. 1. The integers involve all-order
2 systematic resonances and strongly affect the beam. This
%‘ operational point provides a larger separation from vy y= 6,
g but it is very close to 2vx — 2vy= 0; the beam suffers heavy
'§ effects of the emittance exchange in exchange for less
'ZE effects of vxy = 6. Therefore, we are now applying the
& correlated painting for the MR. As discussed in the last
Zsection, the correlated painting more favours the
i suppression of emittance growths originating from the
¥ emittance exchange in case of small painting such as &, =
N 50 mm mrad.

° To realize the optimal beam operations for the MLF and

Z the MR compatibly, we have recently introduced a pulse-
3 .2 by-pulse switching of the operational parameters according
Si as the beam destination [6]; the pulse-by-pulse switching
>~ of the betatron tune is conducted with 6 sets of pulsed trim
e o quadrupole magnets, while the pulse-by-pulse switching of
U the injection painting is performed with 6 sets of pulsed
£ injection bump magnets. By optimizing the operational
2 parameters for each beam destination, and, in addition, by
£ realizing their pulse-by-pulse switching, we successfully
£ met the requirements for the MLF and the MR; a wide-
emittance beam for the MLF and a narrow-emittance beam
for the MR were achieved as requested while keeping beam
loss within acceptable levels, as shown in Fig. 15.

Thus, the accelerator itself is now ready to try a
continuous 1 MW beam operation for the MLF. But,
> unfortunately, we had troubles in the liquid mercury targets
€ used for neutron production at the MLF; a water leak from
% the target vessel happened two times one after another at
E the 500 kW beam power in 2015 - 2016. Therefore, since
£ then, the routine beam power had been limited to 150~200
§ kW. But, in the last summer maintenance period in 2017, a
‘*‘j new robust target was installed, so we are now back to the
§ beam power ramp-up phase again. While the present beam
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power for the MLF users is 500 kW, it will be increased
step by step to 1 MW from now on carefully monitoring
the condition of the target.

The RCS is now delivering the beam to the MR at a beam
intensity of ~ 6.5 x 10'3 ppp corresponding to 78% of the
RCS design intensity. With this beam, the MR has recently
achieved a new record of a 500 kW beam power for the
neutrino experiment via the recent efforts for beam loss
reduction including the improvement of the RCS beam
quality [6, 7]. The design beam power of the MR is 750
kW. To achieve the design value and more, the MR
operation cycle time will be reduced from 2.48 sto 1.3 s in
the near future. Hardware upgrades to get such a rapid
operation cycle, such as the upgrade of the main magnet
power supplies, is in progress now.

SUMMARY

The effects of the emittance exchange on injection
painting were investigated for a 1 MW-equivalent beam
intensity. In this work, we found the emittance exchange
makes two major effects during injection painting;

(1) Emittance growth directly caused by the emittance

exchange itself.

(i) Emittance growth caused by the secondary effect
of the emittance exchange, namely, via a
modulation of the charge density.

They each are enhanced or mitigated depending on the
choice of correlated painting and anti-correlated painting,
and their painting emittance. In a situation with the
emittance exchange, investigating the particle motions
while considering the geometrical relation in the (Jx, Jy)
space between the beam painting and the emittance
exchange is a key to optimizing the injection painting as
well as to understanding the behavior of the beam. Based
on the analysis result, the operational parameters including
injection painting for the MLF and the MR were recently
re-optimized, which are now successfully applied for the
routine user operations.
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Abstract

The paper considers a beam interaction with a feedback
system and major limitations on the beam damping rate.
— In particular, it discusses limitations on the system gain
5 and damping rate, feedback system noise and its effect on
= the beam emittance growth, x-y coupling effect on damp-
ing, and suppression of high order modes.

(s), title of the work, publisher, and D

CAUSALITY IN DAMPERS

Causality binds amplitude and phase for an amplifier or
electric circuit. This relationship is described by Kramers-
Kronig relations. However, there are no requirements of

causality in beam-based feedbacks because a reduction of
‘5 delay in a signal propagation from pickup to kicker may
result in that the electric signal arrives to the kicker earlier
= than a particle bunch which produced this signal in the
~ pickup, thus breaking causality That allows one to adjust
g the complex gain of the feedback to basically anything
£ what may require. It can be also used for a frequency
%’ response correction of a power amplifier. At high fre-
g quencies it is done by analogue circuits. At lower fre-
'S quencies digital filters represent more effective means.
£ To break the causality one needs to split the signal into
5 few paths with different delays and frequency responses.
2 Figure 1 presents an example of filter which, with use of
- 3 branches, makes 1/ Jo gain dependence over 4 orders

g of magnitude with reasonably good phase response. The
< filter can be described by the following expression:

mtam attribution to the aul
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Such or similar filter may be used for damping rate reduc-
tion with frequency as described below.
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igure 1: Amplitude and phase characteristics of 1/+/w

Fi
- filter. Parameters of Eq. (1) are: ©i=[0.1, 0.01, 0], »=[1,
0.02, 4104, =[0.02, 0.004, 8-10°], 4=[1, 0.11, 0.03].
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BEAM PHYSICS LIMITATIONS FOR DAMPING OF INSTABILITIES IN
CIRCULAR ACCELERATORS*

V. A. Lebedev', Fermilab, PO BOX 500, Batavia, IL 60510, USA

A practical implementation of complex gain correction
was carried out at Fermilab for gain correction of stochas-
tic cooling systems during Tevatron Run II (see Section
7.2.3 in Ref [1]).

EMITTANCE GROWTH SUPPRESSION

An increase of beam energy of a hadron collider results
in an increase of its size and a reduction of revolution
frequency. It leads to a decrease of frequencies of lowest
betatron sidebands. Considering that the spectral density
of noise, which excites betatron motion, increases fast
with frequency decrease one obtains that this increase
may become dangerous when betatron frequency side-
bands approach few kilohertz range. This effect was first
observed at Tevatron where it prevented an operation at
low value of fractional part of betatron tune [2]. Later
experiments verified an existence of the problem (see
Section 6.3.3. in Ref [1]). This effect was strongly mani-
fested at the beginning of LHC commissioning where
“transverse noise” resulted in fast emittance growth in-
termittent with emittance jumps called “hump” effect [3].

Major sources of emittance growth are fluctuations of
bending field and quad displacements due to ground mo-
tion. The bending field fluctuations are excited by fluctua-
tions of current in dipoles and may be also excited by
mechanical oscillations of liners inside SC dipoles. Note
that in the LHC the magnetic field of dipoles is “frozen”
into the liners and their size oscillations, excited by
acoustic noises, result in oscillations of magnetic field.
Typical requirement to the bending field stability of
AB/B<10” is quite tight. Consequently, size fluctuations
of sub-angstrom level may be dangerous.

The transverse emittance growth driven by transverse
kicks is determined by their spectral density at the beta-
tron sidebands [4]:

d 02 0

Here ax is the circular revolution frequency, v is betatron
tune, and S, (@) is the spectral density of the angular

kicks at the k-th location with beta-function of f. The
spectral density is normalized as:

=Tmmww, 3)

where \/A_Hz is the rms value of the kicks. For the white
noise, Eq. (2) is simplified to the well-known result:
(deldr),=(f,/2Y., BAG,?, Where fo=an/27. Note that
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the emittance growth happens only if there is a spread in
particle betatron tunes. In its absence a bunch would be
moving as whole without emittance growth. In the case of
hadron collider of LHC size or more Eq. (2) puts severe
limitations on acceptable value of noise spectral density.
A solution for the problem was first suggested in Refs.
[4,5]. The idea is based on damping of betatron oscilla-
tions before betatron motion from a kick may decohere. It
was shown that damping of betatron oscillations with
damping rate (in amplitude) of A=fog/2 is suppressed as:

2402 2
dz ~ 167 Av l:[ﬁj + /o8 prm2:| NG
0

dt  g> +l167° AV |\ dt 2p,
where the second addend accounts for the emittance
growth excited by the feedback system (transverse damp-
er) itself, op,m describes the damper noise referenced to
the rms accuracy of beam position measurements in the
pickup, S, is the beta-function in the pickup, g is the di-

mensionless gain of the damper, and \Ay? is the rms
spread of betatron tunes. For head-on collisions of round

beams yAV? ~ 0.2&, where & is the total linear tune shift

due to beam-beam interactions. As can be seen from Eq.
(4), if the gain is much larger than the tune spread, the
gain increase does not increase the emittance growth
related to the damper noise; while contribution due to
external noise is suppressed as 1/g%. It yields that the gain
should be sufficiently large so that the contribution of
damper noise would dominate the emittance growth.

Note also that the betatron motion chromaticity is an-
other source of beam decoherence. Therefore, it is desira-
ble to have the gain larger than the synchrotron tune.

As it was already mentioned that the emittance growth
due to LHC “hump” presented a serious challenge at the
beginning of LHC commissioning. The problem was
resolved by large gain increase in the LHC transverse
dampers and a redistribution of gains inside their elec-
tronics which reduced the pickup noise [6]. Power sup-
plies responsible for creation of the “hump” were found in
about half year. For the LHC the rms pickup resolution is
estimated to be in the range of 0.2 — 0.5 pm.

Spectral density of external noise decreases fast with
frequency. Consequently, only external noise at the lowest
betatron sidebands contributes to the emittance growth.
Typically, the instability rate of multi-bunch instabilities
also decreases with frequency. That enables a redaction of
feedback gain with frequency increase. Let us consider
how this reduction affects the emittance growth driven by
the damper. The pickup signal from a collider bunch is
quite large (>>1 V). Therefore, noise of a digital damper is
typically determined by resolution of ADCs digitizing
pickup signal, and, to good accuracy, the pickup noise can
be considered as the white noise. For a ring with n, uni-
formly distributed bunches (n;>>1) we can consider that
all noises are in the frequency band [-fony/2, fons/2]. The
corresponding spectral density is Gpm?/ (27 fons). Taking
this into account we can rewrite Eq. (4) as follows:
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My, N2 2
de g 167°AVE (d_j 10827 | (5)
. Sngr+lex’Av?|\dt), 2B, m,

where g, is the damping rate at the n-th betatron sideband,
(de/dt) = (a)02 /4”)25/«5@ ((v—n)a,) is the contri-
¥

bution to the emittance growth from the external noise at
n-th betatron sideband, and we accounted that the external
noise for higher harmonics is negligible (or it can be ref-
erenced to the main band). As one can see for

g} >167°Av’ the contribution of damper noise to the

emittance growth does not depend on gain distribution
over frequency. However, if the gain at high frequencies

can be reduced to be smaller than \1672Av? ; then ac-

counting that the external noise is negligible at high fre-
quencies one obtains that the effect of damper noise can
be reduced resulting in a smaller emittance growth.

DIGITAL FILTERS

Modern dampers, including LHC dampers, are digital.
That creates a possibility to use large number of previous
turns in computation of each kick. That potentially could
reduce the damper sensitivity to pickup noise. Let us
consider a general damper where each turn correction is
determined by weighted sum of previous beam positions:

Q)

Here f, and S are the beta-functions in the pickup and
kicker, respectively, x, and J, are the beam positions and
their errors at turn n, and g is the relative damper gain. A
requirement to suppress sensitivity to the beam orbit off-

set in the pickup results in that Zf:ol A4,=0 . We also

assume that the gain g is sufficiently small so that a per-
turbation theory could be used.
An introduction of complex variable,

z:\/%—{\/ﬁ0+a\/%J ;

reduces the betatron motion to a rotation in the complex

O]

plane with betatron frequency (z = ¢z, ). Substituting Eq.

(7) into Eq. (6) and dropping non-resonant terms one
obtains the damping rate:

. K-l _
g,= —%gl e ZAk g ik, (®)
k=0

where /27 is the betatron tune, and 4 is the betatron
phase advance between pickup and kicker [6].

Now we consider the emittance growth excited by
noise of the BPM measurements. The same as above we
assume that g is sufficiently small. Then, omitting (tem-
porarily) the damping term (x,.x) in Eq. (6) one obtains:
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K-1

=] 7 —je B > A6x,, |- €)

Zn+1 n
k=0

p

Each error, dx,, makes K contributions to the sum thus
multiplying the effect of this error. Let only a single
measurement be erroneous. Then after K turns we obtain:

K-1
_imk ik 8] Z i (K—k)
z, =e"" z, —ie ox, ) A.e

\/ﬁ»p k=0

. 2 .
— K 5 4 Z8d ik ox,

B

= where zo is the initial complex amplitude of the particle in
‘g the pickup, dxo is an error of position measurement, and at
";’j the end of transformations we used Eq. (8). Averaging
§ over initial phase of the oscillations and kick amplitudes
'S we obtain an increase of the emittance due to a single

(10)

to the author(s), title of the work, publisher, and D

(0)

z.
)
o3

g =3l | ) ~o= -2l 15 - D

P

where Sx* is the squared rms error of single measure-
ment. Taking into account that different kicks are statisti-
cally independent one obtains the emittance growth rate
without its suppression by the damper:

2
O (12)

d
jfzzfo‘gd‘z

P

Comparing this equation with Eq. (4) (g+—g/2) one can
conclude that the digital filter does not help to reduce an
effect of BPM noise on dé&/dt; but a usage of large number
of turns in the damper increases the damper sensitivity to
; the betatron tune and, as it will be shown in the following
section, reduces the maximum achievable gain.

LIMITATIONS ON THE GAIN

An increase of collider size results in increased sensi-
tivity to external noise and, consequently, requires a high-
er damping rate. Here we consider limitations on the
damping rate for a digital transverse damper. In the gen-
eral case the turn-by-turn transformation referenced to the
pickup location is:

K-1
X, =Mkp [Mpkxn +G;Akxn_kj’ (13)

rk may be used under the terms of the CC BY 3.0 licence (© 2018). Any distribution of this work must main

~ where x, = (x, 6)7 is the vector describing a location of
g the bunch center of gravity in the 2D phase space, My,
.2 and M, are the transfer matrices from kicker-to-pickup
and pickup-to-kicker,
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G =
0 g
and coefficients 4, are defined by Eq. (6). We look for a
solution in the form X ,, = AX  which results in an

(14)

equation for the eigen-value A:

K—]A
M—A1+MkpGZA—kk =0 > (15)
k=0

where I is the identity matrix, and we accounted that the
ring transfer matrix is M = My, M,;. As one can see the
number of roots of Eq. (15) is equal to 2K. Consequently,
for the filter order K <2 this equation can be solved ana-
lytically, and a numerical solution is required otherwise.
The damping rate is defined by following equation:

=1, ln(max(|An

)

where max() chooses the largest modulo of the eigen-
values of |A,|. For small g the perturbation theory solu-
tion yields the result presented in Eq. (8).

To demonstrate behaviour of damping for large gains
we consider 3 cases: (1) one-turn system (4o= 1), (2) two-
turn system with notch filter (4o=—-4:= 1), and the LHC
damper.

The solution for the one-turn system is straightforward.
It has two roots:

2
s s
A:c+ngkpii\j1—glspk —(c+ng"pj )

a7

where 4, is the kicker-to-pickup phase advance, and
¢ = cos(uu), s = sin(u), cip = cos(tp), Spk = SIn(L),
to=27{Vv], and [Vv] is the fractional part of betatron tune.
Figure 2 shows a dependence of eigen-values modulo on
the gain for [v]=0.42 and 14=0.25. As one can see an
increase of gain results in modulo splitting for gain above:

_ —sin(u)/sin*(p,, /2), 7<pu<2zm, (18)
" sin(u)/ cos®(py, /2), 0<p<m,

where the maximum damping is achieved. Figure 3 pre-
sents a dependence of maximum of eigen-values modulo
on the betatron tune for the optimal gain, g,. As one can
see damping is greatly decreased near half integer tunes.
One turn damping is possible at tunes equal to 0.25 and
0.75. Note also that a properly designed system of two
pickups and two kickers has not a dependence of g,, on
the betatron tune and can damp oscillations in 1 turn.

The solution for the two-turn system has four roots.
One of them is equal to zero and can be omitted. The
three other are solutions of cubic equation. Its solution is
straightforward and therefore is not presented here. Figure
4 shows a dependence of eigen-values modulo on the gain
for the optimal pickup-to-kicker phase advance v=(1-v)
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/2. Behaviour is similar to the case of one turn system but
now there are 3 non-trivial eigen-values. Figure 5 presents
a dependence of maximum of eigen-values modulo on the
betatron tune for the optimal gain. As one can see the
damping disappears near integer resonances and, com-
pared to the one-turn system, the maximum damping rate
is significantly degraded.

An increase in number of turns decreases the maximum
damping rate approximately as 1/K, where K is the num-
ber of turns used in computation of corrections. Figure 6
presents the damping rate, defined by Eq. (16), for the
LHC horizontal damper [6] where damper corrections are
computed from the beam positions at 7 previous turns.
That significantly reduces the maximum achievable
damping rate and introduces strong dependence of damp-
ing rate on the machine tune as shown in Figure 7.

BY &
0.8 :
] e - {.._. A
v =042 Lo
04 —
03 L‘Pk =023 E '\...
0 ' -

Figure 2: Dependence of eigen-values on the gain for one-
turn system; [ V] = 0.42, v,x= 0.25.
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|5

Figure 3: Dependence of maximum of eigen-values at the
optimal gain on the betatron tune for the one-turn system.
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Figure 4: Dependence of eigen-values on the gain for
two-turn system; [ v]=0.42, v,,=0.25.
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Figure 5: Dependence of maximum of eigen-values at the
optimal gain on the betatron tune for two-turn system.
The maximum damping gate: 4/ fo =~In(0.61) = 0.49.
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Figure 6: Dependence of damping rate on the gain setting
for the LHC horizontal damper for beam 1.
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Diamping rate (ab, units)

|

Figure 7: Dependence of real (red) and imaginary (blue)
parts of damping rate on the machine tune for the LHC
beam 1 horizontal damper.

ANALOG PRE-PROCESSING AND
POST-PROCESSING

Analog pre-processing and post-processing in digital
dampers may significantly affect an excitation of intra-
bunch high order modes (HOMs) and, consequently, may
2 limit the damping rate.

Typical signals from a strip-line pickup are shown in
Flgure 8. The signal consists of from the forward signal
proport10na1 to the bunch dipole moment (red line) and its
‘£ reflection from the downstream end of the pickup (blue
Z & line). The total 51gna1 is shown by black curve. The way
>whow this signal is modified before digitization and how
<. digitization is done determines sensitivity of the damper
% to HOMs. Note also that a non-zero chromaticity changes
& the transverse offset along the bunch in the course of
© synchrotron motion making the signal of zero mode re-
& sembling signals of HOMs.

n of this work must maintain attribution to the author(s), title of the work, publisher, and D
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i Figure 8: Typical pickup signals for the dipole (left) and
< hlgher head-tail modes. Top plots show changes of bunch
S transverse offset along the bunch.

The following analogue pre-processing methods ap-
plied before digitization are usually used:
e An integration which delivers the bunch center
of gravity
e Mixing pickup signal with RF with subsequent
low pass filtering making bell-shape form of a
signal
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e In the case of very short bunches an excitation of
oscillator with subsequent digitization at slower
sampling rate.

If the bunch length is much smaller than the bunch-to-
bunch distance then, if special care is applied, this pre-
processing may deliver the bunch center of gravity which
is weakly sensitive to HOMs. To reduce sensitivity to the
signal base line (voltage outside of signal waveform) the
digitization before and at the bunch is used. It becomes
close to impossible to avoid excessive sensitivity to
HOMs if bunch length is comparable to the bunch-to-
bunch distance which is typical for proton synchrotrons.

Normally, kicker power amplifiers do not amplify low
frequencies. It makes an amplifier signal bipolar and,
consequently, it makes kicks being bipolar. If bunch
length is comparable to the bunch-to-bunch distance, then
making uniform kick along the bunch becomes very chal-
lenging. Consequently, that makes it impossible to make
uniform kick along the bunch and to avoid an excitation
of HOMs.

Depending how signal of a HOM is pre-processed be-
fore the digitization and how kicker signal excites the
same HOM (post-processing) the damper can amplify or
damp this HOM. Note that these problems need to be
addressed even if many digitization points are used in the
pickup measurements and formation of kicker voltage.

EFFECTS OF X-Y COUPLING

Usually effects of x-y coupling do not play significant
role in damping of instabilities. However, in the course of
Tevatron Run II, it was observed that switching on a one-
plane damper could introduce instability in another plane.
The reason of such behaviour was strong x-y coupling
which could not be completely compensated because of
large uncontrolled skew-quad components in supercon-
ducting dipoles. Running dampers for both planes made
the beam stable. In this section we consider how such
problem can be analysed.

The analysis can be done similar to a single dimension-
al case described by Eq. (13) where 2D matrices have to
be replaced by 4-D matrices; and the matrix G has to be
replaced by 4D matrix

G _[G 0] g f00
1o 0 e

for the horizontal and vertical dampers, respectively.

In majority of applications a perturbation theory solu-
tion is sufficient. In this case we can use a perturbation
theory developed in Ref. [7]. It yields that if the perturba-
tion changes the transfer matrix from M to M + AM then
the betatron tune shifts due to the perturbation are:

(19)

Av =—Lvn+SAMvn ,

(20)
Y -

n=12.

Here S is the unit symplectic matrix, and v, are the eigen-
vectors of unperturbed motion. Two other eigen-vectors
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(values) are complex conjugated to the first couple. That
makes altogether 4 linearly independent eigen-vectors.
Leaving only the first order terms in Eq. (13) one obtains:

K-1
AMY = MkpGx’yz AN 1)
k=0

That results in for the horizontal damper:

K-1
Avnz—l D AN v, SM G, v,. (22)
472' k=0 v

where A, are corresponding eigen-values of unperturbed
motion. For the vertical damper G, needs to be replaced
by G,. Note that a knowledge of 4D optics is required to
use Eq. (22).

DAMPER DIAGNOSTICS

The spectrum of pickup measurements has information
about the betatron frequency and the phasing of the
damper. Figure 9 shows the spectrum simulated for the
LHC damper. Measurements resulted in similar behavior.
One can see that the spectral density is suppressed at the
betatron frequency. The LHC damper has two independ-
ent pickups. Therefore, the spectrum suppression at the
betatron tune is about half. It would be close to 100% if
only one pickup is used. The width of the gap determines
the damping rate. Its asymmetry characterizes the damper
phasing.

P
= T T
(Is]) Ve ﬂdfﬂﬂ_l—'xg:'
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Figure 9: Spectral density of noise (blue) for two-BPM
LHC damper; red dots — actual beam motion.
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CONCLUSION

Next generation hadron colliders will have size signifi-
cantly exceeding the LHC size. That will make them more
susceptible to the external noise and will require dampers
with damping time of few turns. Their maximum damping
rate is limited by number of previous turns used for com-
putation of each correction. It was shown that using large
number of turns does not deliver any increase in damping
efficiency but reduces the maximum achievable damping
rate and makes damper more sensitive to the betatron
tunes. Therefore, a usage of large number of turns is un-
desirable. It was also found that a reduction of system
gain with frequency can be useful to reduce an effect of
damper noise and, consequently, its heating power. Spe-
cial care has to be applied to minimize an excitation of
intrabunch HOMs which also can limit the damping rate.
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Abstract

This study reports on an alternative method to generate
transverse Landau damping to suppress coherent instabilities
g in circular accelerators. The incoherent betatron tune spread
= can be produced through detuning with longitudinal rather
= than transverse action. This approach is motivated by the
: high-brightness, low transverse emittance beams in future
< colliders where detuning with transverse amplitude will be
§ less effective. Detuning with longitudinal action can be in-
‘g troduced with a radio frequency (rf) quadrupole, or similarly,
< using second-order chromaticity. The latter was enhanced in
E the Large Hadron Collider (LHC) at CERN and experimen-
h tal results on single-bunch stabilization are briefly recapped.
3 The observations are interpreted analytically by extending
s the Vlasov formalism to include nonlinear chromaticity. Fi-
o nally, the newly developed theory is benchmarked against
& circulant matrix and particle tracking models.

the author(s), title of the work, publisher, and D
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INTRODUCTION

Due to the strongly reduced transverse emittances of the
beams in the Future Circular hadron Collider (FCC-hh), gen-
= erating a betatron tune spread with magnetic octupoles for
A Landau damping of transverse dipole modes is ineffective, in
- particular at high energy [1,2]. Betatron detuning with lon-
% gitudinal amplitude introduced by means of an rf quadrupole
-2 is hence under study as a potential alternative [3]. Numeri-
< cal studies performed with the PyHEADTAIL tracking code
; demonstrate that such an rf device can indeed provide beam
© stabilization [4, 5].
qu It was shown in Ref. [6] that second-order chromatic-
f ity (Q”") mimics the effect of an rf quadrupole at first or-
2 der. Measurements were performed in the LHC where Q"
5 was enhanced and single bunches were stabilized at 6.5 TeV
é through detuning with longitudinal amplitude [7, 8]. Py-
g HEADTAIL showed a very good agreement with the data,
E confirming the correct modelling of Landau damping from
2 an rf quadrupole or nonlinear chromaticity in the code [6].
2 Both simulations and experiments indicate that Q" intro-
2 duces two beam dynamics effects: (i) it changes the effective
gimpedance and hence the transverse dipole modes and their
< associated coherent frequencies, and (ii) it generates a beta-
% tron tune spread depending on the longitudinal amplitude
‘£ and therefore Landau damping.

The objective of this study is to present the progress made
on the development of the Vlasov theory for nonlinear chro-
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maticity and to confirm analytically the two effects that were
observed in the LHC. First, the main results and conclusions
from the experiments are recapped before briefly explaining
how the Vlasov formalism was extended to include nonlinear
chromaticity. Finally, results from numerical studies with
PyHEADTAIL and the circulant matrix solver BimBim are
discussed to demonstrate the validity of the developed the-
ory [9, 10]. Only the main results for airbag and Gaussian
beams are presented here, with specific approximations on
the impedance model. A complete study including detailed
derivations and providing considerably more information
on the benchmarks is currently in preparation and will be
submitted to a peer-reviewed journal in the near future.

LHC EXPERIMENTS

LHC Single-Bunch Stability

At 6.5 TeV, with design bunch parameters, first-order
chromaticity Q7 , between 11 and 14 units, and the trans-
verse feedback system active with a damping time of ap-
proximately 100 turns, the main transverse single-bunch in-
stability in the LHC is a horizontal head-tail mode with
azimuthal and radial numbers [ = 0 and m = 2 respec-
tively [11, 12]. During routine operation this instability
is mitigated by means of the Landau octupoles [13]. The
minimum current required for stabilization was measured
to be I = 96*20 A. Using a detailed LHC impedance
model [14], PyHEADTAIL predicts the correct instability
threshold (/™ = 107.5+2.5 A) and the right azimuthal and
radial numbers of the head-tail mode, confirming the high

reliability of the numerical model.

Second-Order Chromaticity Study

The LHC main sextupoles are grouped into focusing and
defocusing families and each of them is split further into
two subfamilies interleaved by a phase advance of about
n. The four groups can be powered individually for each
of the eight machine sectors which makes it possible to
control the second-order chromaticity independently in the
two transverse planes and without affecting Q7 . For each
of the two beams, two orthogonal (nonlinear) knobs QPPX
and QPPY were defined to enhance respectively Q% and Q;’.

The experiment was performed with two bunches in each
of the two beams at 6.5 TeV. The Landau octupoles were
initially powered with I,; = 320 A to ensure beam stability.
The settings for QPPX and QPPY were determined using
MAD-X to introduce QY , ~ —4 X 10* in both beams once
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Figure 1: Comparison of the two horizontal head-tail modes
observed in the LHC (top) and in PyHEADTAIL simulations
(bottom) without (left) and with (right) Q7.

the current in the Landau octupoles would be reduced to
zero [15]. The reason for using negative Q"' is that it pro-
vides a higher stabilizing efficiency for the head-tail mode
observed in the LHC which is characterized by a negative
real coherent tune shift [6, 16]. This is due to the strong
asymmetry of the tune spreads and hence of the stability
boundary diagrams introduced by Q" (see theory below).
As soon as the targeted sextupole settings were reached, the
current in the Landau octupoles was decreased in steps of
40 A. At I, = 40 A all four bunches were still stable. At
this stage Q' ,, measurements were performed that showed a
good agreement with MAD-X predictions hence demonstrat-
ing that Q" is well-controlled in the machine [6]. Once the
Landau octupole current was reduced to 0 A, a horizontal in-
stability occurred in one of the four bunches while the other
three remained stable. The reason why only one bunch went
unstable was its significantly higher intensity compared to
the second bunch in the same beam [8]. The observed insta-
bility was now no longer a head-tail mode (/,m) = (0,2), but
instead had mode numbers (/,m) = (—1,3). Figure 1 (top)
displays the measured head-tail patterns without (left) and
with (right) Q”, acquired by the Head-Tail Monitor [17]. The
fact that the bunches were stable at significantly reduced, or
even zero octupole current indicated a strong Landau damp-
ing effect from Q”, later confirmed by tracking simulations.

PyHEADTAIL was used to interpret the experimental ob-
servations made. 4 x 10° macroparticles were tracked over
1.8 x 10° turns, again using the detailed LHC impedance
model. Figure 2 summarizes the main results. The color
code shows the relative emittance growth over the simulation
period in %, where ‘blue’ is stable and ‘white’ unstable. The
dots represent the azimuthal mode number of the instability
predicted for each setting of the Q”” knobs. Labels (a) and
(b) correspond to the two experimental working points, re-
spectively with and without Q”’. The plot shows that large
regions of stability are created in the QPPX vs. QPPY plane
thanks to Landau damping from Q”’. The two main stable
areas are, however, separated by an unstable band indicating
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Figure 2: PyHEADTAIL study showing the predicted hori-
zontal head-tail instabilities and the emittance growth in the
QPPX vs. QPPY plane. Labels (a) and (b) denote the two
experimental working points.

a head-tail mode / = —1 (red dots). This is a consequence
of Q" changing the effective impedance and hence the head-
tail modes as discussed analytically in the following section.
The first unstable band observed at low values of Q" is the
mode [ = 0 (green dots), consistent with experimental obser-
vations made in absence of Q”’. The stable region between
the two unstable bands arises from sufficient Landau damp-
ing of both modes. The further increase of Q”’, however,
leads to a change of the effective impedance, causing a loss
of Landau damping for the [ = —1 mode. For even larger
amounts of Q"’, all the instabilities are suppressed. Addition-
ally, working point (b) lies close to the second unstable band.
This is consistent with experimental data which clearly show
that the observed horizontal instability is indeed of mode —1.
Overall, the experimental results, and in particular the Head-
Tail Monitor signals, are in excellent agreement with the
simulations, displayed in Fig. 1 (bottom).

In the following section, the existing Vlasov theory will
be extended to include the effects of nonlinear chromatic-
ity, making it possible to confirm the interpretation of the
experimental observations analytically.

VLASOV THEORY

Vlasov’s equation in transverse (q,8) and longitudinal
(r,¢) polar coordinates reads [18]

1 Wy Fy
Os + E 0.)/3(6) Oy + 764, + E(?py Y =0, (D)

where ¥ is the particle distribution in 4D phase space (in-
cluding the longitudinal and one transverse plane), s the
longitudinal position of the bunch along the accelerator, ¢
the speed of light, E the total energy of the beam particles,
F, the transverse force representing here the effect of trans-
verse dipolar wakefields, py (g, 6) the transverse momentum,
¢ the relative longitudinal momentum error, and w; the syn-
chrotron frequency. Nonlinear chromaticity terms up to
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dD

5 order m are included in the equation through a dependency
§ of the betatron frequency on &

m (k)
wg,0 i—,ék 2)
k=0

U.)ﬁ((S) = wg,0 + Awﬁ(é) =

with wg o the unperturbed betatron frequency, and

1 6"(1)[3
wg,0 aon

f(n)

3)

6=0

the nonlinear chromaticity of order n.
To simplify the Vlasov equation and to find the solutions ¥
of the collective transverse dipole modes, one proceeds in a
< similar way as explained in Ref. [18], Egs. (6.166) to (6.179),
.2 while allowing for an arbitrary dependence of the betatron
,—é frequency on the longitudinal momentum deviation. First,
£ ¥ is described as a sum of a stationary solution and a per-
g turbation term ¥ = Wy + ¥, where ¥y = go(r) fo(g) and
E V) = -Dgi(r,¢) f{(q) €' 7/, gy and g; are the sta-
E tionary and perturbed longitudinal distributions respectively,
2 and fj is the transverse stationary distribution. D is the dipo-
_~4 lar moment of the perturbed distribution and Q the complex
3 coherent frequency associated with the mode. Using this
£ approach, the Vlasov equation can be reduced such that it in-
%' volves only longitudinal coordinates. The wakefield term is
g expressed in frequency domain using the transverse dipolar
‘£ impedance Z (w) and one can obtain an equation similar to
' (6 174) in Ref [18]. From this point onwards, one deviates
w:: from the path described in Ref. [18] and instead rewrites the
Z Vlasov equation in terms of the functions

0 t e author(s), title of the work, publisher,

i ¢
G1(r,¢) = g1(r,) es Jo Aws@ruw)du, @

© 2018). Any

~

They can be further decomposed into the azimuthal eigen-
& modes G (r,¢) (with eigenvalues Q) of the free (Z{ = 0)
2 Vlasov equation

ce

i Awpg)g
Gi(r,¢>=Rz<r>e(” )"’,

QD = wg o+ Lws + (Awg)g,

&)

where [ € Z is the azimuthal mode number, and (Awg)4 ()
= denotes the betatron frequency change Awg(5(r,¢)) aver-

aged over the longitudinal phase ¢ in the interval [0,27).
This quantity is, in general, dependent on the longitudinal
< amplitude r of the particles and thus describes the beta-
3 tron frequency spread introduced through detuning with
% longitudinal amplitude. This term will eventually lead to
2 Landau damping as demonstrated below when comput-
2 ing the dispersion relation. One can already see at this
E stage that (Awg)y(r) = 0 for odd orders of chromaticity
§ £@m+D e Ny, i.e. the average frequency spread vanishes.
.« This result is independent of the longitudinal particle distri-
= bution. Odd orders of chromaticity do not introduce Landau
S damping. On the other hand, even orders of chromaticity
= £2m_ p e Nintroduce a betatron frequency spread with lon-
‘q"é gitudinal amplitude that does not average out over time. In
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any case, though, both odd and even orders of chromaticity
introduce a change of the effective impedance and modify
the coherent frequencies of the modes which will also be
demonstrated and discussed in the following section.

Having rewritten the Vlasov equation in terms of the az-
imuthal eigenmodes Gl1 (r,¢), one can multiply the result by
e~'¢ and perform the integration over ¢ from 0 to 2. Fi-
nally, one can integrate over r from 0 to oo to obtain Vlasov’s
equation in its ‘final’ form

q Wy a)
T1, = oy /Z Lt)
Ip 47Ta)ﬁ()E7] ” Z I'p (o’

'*—oo

. f°° reo(r) HY () HY (1)
o QD —wgo—lwy —(Bwgre(r)
(6)

where ¢ is the electric charge of the particles, wg the angular
revolution frequency, and n the slip factor. Furthermore,

0'1p

f ) rR(r) HY (r) dr,
0

1 2 P iw’ .
Hlp(r) 2_ ell¢ e*TI”COS¢e w_; B(V ?) d(b (7)
T

¢
B(r,¢) = fo [Awp(8(r,1)) = (Awp)y ()] du,

with [, p € Z, and w’ = p’wg + wg,o + [ ws. In the weak-
wake approximation, the summation over [’ can be neglected
and one can instead consider Eq. (6) as a set of independent
equations in /. Hlp (r) can be perceived as a generalized
Bessel function. It can be shown that in the event of a purely
linear chromaticity, H lp (r) reduces to the Bessel function of
the first kind and Eq. (6) becomes identical to Eq. (6.179)
in Ref. [18]. The phase terms e~/8(#)/«s describe the al-
teration of the interaction of the beam with the impedance
caused by arbitrary orders of chromaticity. The result is
that the overlap sum over index p’ in Eq. (6) between the
H lp ’(r) functions and the impedance le (w”) changes. This
causes a change of the coherent frequencies Q) both for
the real and imaginary components, of all the modes, an
effect that is not related to Landau damping. Instead, Lan-
dau damping can be seen from the dispersion integral in
the bottom line of Eq. (6). The incoherent detuning term
(Awg)e(r) in the denominator leads to an increase of the
stable area in the complex frequency space as demonstrated
in the following section. Equation (6) hence decouples the
two beam dynamics effects introduced by nonlinear chro-
maticity and observed consistently in LHC experiments and
in PyHEADTAIL simulations.

SOLUTIONS AND BENCHMARKS

This section discusses specific solutions to the previously
derived Vlasov equation and summarizes the benchmarks
performed to validate the formalism by means of the circu-
lant matrix solver BimBim and the PyHEADTAIL tracking
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code. While the theory and the circulant matrix solver di-
rectly output the coherent frequencies for each azimuthal
mode, the tracking results have to undergo additional post-
processing. The real and imaginary parts of the coherent
frequencies are obtained respectively from a SUSSIX fre-
quency analysis and from exponential fits to the bunch cen-
troid signals [19].

Equation (6) is first evaluated for a longitudinal airbag
model where all the particles have the same longitudinal
amplitude and hence there is no net frequency spread from
any order of chromaticity. In that case, there is no Landau
damping (the dispersion integral disappears from Eq. (6))
and one can thus study separately the change of the effective
impedance. Thereafter, a longitudinal Gaussian bunch is an-
alyzed where the two beam dynamics effects introduced by
nonlinear chromaticity are both present. Here, even orders
of chromaticity introduce a frequency spread and Landau
damping. Stability boundary diagrams are computed and de-
tailed comparisons with PyHEADTAIL tracking simulations
are made.

Airbag Model

To benchmark the developed theory against numerical
models, a scan in second-order chromaticity is performed at
fixed first-order chromaticity &) = 0.25 for a longitudinal
airbag distribution. The machine parameters used for the test
are loosely based on the CERN Super Proton Synchrotron
(SPS) at injection energy (y = 27.7, ws/wo = Q5 = 0.017,
B. = 115m), where y, Oy, and 3, are the relativistic
Lorentz factor, the (linear) synchrotron tune, and the lon-
gitudinal Courant-Snyder beta function respectively. The
bunch intensity is at 10° p and the particles are set to have a
longitudinal action of J, = 3x 10~ m. A simple broad-band
resonator impedance is used (Rg = 107 Q/m, fr = 0.8GHz,
0 = 1), with Ry, f,, QO respectively the resonator shunt
impedance, its frequency, and its Q-value. Equation (6) is
evaluated numerically and the results are plotted in Fig. 3
(solid lines) for azimuthal modes up to order |/| = 5. The
theoretical predictions are in excellent agreement with the
tracking (green crosses) and circulant matrix (red dots) mod-
els confirming the validity of the developed formalism. Also,
the results demonstrate that second-order chromaticity mod-
ifies the effective impedance which leads to a change of the
most unstable mode as a function of £, This effect was
experimentally observed in the LHC. The real coherent fre-
quency shifts are dominated by the constant (i.e. independent
of r) and real-valued term (Awg)s which is identical for all
the azimuthal modes of an airbag beam.

Gaussian Beam

To study the effect of Landau damping from nonlinear
chromaticity, a Gaussian beam is used for the comparison
between the theory and the PyHEADTAIL model. For Gaus-
sian beams, there is a longitudinal amplitude spread among
the particles. In combination with even orders of chromatic-
ity, this translates into a betatron frequency spread and an
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Figure 3: Real (top) and imaginary (bottom) coherent fre- -
quencies as a function of ¢? at fixed £ = 0.25 for an
airbag model using BimBim (red dots), Py HEADTAIL (green
crosses), and analytical calculations (solid lines).

increase of the stability boundary diagram in the complex fre-
quency space. In general, however, the eigenvalue problem
in Eq. (6) is difficult to solve. To write down an analytical
solution where the dispersion relation and Landau damp-
ing become more apparent, constraints are imposed on the
shape of the impedance. A highly narrow-band resonator
impedance is considered, for instance, such that effectively
ZH(w") = Zp, # 0for p” = po, and Zi"(w’) = O every-
where else. For this type of impedance, Eq. (6) simplifies
greatly. To compute the stability boundary diagram, one
considers the coherent frequency shift AQl(iln) in absence of
Landau damping (linear lattice), determined by ignoring the
frequency spread in Eq. (6). This yields

r

N :f rgo(r) |H;’°(r)‘2 dr,
0

2
rgo(r) [HE(r)|
QD — we(r) - lwy

)

a0 = L
(a0y) =% ©

where wg(r) = wg,o + (Awg)g (). The dispersion relation
is evaluated by adding a small complex part ie to the denom-
inator of the integral (Landau bypass rule). By making addi-
tional assumptions on the beam spectrum and impedance,
one can also show that Eq. (8) is equivalent to the results
found by Scott Berg and Ruggiero in Ref. [16].

To benchmark Eq. (8) against Py HEADTAIL, the assump-
tion on the strongly-peaked impedance needs to be fulfilled.
This can be achieved by choosing a high quality factor res-
onator and tuning its frequency to match the spectral max-
imum of the azimuthal mode zero while remaining small
for all the other modes. At the end of the tuning proce-
dure, the values for the resonator were Ry = 5 X 1012 Q/m,
fr =0.7993 GHz, and Q = 5 x 10*. Due to the high quality
factor, multi-turn wakefield effects had to be enabled in Py-
HEADTAIL. A bunch length of o, = 0.21 m was used for
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Figure 4: Stability boundary diagrams for different values of
£@ obtained by numerically solving the dispersion relation
in Eq. (8). The coherent frequency shift of the mode under
consideration is obtained from PyHEADTAIL (red cross).

the Gaussian distribution. All the other machine parameters
were kept the same as above.

To evaluate beam stability analytically, the dispersion
Z relation in Eq. (8) is solved numerically for different £,
< Solutions of the stability boundary diagrams are shown in
§ Fig. 4 (solid lines) for four specific values of £?. Due to
Rz the negative real part of the coherent frequency shift of the
b = mode under consideration (red cross), negative values of
S £@ are used as they provide stability more efficiently given
‘E the asymmetry of the frequency spread and of the stability
-ZE diagrams. The plots illustrate the growth of the area of
:Z stability with increasing |£®|. For £ < —10, the area is
& large enough as to include the unstable mode from which

_: point onwards it is fully Landau damped. It has been verified

that by removing the frequency spread from the formula, the
& modes cannot be stabilized at least up to [£?| = 1000.
~, Furthermore, theoretical calculations show that within a
2 few tens of units of |£(?)|, there is no strong dependence of
the coherent frequency on £, i.e. the change of effective
- impedance is insignificant here.

Figure 5 displays the dependence of the imaginary coher-
ent frequency shift (instability growth rate) on the second-
order chromaticity as obtained analytically (red diamonds)
and from PyHEADTAIL simulations (green crosses). The
analytical solutions were calculated using stability diagram
theory: different values for ie were plugged in the denomi-
nator of Eq. (8) to compute the ‘distortion’ of the complex
frequency space and therefore deduce the growth rates of the
instability as a function of £¢®). The PyHEADTAIL results
were determined using exponential fits to the bunch centroid
signals. The theory and the tracking model demonstrate an
excellent agreement, not only on the stability threshold, but
Z also on the evolution of the growth rate for intermediate £
—% It has also been verified that there is no other mode that
£ becomes unstable, at least up to [£¢?)| = 1000.
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CONCLUSIONS

The existing Vlasov theory on transverse dipole modes
has been extended to include the effects of nonlinear chro-
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Figure 5: Stabilization of the head-tail mode zero as a func-
tion of £ < 0 for a Gaussian beam. PyHEADTAIL simu-
lations (green crosses) are shown together with predictions
obtained from stability diagram theory (red diamonds).

maticity up to arbitrary order. This new formalism made
it possible to confirm the hypothesis that nonlinear chro-
maticity has two effects on the beam dynamics of transverse
coherent modes, observed in experiments with second-order
chromaticity in the LHC: (i) it introduces Landau damp-
ing thanks to the incoherent betatron frequency spread with
longitudinal amplitude, e.g. providing stability for single
bunches in the LHC, and (ii) it alters the effective impedance,
observed as a change of the most unstable mode in the LHC.

The theory has been successfully benchmarked up to
second-order chromaticity for an airbag model and a Gaus-
sian beam using a tracking model and a circulant matrix
solver. All the benchmarks revealed an excellent agreement
with the theory. For the Gaussian beam it has been shown
that, given the assumption of a strongly-peaked impedance,
analytical predictions from stability diagram theory are in
perfect agreement with tracking simulations. This proves
that detuning with longitudinal amplitude indeed provides
Landau damping. The frequency spread can be introduced
for example with even orders of chromaticity, or, simi-
larly, with an rf quadrupole. This is in accordance with
experiments and simulations that were carried out on the rf
quadrupole and on second-order chromaticity in the LHC,
confirming the interpretation of these results.
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Abstract

A high bandwidth transverse feedback demonstrator sys-
> tem has been devised within the LARP framework in col-
g laboration with SLAC for the LHC Injectors Upgrade (LIU)
E Project. The initial system targeted the Super Proton Syn-
‘2 chrotron (SPS) at CERN to combat TMCI and electron cloud

=

< instabilities induced for bunches with bunch lengths at the

§ 100 MHz scale. It features a very fast digital signal pro-
'S cessing system running at up to 4 GS/s and high bandwidth
< kickers with a frequency reach of ultimately beyond 1 GHz.
Z In recent years, the system has gradually been extended and
”?‘6 now includes two stripline kickers for a total power of 1 kW
E delivering correction signals at frequencies of currently more
g than 700 MHz. This talk will cover recent studies using this
‘S demonstrator system to overcome TMCI limitations in the
§ SPS. We will conclude with future plans and also briefly
2 mention potential applications and requirements for larger
Z machines such as the LHC or the HL-LHC.

he author(s), title of the work, publisher, and D
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INTRODUCTION

The CERN Super Proton Synchrotron (SPS) will have to

deliver high intensity beams up to 2.3 x 10!! ppb — twice
the value of today — after the LHC Injectors Upgrade (LIU)
8 in preparation for HL-LHC. Up to 288 bunches will have to
g be accelerated from 26 GeV to 450 GeV before extraction
; to the LHC. Transverse Mode Coupling Instability (TMCI)
M and electron cloud instabilities have been a concern in the
8 past. One of the strategies for the mitigation of these types
£ of instabilities was to use novel wideband feedback systems
‘6 to combat the high frequency coherent motion.
A demonstrator system has been developed in a multi-
*E laboratory effort under the LARP framework within LIU.
f- The system features a very fast 4 GS/s digital signal process-
—%é ing unit which is fully reconfigurable and able to deal with
= up to 64 bunches independently [1]. A set of two stripline
“g kickers with a frequency reach of 700 MHz are powered by
8 four wideband power amplifiers for a total power of 1 kW.
z The system has been operated during the last two years to
E demonstrate control of intra-bunch motion as well as inde-
§ pendent control of individual bunches in a train [2]. Recently,
.z aslotline kicker has been added but has not yet been put into
= operation [3,4]. Figure 1 shows the installations with their
S locations in the SPS ring all around BA3.
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RECENT RESULTS FROM THE WIDEBAND FEEDBACK SYSTEM
TESTS AT THE SPS AND FUTURE PLANS

Kevin Shing Bruce Li *, H. Bartosik, M. Beck, E. R. Bjgrsvik, W. Hofle,
G. Kotzian, T. E. Levens, M. Schenk!, CERN, Geneva, Switzerland
J. E. Dusatko, J. D. Fox, C. H. Rivetta, SLAC, Menlo Park, CA, USA
O. Turgut, Stanford University, Stanford, CA, USA
lalso at EPFL, Lausanne, Switzerland

Today, the TMCI threshold is usually kept high by means
of the Q20 optics which features a high synchrotron tune.
However, the Q20 optics has high RF power requirements.
During the last year, a new optics (Q22 optics) was tested in
the SPS with relaxed RF power requirements during certain
parts of the cycle [5]. On the other hand, the TMCI threshold
for the Q22 optics is expected around 2.6 x 10'! ppb for
nominal longitudinal parameters (¢, = 0.35 eVs) which on
the other hand is the required intensity for nominal beams
at injection after LIU [6]. For this reason, during 2017, the
wideband feedback demonstrator system was used to show
that it is possible to overcome the fast TMCI by means of a
transverse feedback system.

Section 2 discusses TMCI in the SPS. Section 3 shows
measurements of the TMCI thresholds for the Q22 optics
in the SPS. Section 4 shows results using the wideband
feedback system to mitigate the observed TMCI in the SPS.
Finally, Section 5 shows possible needs and requirements
for similar feedback systems for LHC or HL-LHC.

TMCI IN THE SPS

In the SPS, the comparatively large bunch length leads
to coupling of synchrotron sidebands at both low as well as
higher orders. There is a regime of weak coupling between
modes 0 and -1 where the TMCI growth rates are relatively
low. These modes tend to decouple again at higher intensi-
ties. Then, there is the regime of strong coupling between
modes -2 and -3 which generates a very fast and violent
TMCT and leads to immediate loss of intensity down to just
below the value of the threshold intensity. This fast TMCI
establishes a hard limit on the maximum attainable inten-
sity in the SPS. Figure 2 illustrates these different regimes
of weak and strong coupling. The results were obtained
from simulations using a slightly simplified representation
of the SPS impedance model (a 1.3 GHz broadband res-
onator model). The figure also shows the corresponding
signals observed in a wideband pickup revealing the differ-
ent characteristics of the two regimes and also compares
both simulated and measured signals which indeed show
very good agreement [7].

The TMCI threshold of the SPS in its original design has
been around 1.4 x 10'! ppb with an integer tune of 26 (Q26
optics). This would have been a serious limitation for the
requirements of LIU. Today, this threshold is dealt with by
means of a new optics (Q20 optics) which features a higher
synchrotron tune [7] and therefore increases the threshold
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Figure 1: Installation of the wideband feedback system in the SPS. The fast digital signal processing unit is located on
the surface in a Faraday cage. Two stripline kickers are installed in the SPS tunnel together with a set of power amplifiers.
Recently, a slotline kicker has been installed slightly further downstream.
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Figure 2: The tune shifts of the azimuthal modes with intensity are shown on the power spectrum plot on the left hand side.
The two regimes of weak (yellow box) and of strong (red box) coupling are clearly visible. The right hand side shows the
corresponding signals in a wideband pickup from measurements (left) and from simulations (right) [7].

well beyond the operational intensities. As already men-
tioned above, the Q20 optics is very demanding in terms
of required RF power and voltage. The intermediate Q22
optics can give some margin on the RF power during certain
parts of the cycle. This comes at the price of a lower syn-
chrotron tune, however [8]. As a consequence, the TMCI
threshold decreases down to around 2.6 x 10'! ppb. In this
configuration the Q22 optics is hardly suited for LIU. On
the other hand, it provides the ideal testing platform for the
wideband feedback system to demonstrate its capability to
mitigate TMCI, in particular also, in the regime of strong
coupling. If successful, the Q22 optics can become a viable
option for LIU.

Beam Dynamics in Rings

MEASUREMENTS OF THE TMCI
THRESHOLD FOR Q22 OPTICS

In 2017 the new Q22 optics was prepared in the SPS and
a high intensity beam was set up. The beam was used to
explore the TMCI threshold for this optics configuration. As
already mentioned, from simulations done in the past using
the SPS impedance model, the threshold was predicted to
be around 2.6 x 10'! ppb.

During the measurements, single bunches were injected
into the SPS at different intensities. The bunch intensity
was measured just before extraction in the pre-injector of the
SPS, the Proton Synchrotron (PS), and a couple of hundreds
of milliseconds after injection into the SPS. Figure 3 shows
this intensity scan where the PS extracted intensity is plot-
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% ted against the measured intensity in the SPS. It is clearly
5 visible how an intensity of roughly 2.4 x 10'' ppb cannot

:Z be exceeded despite injecting higher intensities from the PS.

% Once injecting intensities above this threshold value into
+4 the SPS one can observe a strong coherent activity associated
2 with high losses. Looking at the headtail monitor one can
£ see clear signatures of TMCI exhibiting a strong coherent
oscillation along the bunch which is pronounced towards the
tail of the bunch as shown in Figure 4. The top plot shows
the turn-by-turn vertical delta signal along the bunch. On
the bottom, the corresponding sum signal is shown. Later
turns are colored in light colors and one can clearly observe
the fast losses leading to a decrease of the sum signal.
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Figure 4: A typical signature of a fast TMCI instability as
observed via an oscilloscope. Left is the head of the bunch,
right is towards the tail of the bunch. The top figure shows
the vertical delta signal, the bottom plot shows the sum
signal. Early turns are in dark, later turns are in light colors.
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MITIGATION OF TMCI USING THE
WIDEBAND FEEDBACK SYSTEM

Having measured the TMCI threshold as a hard limit on
the reachable intensity in the SPS for Q22 optics the question
arises whether the wideband feedback system could be used
to mitigate the instability and push the reachable intensity
beyond the LIU limits. At the same time, this would serve
as demonstration that such a system is indeed capable of
mitigating also violent instabilities which exhibit a strong
intra-bunch motion posing hard limits for many machines.
Whereas in the past, the system had been used in the slow
TMCI regime showing control of intra-bunch motion, it had
never been used in the fast TMCI regime to actually extend
the intensity reach beyond the TMCI threshold.

During these tests of the wideband feedback system, the
TMCI threshold was artificially lowered using a decreased
RF voltage due to temporary operational limitations, render-
ing a TMCI threshold around 1.6 x 10'! ppb. The TMCI
mechanism itself does not change due to this, however. Fig-
ure 5 shows the intensities measured along the cycle, once
in absence of any transverse feedback, then using only the
SPS transverse damper, which has a frequency reach of up
to 20 MHz, and finally, using the SPS transverse damper
in combination with the wideband feedback system. It is
clear, that only with the wideband feedback system active,
the TMCI threshold could be exceeded.
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Figure 5: The DC BCT signals showing the intensity evolu-
tion on the flat bottom in the SPS for different combinations
of active feedback systems. The crosses indicate the intensity
measured at the extraction of the PS. The full extracted in-
tensity can be maintained only with the combined operation
of both the transverse damper and the wideband feedback
system (red curve).

The crosses on the plot indicate the injected intensities as
received from the PS. Without any feedback, looking at the
DC beam current transformer (BCT) signal, already at the
first sampling point after 5 ms, the bunch has lost all of its
intensity down to below the TMCI threshold. In fact, these
losses are so fast, that without knowledge of the intensity
coming from the transfer line, they would go unnoticed from
the pure BCT signal. The losses can be slowed down when
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using the transverse damper. However, the transverse damper
alone does not have the necessary bandwidth to deal with the
very fast intra-bunch motion excited during the TMCI and for
this reason it can ultimately not stop the instability and the
associated losses which reduce the bunch intensity below the
threshold. Finally, the wideband feedback system was added
to the active transverse damper and in this configuration,
the instability could be kept under control and the bunch
intensity constant beyond the TMCI threshold.

It is noteworthy that the wideband feedback system alone
was also not able to stabilize the beam. The strong dipole
components during the injection transient in combination
with the fast TMCI tend to quickly drive the wideband system
into saturation, rendering it ineffective. Despite the band-
width limitations, the transverse damper has a lot more power
to deal with the coherent dipole motion. Hence, the trans-
verse damper is required to first remove the strong dipole
component of the beam motion, after which the wideband
feedback can be used effectively, to take care of the remain-
ing high frequency components in the beam motion.

OTHER POTENTIAL APPLICATIONS
FOR WIDEBAND FEEDBACK SYSTEMS
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Figure 6: Signature of an electron cloud instability as simu-
lated in the LHC at top energy. Fast intra-bunch oscillations
are visible. A frequency analysis reveals frequencies up to
4 GHz. A gigahertz feedback system is likely required to
reliably mitigate these types of instabilities.

With the successful demonstration of control of intra-
bunch motion for nanosecond scale bunches as well as the
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mitigation of TMCI, the wideband feedback system tech-
nology has gained a level of maturity where other fields of
application can be considered. One potential application is
the use for instability mitigation in the LHC or the HL-LHC.

Impedance-driven instabilities in the LHC, to date, are
dealt with by means of the LHC transverse damper for
coupled-bunch instabilities and Landau octupoles to keep
under control single-bunch instabilities [9]. The dominat-
ing sources of instabilities in the LHC are due to electron
clouds which are generated in the LHC straight sections,
dipole, quadrupole as well as higher multipole magnets [10].
Especially at flat top, simulations show that these instabili-
ties contain very high frequency components (see fig. 6) as
discussed in [11]. Most of the time, these instabilities can
be kept under control by operating the LHC at very high
chromaticities and strong Landau octupoles. This, however,
limits the dynamic aperture and significantly reduces the
operational parameter space.

A wideband feedback system could be used to handle
these instabilities without introducing any non-linearities
or generating large tune spreads, thus, keeping the dynamic
aperture large and improving the beam lifetime.

CONCLUSIONS

In the present paper we have shown measurements of the
TMCI threshold for the Q22 optics in the SPS. The maxi-
mum attainable intensity is limited by the strong coupling
of modes -2 and -3 and, for nominal beam parameters, is at
2.6 x 10'! ppb. We have used a wideband feedback system
in an attempt to overcome this intensity limit.

It turned out that the successful configuration to mitigate
the TMCI is using the combined capabilities of both the
standard transverse damper which has limited bandwidth,
but high power output, together with the high bandwidth
feedback system within its power limitations. The transverse
damper is designed for fast damping of injection oscillations
and mitigation of coupled-bunch instabilities which for LHC
beams reach up to 20 MHz. As such it is well suited to effi-
ciently remove any coherent dipole oscillations of the bunch
centroid motion. The remaining high frequency signals are
then within the dynamic range of the wideband feedback
system and can successfully be processed and removed in
order to stabilize the bunch against the TMCI. This has now
been experimentally demonstrated in the SPS and the results
have been presented.

In the near future the plan is to commission the newly
installed slotline kicker which will have a yet extended band-
width for increased power at 1 GHz and beyond. Initial tests
will focus on measuring the response of the slotline struc-
ture. The current plan is then to move one of the existing
sets of power amplifiers, currently used for the stripline kick-
ers, to the slotline kicker to test the device with power and
its performance to actively mitigate coherent intra-bunch
motion.

Further use cases in the LHC or the HL-LHC were shown
as well, where instability signatures at flat top triggered by
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and D

electron clouds, feature coherent frequencies in the GHz
g range. To date, these types of instabilities can only be dealt
.Z with by means of high chromaticity and strongly powered
% Landau octupoles which can have a negative impact on the
+ beam lifetime. A wideband feedback system could be used
S to mitigate these instabilities without at the same time com-
£ promising on the available operational parameter space or
S beam lifetime. Research and development is required, in
% particular, for kicker structures [12] and to extend the fast
~ digital signal processing to higher sampling rates [13], in-
1 cluding the evaluation of modern state of the art platforms
such as uTCA and a fixed frequency sampling clock.
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Abstract

The Transverse Mode Coupling Instability (TMCI) oc-
curs in individual bunches when two transverse oscillation
modes couple at high bunch intensity. Simulations predict
an instability threshold in the LHC at a single bunch inten-
sity of 3- 10!! protons. The TMCI threshold can be inferred
by measuring the tune shift as a function of intensity. This
measurement was performed in the LHC for different ma-
chine impedances and bunch intensities. The impedance
was changed by varying the primary and secondary colli-
mators gaps to increase their contribution to the resistive
wall impedance. The experiment also allowed to assess the
validity of the LHC impedance model in the single bunch
regime, at low chromaticities.

INTRODUCTION

The transverse mode coupling instability (TMCI), also
named strong head-tail instability, can affect high intensity
single bunches in circular accelerators. The instability mech-
anism can be described with a two particle model [1, p. 180],
assuming a broad-band impedance (i.e short-range wake-
field). During the first half of the synchrotron period, the
electromagnetic field induced by the particle at the head
of the bunch perturbs the particle at the tail of the bunch.
The same happens during the second half of the synchrotron
period but the two particles have swapped their positions.
Below a certain bunch intensity, the disturbance is not strong
enough and the perturbations do not accumulate. However
above a certain intensity threshold the perturbations accu-
mulate and the particles motion grows exponentially. This
description can be reproduced and visualized with the track-
ing code PYHEADTAIL [2], an example is made available
in the PyHEADTAIL examples repository [3,4].

The TMClI can clearly be observed in electron machines [1,
p. 184] because of the short length of the bunches [5]. In pro-
ton machines, such an instability was observed in the CERN
SPS but with higher order azimuthal oscillation modes [6,7].
However in the LHC, because of the relatively short length of
the bunches (1.08 ns in 2017 and 2018), a coupling between
mode 0, i.e the mode where the bunch head and tail oscillate
in phase, and -1 i.e where the bunch head and tail oscillate
in counter-phase, may occur. As the High Luminosity LHC
project plans to increase the bunch intensity by a factor of
two compared to the nominal LHC value [8, 9], the trans-
verse mode coupling instability could become a limitation to
the machine operation. The study can also be used to assess
the validity of the accelerator impedance model and thus
help to understand discrepancies between predicted stability
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limits and instability observations [10]. The problem was
first studied by performing stability simulations with the
LHC impedance model and the Vlasov solver DELPHI [11].
In a second step, the tune-shift as a function of intensity was
measured in the LHC for different collimator settings, allow-
ing to modify the machine impedance. This measurement
allows to infer the TMCI intensity threshold and notably for
the HL-LHC case.

SIMULATION OF THE TMCI
INTENSITY THRESHOLD

To understand and predict beam instabilities, an
impedance model of the LHC has been developed [12] and is
extensively used. It has also been extended to the HL-LHC
case [13]. It models many contributors to the beam cou-
pling impedance, among which the main ones are the beam
screens, the vacuum chambers and the collimation system.
At the top energy of 6.5 TeV, the collimation system is the
main contributor to the overall machine impedance. This
results from the scaling of the resistive wall impedance in
1/b? in the frequency range of interest and in the presence of
a transverse damper, where b is the collimator gap [1, p. 38].
The collimator gap itself scales with the transverse beam
size as:

b=no, = n\/;—; (Bx cos(6)? + By sin(0)?) (1)

where o is the RMS transverse beam size, n the collimator
position setting, €, the beam normalized emittance, 3 the ra-
tio of the beam velocity to the speed of light c, y the Lorentz
factor, Bx and B, the Twiss functions at the collimator posi-
tion, 6 the azimuthal angle of the collimator. These scaling
laws highlight that in the LHC the impedance is higher at
top energy because of the tighter gaps in the collimators. In
turns the stability margins are tighter at top energy than at
injection energy [10].

The fact that the collimators can mechanically adjust their
aperture to follow the beam size makes it possible to modify
the machine impedance by moving in or out the collima-
tors. This will allow to change the TMCI threshold and
possibly reach it with nominal LHC beams. To quantify this
effect as well as the influence of other beam parameters such
as chromaticity, stability simulations were performed with
the Vlasov solver DELPHI [14]. The treatment of Vlasov’s
equation leads to an eigensystem which is solved by the code
which then outputs complex eigenvalues and eigenvectors.
The eigenvalues give informations on the azimuthal and
radial modes frequency shifts and growth rates. The eigen-
vectors allow to reconstruct the longitudinal bunch profile for
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% each oscillation mode. DELPHI simulations were performed

E for different machine chromaticities and collimators settings.

= To find the TMCI intensity threshold, the single bunch inten-
51ty was scanned between 0 p.p.b. to 5 x 10'! p.p.b. (protons

+ per bunch). The beam parameters are summarized in Ta-

[=x
—
(¢}

J—

Table 1: Stability Simulations Parameters

> Parameter Value

Number of bunches 1

Bunch intensity / 10'! p.p.b 0to5

Full bunch length / ns 1.08
Unnormalized chromaticity Oto5

Damping rate no damper, 100 turns, 50 turns

In Figs. 1, 2 and 3, the top plot shows the real tune-shift
of the different oscillation modes as a function of bunch
intensity and the bottom plot shows the growth rate associ-
ated to these modes, both obtained with DELPHI. Figure 1
shows the case with the nominal collimator settings at zero
chromaticity. The plot clearly shows the mode coupling oc-
curring for a single bunch intensity of 3 x 10! p.p.b.: the
mode 0 and -1 have their growth rates suddenly increasing
for this intensity value and beyond. While the LHC injector
chain can create LHC type bunches with an intensity up to
; 3 x 10! p.p.b., it is at the moment impossible to reach in the
= LHC a single bunch intensity higher than 2.2 x 10" p.p.b..
< But as exposed previously, the machine impedance can be
% modified by changing the collimators gaps. Simulations
& with tighter collimators settings were thus performed: Fig. 2
© shows the results for a configuration in which the primary
§ (TCP) collimators are brought in closer to the beam by 0.507%
& and the secondary collimators (TCSG) by 1o. In this case
S the TMCI threshold appears at 2 x 10'! p.p.b., an intensity
; reachable in the LHC.

m

stribution of this work must maintain attribution to the author(s), title of the wo:

O  These two cases assume that the machine chromaticity
o s equal to zero units. Operational experience shows that
% the unnormalized chromaticity can be controlled within ~ 2
2 units [15] so to ensure beam stability, the LHC is operated
8 with a positive chromaticity. To measure the tune-shift as a
2 function of intensity while ensuring beam stability, a slightly
@ posmve chromaticity should be used. Simulations were
= made with DELPHI taking into account this effect. Figure 3
'U shows the results for the same collimator configuration as
5 in Fig. 2, but with a unnormalized chromaticity of 5 units.
Z > For intensities below 2 x 10" p.p.b., the real part of the
g elgenvalues are not too affected by the chromaticity effects.
+ The imaginary part however shows that the mode -1 has a

% small growth rate for all intensity values: as the chromaticity
'é is now non zero, this mode is affected by a classic head-tail
g instability [1, p. 197].

E In conclusion, stability simulations with the LHC
‘q"é impedance model indicate that:
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¢ In the nominal configuration, the TMCl intensity thresh-
old is at a single bunch intensity of 3 x 10'! p.p.b., cur-
rently impossible to reach in the LHC;

* Closing further the machine collimators gaps can re-

duce the threshold to 2 x 10" p.p.b.;

Because of the operational uncertainties, a slightly pos-

itive chromaticity should be used to ensure beam sta-

bility;

This positive chromaticity affects the modes shifts, but

the tune-shift as a function of intensity remains simi-

lar to the cases with zero chromaticity, it can thus be

measured to infer the TMCI threshold.

LHC flat top 6.5 TeV B1H, TCP7 5.00, TCSG7 6.50
Q'=0, d=0.0, 1p=1.08ns

a
o4
<
S A A N N N EEE RN
4 cLtrtrrrr s rtr ity
]
x _os
.
-1.01 ® N L)
AL A SRR A IR IR I IR B A O S R
....
-15
-2.0 :
0 1 2 3 4 5
100
75
50
T\n
2 254
JJ]
b=
E 09 ® @ & & & 5 8 9 9 9 9 9 9 0 2+ 2 2 2 2 00
£
L]
s .
3 -25 ° .
< ® .
0 ® e 0,

-100

0 1 p 3 a 5
Ny / 1011 ppb
Figure 1: Complex Tune Shift as a Function of Intensity.

The nominal LHC collimators configuration is showed, for
a chromaticity of zero units.

MEASUREMENT OF THE TUNE-SHIFT
VERSUS INTENSITY

In the framework of the LHC Machine Development pro-
gram, an 8§ h time slot was approved to measure the tune shift
as a function of bunch intensity for different collimators set-
tings. The measurement took place on the night of the 15% to
16" September 2017. Because of the setup and energy ramp-
ing time taken by the machine, two sets of measurement at
top energy could be performed. The first set used 3 bunches
of different intensities, the second set two. These numbers
were constrained by machine protection requirements: the
total intensity in each beam could not exceed 3 x 10! p.p.b.
if some collimators were to be moved in or out. Doing so

Beam Dynamics in Rings
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LHC flat top 6.5 TeV B1H, TCP7 4.50, TCSG7 5.50
Q'=0, d=0.0, tp=1.08ns

Re(AQ/Qs)

Growth rate /st
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Figure 2: Complex Tune Shift as a Function of Intensity.

Results for tighter collimators settings are showed, for a
chromaticity of zero units.

LHC flat top 6.5 TeV B1H, TCP7 4.50, TCSG7 5.50
Q'=5,d=0.0, 1,=1.08ns
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Figure 3: Complex Tune Shift as a Function of Intensity.

Results for tighter collimators settings are showed. The
unnormalized chromaticity is now 5 units.

with a higher beam intensity would have led to a beam dump
from the interlock system. The beam parameters for the two
measurements are given in Tables 2 and 3.
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Table 2: Beam Parameters During the First Measurement

Parameter Value
Number of bunches 3
Bunch intensities / 10" p.p.b 0.6, 1.0 and 1.3
Full bunch length / ns 1.1
Normalized emittance / um 3
Unnormalized chromaticity 5

Table 3: Beam Parameters During the Second Measurement

Parameter Value
Number of bunches 2
Bunch intensities / 10! p.p.b 0.9 and 1.9
Full bunch length / ns 1.1
Normalized emittance / um 3
Unnormalized chromaticity 5

During the first measurement, selected collimators were
moved closer to the beam in several steps in order to in-
crease the machine impedance and so the tune-shift. The
primary (TCP) and secondary (TCSG) collimators were the
ones moved, the steps taken are reported in Tables 4 and 5
respectively for the first and second measurement. The gap
settings are given in number of transverse beam size at the
collimators position oy: the gap in mm can then be com-
puted using Eq. 1. During the second measurement, which
included a higher intensity bunch (see Table 5), the collima-
tors were first moved out from the beam. This was done to
reproduce an equivalent HL-LHC impedance [13] and so
to assess the impact of the planned impedance reduction on
the tune-shift [16].

Table 4: Primary and Secondary Collimators Gaps Settings
During the First Measurement

Step TCPgap/o; TCSG gap/ o,
1 5 6.5

2 5 6

3 4.5 6

Atevery step in the collimators position, the bunches were
coherently excited multiple times with the LHC transverse
damper (ADT) operated in AC-dipole mode [17]. The bunch-
by-bunch and turn-by-turn position at the ADT pick-up was
recorded with the ADTObsBox [18]. The data were then
post-processed with PySUSSIX [19], a Python wrapper of
SUSSIX [20]. The intensity of each bunch being recorded
over time with the Fast Beam Current Transformer (FBCT),
it is then possible to compute the tune-shift versus intensity
slope, after having removed the baseline tune from the one
computed for each bunch.

The measurements results are given in Table 6. Both
beam and planes are reported for the different steps in the
collimators gaps. Each table entry shows two values: the
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D

% Table 5: Primary and Secondary Collimators Gaps Settings
5 During the Second Measurement

Step TCPgap/o; TCSG gap/ oy
1 5 14
2 5 6.

top one reports the simulated values obtained from DELPHI
= simulations with the LHC impedance model, the bottom one
= the measurement result. The reduction of the tune-shift ver-
E sus intensity for larger collimators gaps (first row of Table 6)
3 is clear, highlighting the potentially large gain in impedance
2 from coating the collimators [16]. Measurements with nomi-
E nal or tighter than nominal collimators settings (second, third
.5 and fourth rows of Table 6) show that the measured values
g are consistently higher than the simulated ones. The more
% critical situation in terms of stability margins in 2017 [10]
= could thus be partly explain by a higher impedance than used
£ in the simulations.

le of the work, publish

ust mai

: Table 6: Measured Tune-shifts for the Two Beams and Planes.

£ The values are given in (10!'p.p.b * Q)™ where Q is the
?E synchrotron tune (Q, = 2 - 1072 in the LHC). For the mea-
Z sured value, the number inside the parenthesis is the uncer-
£ tainty of the measurement. The first column indicates the
B TCP/TCSG collimators gaps for the measurement.

[=]

S

2 Gaps BIH B1V B2H B2V
% gy 017 -0.12 -0.18 -0.12
> -0.204) -0.17(5) -0.25(4) -0.13(3)
< ses 030 -0.23 -0.32 -0.24
% < -0343) -0.38(4) -0.37(3) -0.27(2)
Q 56 -0.34 -0.27 -0.36 -0.27
e -041(5) -0.38(5) -0.39(3) -0.30(2)
8 . -0.38 -0.29
8 . )

3 4.5/6 - - -0.45(4)  -0.30(3)
S

; As for the TMCI threshold, the measurement of the tune-

m shift implies that it would be lower than simulated. Fig-
8 ure 4 shows for the horizontal plane of Beam 1 the simu-
£ lated and the measured tune-shifts as a function of intensity.
% From simulations with an unnormalized chromaticity of
£ +5 units, the TMCI threshold for the nominal LHC case lies
S at3.2x 10! p.p-b.. For the simulated HL-LHC case it lies
£ at 6 x 10! p.p.b.. Measurement results plotted alongside
5 show that the TMCI intensity threshold in the nominal LHC
5 case might be closer to 3 x 10'! p.p.b.. The HL-LHC case
© however shows a clear improvement and the inferred TMCI
_az threshold is above 5 x 10'! p.p.b.. The foreseen impedance
zreduction for HL-LHC would therefore increase the TMCI
E threshold and help maintain a factor 2 safety margin in terms
8 of single bunch intensity.

An attempt to observe a mode coupling instability was
= made at the end of the first measurement by reducing the col-
S limators gaps even further. The LHC head-tail monitor [21]
g is used to record the intra-bunch motion if an instability
‘q"é is detected. In the case of a mode coupling instability, a
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Figure 4: Measured (diamonds) and simulated (dots) tune-
shifts as a function of intensity for the nominal LHC col-
limators settings (in red) and for the equivalent HL-LHC
impedance collimators settings (in blue). The plane showed
is B1H, for an unnormalized chromaticty of +5, without
damper.

traveling wave pattern would be seen along the bunch, as
showed in Fig. 5. However because of the slightly positive
chromaticity and the lower bunch intensities in the first mea-
surement, a classic head-tail instability was observed. This
measurement with a higher intensity bunch during the sec-
ond ramp could not be attempted because of a beam dump
triggered by a superconducting magnet quench before the
end of the measurement session.

Pick-up signal

0.010

0.005

0.000

Amplitude / arb. unit

-0.005

-0.010

Figure 5: Intrabunch motion in the mode coupling regime,
with a positive chromaticity and above transition. The signal
is reconstructed from the eigenvectors output of DELPHI.
The horizontal axis is the bunch length.

CONCLUSION

The Transverse Mode Coupling Instability threshold was
simulated using the LHC impedance model and the Vlasov
solver DELPHI. Different cases of machine impedance were
assessed by varying the collimators gaps. They showed that
for tight enough settings, the mode coupling instability is
within the intensity reach of the LHC.
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Measurements of the tune-shift versus intensity were per-
formed at the LHC top energy for these different collimators
settings. The resulting values appear to be 10% to 20%
higher than the simulations for the nominal and tight colli-
mators settings. This could partly explain the discrepancies
observed between instabilities observations and predictions
during the year 2017. A measurement with larger collimators
gaps was also carried out to mimic the HL-LHC impedance.
A clear tune-shift reduction could be observed, highlight-
ing the positive impact of the planned upgrade of the LHC
collimation system.

ACKNOWLEDGEMENTS

The author would like to thank D.Valuch, A.Mereghetti,
T.Levens as well as the LHC and Injectors operations teams
for their invaluable help to perform the Machine Develop-
ment session. The present study has been conducted in the
context of the High Luminosity LHC project, which is partly
funded by the European Commission within the Framework
Programme 7 Capacities Specific Programme, Grant Agree-
ment 284404.

REFERENCES

[1] A.W. Chao, “Physics of Collective Beam Instabilities in High
Energy Accelerators”, New York, NY, USA: Wiley, 1993.

PyHEADTAIL, https://github.com/PyCOMPLETE/
PyHEADTAIL

PyHEADTAIL examples repository, https://github.
com/PyCOMPLETE/PyHEADTAIL-playground

PyHEADTAIL Transverse Mode Coupling Instability in
the LHC notebook, https://nbviewer. jupyter.org/
github/PyCOMPLETE/PyHEADTAIL-playground/blob/
master/Transverse_Mode_Coupling_Instability/
TMCI_2particle_model.ipynb

(2]
(3]

(4]

[5] J. Gareyte, “Transverse Mode Coupling Instabilities”, CERN,
Geneva, Switzerland, Rep. CERN-SL-2000-075-AP, Oct.

2000.

B. Salvant, “Impedance Model of the CERN SPS and As-
pects of LHC Single-Bunch Stability”, Ph.D. thesis, Ecole
Polytechnique Fédérale de Lausanne, Lausanne, Switzerland,
2010.

H. Bartosik et al., “TMCI Thresholds for LHC Single
Bunches in the CERN SPS and Comparison with Simula-

(6]

Beam Dynamics in Rings

(8]

(91

[10]

(11]

(12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

HB2018, Daejeon, Korea JACoW Publishing
doi:10.18429/JACoW-HB2018-MOP2WAO5

tions”, in Proc. IPAC’14, Dresden, Germany, June 2014,
doi:10.18429/JACoW-IPAC2014-TUPME026

G. Apollinari et al. (Ed.), “High-Luminosity Large Hadron
Collider (HL-LHC) technical design report v0.1”, CERN,
Geneva, Switzerland, Rep. CERN-2017-007-M, 2017.

E. Métral et al., “Update of the HL-LHC operational scenar-
ios for proton operation”, CERN, Geneva, Switzerland, Rep.
CERN-ACC-NOTE-2018-0002, Jan. 2018.

X. Buffat ez al., “Our Understanding of Transverse Instabil-
ities and Mitigation Tools/Strategy”, 8th LHC Operations
Evian Workshop, Evian-les-Bains, France, Dec. 2017.

N. Mounet, “DELPHI: an Analytic Vlasov Solver for
Impedance-Driven Modes”, CERN, Geneva, Switzerland,
Rep. CERN-ACC-SLIDES-2014-0066, May 2014.

N. Mounet, “The LHC Transverse Coupled-bunch Instabil-
ity”, Ph.D. thesis, Ecole Polytechnique Fédérale de Lausanne,
Lausanne, Switzerland, 2012.

B. Salvant et al., “HL-LHC impedance model”, CERN,
Geneva, Switzerland, report to be published.

DELPHI https://gitlab.com/IRIS_mirror/DELPHI _
mirror

J. Wenninger, “LHC Parameter reproducibility”, in Proc. 70
Evian Workshop on LHC beam operation, Evian-les-Bains,
France, Dec. 2016, pp. 45-52.

S. Antipov et al., “Machine impedance and HOM power
update”, 7t HL-LHC Collaboration Meeting, Madrid, Spain,
Nov. 2017.

D. Valuch, “Excitation by ADT and Active Bunch by Bunch
Tune Measurements”, presentation at the 129t SPS and LHC
Machine Protection Panel Meeting, 10t June 2016, CERN,
Geneva, Switzerland.

M. Soderen and D. Valuch, “ADT ObsBox Data Acquisition”,
presentation at the LHC Beam Operation Committee, 13th
June 2017, CERN, Geneva, Switzerland.

PySUSSIX code repository,
PyCOMPLETE/PySUSSIX

https://github.com/

R. Bartolini and F. Schmidt, “A Computer Code for Frequency
Analysis of Non-Linear Betatron Motion”, CERN, Geneva,
Switzerland, Rep. SL-Note-98-017-AP, June 1998.

T. Levens et al., “Recent Developments for Instability Moni-
toring at the LHC”, in Proc. IBIC’16, Barcelona, Spain, Sep.
2016, doi:10.18429/JACoW-IBIC2016-THALO2

MOP2WAO05
47

©=2d Content from this work may be used under the terms of the CC BY 3.0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

©



615 ICFA ABDW on High-Intensity and High-Brightness Hadron Beams

5 ISBN: 978-3-95450-202-8

title of the work, publisher, and D

Abstract

The Spallation Neutron Source (SNS) Linear Accelera-
tor (Linac) delivers a high power proton beam (>1 MW)
for neutron production with high neutron availability
(>90%). For beam acceleration, the linac has both normal
and superconducting RF sections, with the Superconduct-
ing Linac (SCL) portion providing the majority of beam
£ acceleration (81 of 96 RF cavities are superconducting).
g Operationally, the goal is to achieve the highest possible
g beam energy by maximizing SCL cavity RF gradients, but
£ not at the expense of cavity reliability [1, 2]. One mecha-
2 nism that has negatively impacted both SCL cavity peak
E RF gradients and reliability is beam lost into the SCL due
5 to malfunctions of upstream components. Understanding
Ethe sources and impact of errant beam on SCL cavity
£ performance will be discussed.

tribution to the author(s)

INTRODUCTION

The Spallation Neutron Source (SNS) is an accelerator
driven pulsed neutron source used for scientific research

and industrial development.

< The facility utilizes a linear accelerator (linac), a stor-
% age ring, and a mercury target to produce short high in-
] tensity bursts of neutrons. The 6% duty factor linac pro-
© duces a | millisecond long H- beam pulse at a 60 Hz
§beam repetition rate. Within each 1 millisecond beam
g pulse the beam is chopped into 750 nanosecond beam
= slices. Using charge-exchange injection the ring accumu-
< lates the beam by painting the slices in both horizontal
m and vertical phase space. After the 1 millisecond accumu-
8 lation the protons are extracted using fast kicker magnets
2 to a mercury target for neutron production [3].

SNS low power neutron production began in 2006, and
since that time the beam power has been increased slowly
up to 1.4 MW. The ramp up to the design power of
1.4 MW has been slowed mostly by mercury target relia-
bility issues. Since 2016 a strict beam power ramp up
plan has been followed, which has been productive for
both the accelerator and target. Currently the neutron
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UNDERSTANDING THE SOURCE AND IMPACT OF ERRANT BEAM
LOSS IN THE SPALLATION NEUTRON SOURCE SUPERCONDUCTING
LINAC*

C. C. Peters’, A. Aleksandrov, W. Blokland, D. Curry, B. Han, G. Johns, A. Justice, S. Kim,
M. Plum, A. Shishlo, T. Southern, M. Stockli, J. Tang, R. Welton, Spallation Neutron Source,
Oak Ridge National Laboratory, Oak Ridge, TN, 37831, USA

production beam power is at 1.3 MW, and in September

2018 the scheduled neutron production beam power will
be 1.4 MW.

Power and Energy on Target
History: from 01-Nov-2006 to 23-May-2018

Power on Target (kW)

Figure 1: Beam power ramp up history.

The linac is currently the highest power pulsed proton
linac in the world. The linac is capable of delivering
>1.4 MW of beam power at beam availabilities >90%.
Recently peak beam currents of >50 mA have been
delivered to the target with nominal beam losses. This
opens up the possibility of reaching average beam cur-
rents of >40 mA. The linac duty factor is 6% so this
would make the linac capable of producing >2.8 MW of
beam power with necessary High-Power RF (HPRF)
upgrades.
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Figure 2: Linac peak beam currents are able to support
beam powers exceeding 2.8 MW.

ERRANT BEAM HISTORY

In 2009 beam powers quickly reached 1 MW, and soon
after the SCL began experiencing reliability issues.

Beam Dynamics in Linacs
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Machine Protection System (MPS) Issues

In 2009 SCL cavity reliability began to abruptly
decrease. In order to maintain as high reliability as possi-
ble SCL cavity gradients were decreased. This in turn
reduced the linac output beam energy. SCL experts
investigated the issue and were able to correlate beam loss
events with SCL cavity downtime events.

Investigation into the beam loss events narrowed down
the issue to the Machine Protection System (MPS) [4].
The goal turn-off time for the MPS is 20 microseconds
[5], and testing showed that in some cases the MPS turn
off time was >1 millisecond. In Figure 3 below is an
example of a turn time of 200 microseconds, which is an
order of magnitude longer than design.

of

showing delays
200 microseconds during the MPS issues found in 2009.

Figure 3: Scope snapshot

The issue was found to be delays from poorly chosen
MPS chassis input capacitors, and MPS sublink output
drive circuits [6]. The capacitors were removed and the
drive circuits were upgraded. This reduced the beam turn
off time to the design requirement of 20 microseconds.

Though the MPS issues were resolved SCL degradation
has continued, though at a reduced rate compared with the
abrupt degradation from the MPS issues.

SLOW DEGRADATION OF SCL CAVITY
RF GRADIENTS

Operationally at SNS the highest priority is neutron
availability. If an SCL cavity begins to trip off repeatedly
then the RF gradient will be reduced until reliability
improves [7].

SCL cavity 06a gradient (MV/m) vs time
January 2014 to August 2017

Decreasing by about 0.6 MV/m per year

SCL cavity 06a gradient (MV/m)

2

0
5/6/13 11/22/13 6/10/14 12/27/14 7/15/15 1/31/16 8/18/16 3/6/17 9/22/17 4/10/18
Date

Figure 4: The plot above shows the need to decrease SCL
cavity 06a gradient over time. The reduction is
about 0.6 MV/m per year.
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To compensate for the reduced energy the remaining
SCL cavity phases will be adjusted to maintain the same
linac output beam energy. The last SCL cavity is always
left non-accelerating to leave energy reserve to be used in
case issues listed above develop. Figure 4 shows an
example of the decreasing SCL cavity 06a gradient over
time due to slow degradation from errant beam.

ERRANT BEAM TASK FORCE
ESTABLISHED

In 2012 it was realized that SCL cavities were still be-
ing damaged by errant beam, and additional analysis
needed to be done to limit SCL cavity degradation.

The task force came up with the following plan to try to
limit the impact from errant beam.

o Verify proper MPS operation.

o Gather errant beam statistics.

e Reduce errant beam frequency and the amount lost

per event.

MPS Operation Verified

The first check done was to measure the amount of
beam being lost during an errant beam event. This would
verify the MPS was working properly by showing the
beam turn off time, and also gather statistics on the fre-
quency of errant beam events. The system used Beam
Current Monitors (BCMs) upstream and downstream of
the SCL. The system ran at 60 Hz (the maximum beam
repetition rate), and saved the BCM waveforms to a web-
server for viewing after each event. The system was just
a diagnostic with no connection to the MPS.

First and foremost the BCMs in the MEBT, CCL, and
HEBT showed that the beam turn off times ranged from
15-20 microseconds. This verified that the MPS was
working properly. Figure 5 shows a typical snapshot of
BCM waveforms during an errant beam event. The BCM
in the High Energy Beam Transport (HEBT) downstream
of the SCL shows about 16 microseconds less beam
compared with the BCMs in the MEBT and CCL.

16 useconds
Endof DTL=30J
| Endof CCL=66J
7 End of SCL = 350 J

680 useconds in

"l':: CCL 16 useconds

= N lost in the SCL

<l 664 useconds in

25~ HEBT

o
25

S0 siuiodouissios | mmsdaa\. s | Won " codowsios ' mios * essovtood

Tme
charge T Date

HEBT BCMO1 14.2u 664 \ 120610_214127.9858
CCL BCM102 15u 680 120610_214127.9858
MEBT BCMO2 15u 676 120610_214127,9858

Figure 5: The above figure shows the BCM system used
to verify that the MPS was turning off the beam at the
design time of 20 microseconds.
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% Not all of the errant beam pulses looked similar to
E Figure 5, but most did. Some of the errant beam pulses
% showed that it was introduced in the MEBT from
%malfunctions in the ion source. Most of the errant beam
« events came downstream of the MEBT and upstream of
¢ the SCL from malfunctions in the warm linac.

ji:: Low-Level Radio Frequency (LLRF) Adaptive
o Feed Forward (AFF) Background

High beam currents at the SNS make it necessary to use
a LLRF feed-forward based approach in order to maintain
the appropriate cavity field and phase under heavily
beam-loaded conditions [8]. At the SNS a system of
Adaptive Feed Forward (AFF) was developed for this
compensation.

The system works by the following method. A beam
pulse is triggered. The system creates error waveforms as
it measures the field and phase errors during the beam
pulse. The LLRF “learns” from those errors and adjusts
LLRF gains for the next beam pulse (the system is
currently only capable of running at a 20 Hz repetition
rate). The system works extremely well as long as pulse
to pulse beam current shapes are reproducible.

The AFF system does not “learn” if an MPS fault is
detected during the beam pulse.

bution to the author(s), titl

intain attri!

lon Source Ignition Instability and LEBT Arcing

The ion source can trigger errant beam in multiple
ways. One way is an abrupt change in beam current out-
put.

An abrupt change in beam current can have a two-fold
Z effect on SCL cavity reliability. As stated above the AFF
& System expects a certain beam current shape from pulse to
§ pulse. If the beam current shape changes unexpectedly
© the AFF will be unaware and the LLRF gain settings will
g be incorrect for the odd beam pulse. Figure 6 shows an
§ example of an ion source pulse during a high voltage arc.
= The reduced beam current means the LLRF system will
n overdrive causing an elevated cavity field creating a high-
E er probability for an arc. The elevated field and likely
8 incorrect phase will also cause incorrect beam accelera-
2 tion and result in beam losses. So, the effect is two-fold:
overdriving to high fields, and beam loss due to incorrect
field and phase.

Fields will go too
high increasing the
probability of an
arc, and beam loss.

y distribution of this work must ma
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g Figure 6: Example of an ion source high voltage arc. The
o . . .

& green pulse is a nominal pulse and the blue is the beam
current during an ion source malfunction.
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lon Source Beam Halo

Another source of errant beam from the ion source is
beam halo.

Ion source equipment is not monitored by the MPS. If
equipment malfunctions within the ion source or LEBT
the indications of a problem come from secondary
equipment.

SELAa [ Degrading voltage l_l Increasing beam loss Ivf-‘-""j

Cavity issues

Figure 7: The plot above shows the degrading ion source
voltage (blue), increasing beam loss (red), and the
increasing beam pipe temperature (green) in an SCL
cavity. After ~18 hours of increasing beam loss SCL
cavity issues developed requiring reduced gradient.

Figure 7 above shows an example of a decaying high
voltage in the ion source. As the voltage decays beam
losses begin to increase in the SCL. Beam pipe
temperature within a cavity correlates with the beam loss,
and after about 18 hours of the increasing beam loss the
SCL cavity begins to fault off. The cavity gradient must
be reduced in order to maintain high reliability. After a
few hours operators retune the ion source to reduce the
beam halo, but even after the tuning the cavity gradient
must
remain reduced. The cryomodule must be warmed up to
restore the previous gradient setting.

Errant beam from the ion source has been significantly
reduced due to significant analysis and development work
performed by ion source experts at the SNS [9].

Warm Linac Arcing/Multipacting

The dominant source of errant beam was found to be
the warm linac. When a warm linac cavity faults from
arcing or multipacting the field decay is on the order of a
few microseconds so the beam loss is fast and significant.

Most of the arcing and multipacting seen in the warm
linac cavities occurred during the fill time of the RF
cavities. The point where the RF wave is transitioning
from a traveling wave to a standing wave. In order to
affect the fault rates two methods were employed.

The first method was to use a linear fill of the forward
power to minimize the reflected RF power during the fill
time of the cavity. The normal filling method used is to
start with nominal forward power and maintain the for-
ward power fixed during the fill, but early in the pulse the
reflected power is elevated. Though these faults would
normally occur before the beam pulse the reduction in the

Beam Dynamics in Linacs



615 ICFA ABDW on High-Intensity and High-Brightness Hadron Beams

ISBN: 978-3-95450-202-8

fault rates translated to fewer faults later in the RF pulse
when beam is present. Figure 8 shows an example of the
difference in RF waveform shape with the natural RF
cavity fill versus the linear forward power fill.
Amplitudes

0.8 —

4 /= Naturaifil Cavity field

Beam start

Forward power

e ——

0 50 160 150 200

Linearfill Ampjitﬂ’des

Beam start
P

Note change in
shape of waveform

R T T

0 S0 100 150 200

Figure 8: Top shows the natural cavity fill. The bottom
shows the adjustment to the linear forward power fill.

The second method used was to slowly change the
resonant frequency of the cavities while monitoring the
vacuum and reflected power RF waveforms. Minimum
fault rates for the Drift Tube Linac (DTL) cavities oc-
curred with minimal reflected power during the fill time
of the cavity. When running the cavities at frequencies
slightly below 402.5 MHz the vacuum near the ceramic
RF window decreased though the reflected power near the
end of the beam pulse actually increased. Figure 9 shows
the significant decrease in fault rate for DTL5 when low-
ering the resonant frequency by 2.5 kHz.

Hourly fault rate vs cavity resonant frequency for DTL5
April 14-24 2012

RF faults per hour
"

5

B . -

4.
0 RSy
402.4976 402.498 402.4984

402.4988 402.4992

Cavity resonant frequency (MHz)

402.4996 402.5

Figure 9: Reduction in fault rate by lowering the DTL5
cavity resonant frequency.

Warm Linac Vacuum

Throughout the warm linac vacuum capture pumps
were used as the dominant pumping system. Ion pumps
were used on the cavities and Non-Evaporable Getter
(NEG) pumps on the ceramic RF windows.

The NEG pumps had to be routinely regenerated, and if
not regenerated routinely the systems would burst and
cause the protection system to interlock the LLRF, and
cause errant beam.

The entire vacuum system was upgraded for both the
DTL and Coupled Cavity Linac (CCL) to replace all
capture pumps with turbopumps. The upgrade has not
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only reduced errant beam faults, but it’s also decreased
overall downtime by 2%.

Warm Linac Operating Practices

One specific area of additional concern in the CCL has
been damage to secondary equipment from field emitted
electrons. Two BCMs in the CCL have failed due to
cracked ceramics. A vacuum valve downstream of CCL
cavity 4 has repeatedly been damaged.

One correlation is increases in vacuum pressures when
the CCL RF is on without quadrupole magnet power
supplies energized. Figure 10 shows multiple points in
time where a specific magnet power supply was off and
on with RF on for CCL cavity 1.

| pm: 1
CCL field

Figure 10: The plot above shows elevated vacuum
pressures when quads powered off with RF on.

The likely issue is heating up of an upstream vacuum
valve from the field emitted electrons. It appears with
quads on the electrons are disbursed instead of striking a
localized spot somewhere on secondary equipment.
Administrative rules were established to always have
quadrupole magnet power supplies on when RF is on in
the CCL. This is not an issue with the DTL because the
quadrupole magnets are permanent magnet installations.

The previous method to condition the RF window was
to increase the RF power to the beam loaded level (about
a 10% increase over the nominal cavity field level).
Increasing the field in the structure to that level
significantly increased field emission levels. The field
emitted electrons were striking a vacuum valve

downstream of the cavity, and causing contamination.
s i

Figure 11: The picture above shows a damaged o-ring
seal on a vacuum valve after being damaged by stray field
emitted electrons.
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% Errant Beam Frequency Reduced

_?:E The largest reduction in errant beam frequency came in
5 = 2012, and has been slowly decreasing since. The fault
& frequency cannot be reduced to zero, and at any point the
”; fault rate can increase abruptly. Figure 12 shows the
& reduction in fault frequency.

FY neutron production 60 Hz (< 1 minute) trip frequency
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Errant beam (SCL BLM trips)
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Figure 12: The plot above shows the reduction in short
fault frequency dominated by errant beam faults.

In 2017, for example, the DTL cavity 5 RF window
began to slowly fail. Since the failure was slow the
decision was made to continue running until the end of
the scheduled run period before changing the failing win-
dow.

Reducing Beam Loss During Each Errant Beam
Event

The last step to try to minimize the effect of errant
Z'beam on the SCL was to reduce the turn off time of the
MPS. Instead of trying to figure out a way to modify the
= MPS beam turn off mechanism the decision was made to
N have a separate system connect directly to the LEBT
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Figure 13: The snapshot above is an example fault detec-
tion by the SCL DCM system.

The system implemented was based on the system used
during the MPS checkout to use a differential charge
measurement between BCMs upstream and downstream

of the SCL. The system uses a Beam Position Monitor
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(BPM) in the CCL and a BCM in the HEBT and com-
pares the charge difference based on a settable level. The
system runs at 60 Hz and is able to detect a charge differ-
ence within 1 microsecond. The fault signal then goes
directly to the LEBT chopper and is able to turn off the
beam within about 8 microseconds [10]. Figure 13 shows
an example of the system interlocking due to a CCL cavi-
ty 2 fault.

The system also sends the fault information to the
MPS. The LEBT chopper chops the beam for approxi-
mately 30 microseconds, which gives the MPS time to
turn off the ion source and RFQ timing gates.

FUTURE UPGRADES

Even with the factor of two reduction in turn off time
SCL cavity downtime can still happen with an errant
beam event. There are plans to install a pulse to pulse
system to monitor beam pulses in the MEBT to reduce
damage from ion source malfunctions. It is not logical to
expect to reduce the turn off time much more than is cur-
rently being done. One possibility is to use a machine
learning algorithm to predict errant beam. Recent analy-
sis suggests that using the SCL DCM waveforms it is
possible to predict errant beam pulses with up to a 94%
success rate [11]. Far from the likely >99% certainty
needed to be used as a production system.

CONCLUSION

The frequency of errant beam events as well as the
amount of beam lost per errant beam event have been
significantly reduced. Even with the reductions SCL
cavity degradation continues at a slow rate. Figure 14
shows that plasma processing is increasing the output
energy of the linac, and with continued diligence with
errant beam reduction there will be no loss of the gains
from plasma processing.

SNS Linac output beam energy vs time
2010 to now

980

960

940 . L S S 3
.

Beam energy (MeV)
.

920

900

880

5/29/09  10/11/10  2/23/12 71113 11/19/14  4/2/16

Date

8/15/17  12/28/18

Figure 14: The plot above shows the linac beam output
energy versus time. Since 2016 plasma processing has
significantly increased the beam energy.
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Abstract

The Proton Improvement Plan, Stage Two (PIP-1I) [1]
& is a program of upgrades proposed for the Fermilab injec-
£ tion complex, which central part is an 800 MeV, 2 mA
2 CW SRF linac. A prototype of the PIP-II linac front end
& called PIP-II Injector Test (PIP2IT) is being built at Fer-
Z milab. As of now, a 15 mA DC, 30-keV H- ion source, a
‘“ 2 m-long Low Energy Beam Transport (LEBT), a
: 2.1 MeV CW RFQ, followed by a 10 m Medium Energy
£ Beam Transport (MEBT) have been assembled and com-
g missioned. The MEBT bunch-by-bunch chopping system
% and the requirement of a low uncontrolled beam loss put
E stringent limitations on the beam envelope and its varia-
5 tion. Measurements of transverse and longitudinal beam
& dynamics in the MEBT were performed in the range of 1-
10 mA of the RFQ beam current. Almost all measure-
€ ments are made with 10 ps beam pulses in order to avoid
E damage to the beam line. This report presents measure-
Z ments of the transverse optics with differential trajecto-
S ries, reconstruction of the beam envelope with scrapers
S and an Allison emittance scanner, as well as bunch length
> .

& measurements with a Fast Faraday Cup.
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PIP2IT WARM FRONT END

The PIP2IT warm front end (Fig. 1) has been installed
in its nearly final configuration [2].

IS + LEBT RFQ Beam to HWR

MEBT

Figure 1: PIP2IT warm front end (top view).
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The combination of the ion source and LEBT can
deliver up to 10 mA at 30 keV to the RFQ with pulse
lengths ranging from 1 us to 16 ms at up to 60 Hz, or a
completely DC beam. An atypical LEBT transport
scheme [3] minimizes changes of the beam properties
throughout a pulse due to neutralization, which allows to
tune the beam line at a short pulse length (typically
10 ps). Following the RFQ is a long MEBT, which
provides transverse and longitudinal focusing to match
the 2.1 MeV beam into the Half~-Wave Resonator (HWR)
cryomodule. As the latter is not yet installed, the beam
line currently ends with a high-power dump capable of
dissipating 10-20 kW, depending on the beam size.

PIP2IT MEBT

The present MEBT configuration is shown in Fig. 2.
The MEBT transverse focusing is provided by quadru-
poles [4]. referred as either F or D type according to their
yoke length, 100 or 50 mm, which can be powered to
focus either in horizontal (+) or vertical (-) directions. The
quadrupoles are grouped into two doublets followed by
seven triplets, where the magnets are arranged as F-F*
and D-F*-Dr, respectively. The spaces between the focus-
ing groups are addressed as “sections” (650-mm long
flange-to-flange for sections #1 through #7, and 480 mm
for section #0). Each group includes a Beam Position
Monitor (BPM), whose capacitive pickup is bolted to the
poles of one of the quadrupoles and is followed by an
assembly with two (X/Y) dipole correctors. The distance
between centers of the triplets is 1175 mm.

Fast Acting
valve
M61 M71 FFC
scrapers scrapers Emittance Beam
Scanner dump

Section
#7

Current
RWCM Transformer

Figure 2: Medium Energy Beam Transport line (side view).

The prototype kickers [5] are installed in sections 2 and
4, and the Differential Pumping Insert (DPI) is in section
6. The 200 mm (L) x 10 mm (ID) beam pipe of the DPI as
well as the 13-mm high gaps in the protection electrodes,
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placed on both sides of each kicker, are the aperture limi-
tations in the MEBT. Otherwise, the typical vacuum pipe
ID is 30 mm.

Longitudinal focusing is provided by 3 bunching cavi-
ties in sections 0, 3, and 7, which, if phased for accelera-
tion, can increase the beam energy by up to 100 keV each.
Movable scrapers [6] installed with the main goal to pro-
tect the cryomodules against an errant beam or halo were
also used to measure the beam size. Shown in Fig. 2 are 4
sets of 4 scrapers (each set consists of a bottom, top, right
and left scraper) plus a temporary set of two scrapers
(a.k.a. F-scraper, top and right).

Current transformers are located at the beginning and
end of the MEBT. An emittance scanner and Fast Faraday
Cup (FFC) (moved to various locations) were used to
characterize the beam emittance. A Resistive Wall
Current Monitor (RWCM) completes the set of
diagnostics available.

TRANSVERSE OPTICS

Reconstruction of the beam transverse optics in the
MEBT was performed in two steps [7]. First, the beam
dipole motion was characterized using differential trajec-
tories analyses, and the calibration of magnetic elements
was adjusted in the optics model to fit the measurements.
Then, the measurements of the transverse beam size along
the MEBT were used to reconstruct the Twiss functions of
the beam coming out of the RFQ and simulate the beam
envelope in the line. This knowledge allows to adjust the
beam position and size in a predictable manner.

Differential Trajectory Analysis

A Java program developed for the differential trajectory
measurements at the PIP2IT, records the BPM positions
with the nominal settings and then when one of the dipole
correctors is changed. The difference in the BPM readings
is then compared to the optical model in OptiM [8]. The
procedure is repeated for all available correctors, and for
each case, the calibrations of the correctors and quadru-
poles are adjusted in OptiM, with respect to initial values
based on magnetic measurements, to match the data
points. After several series of measurements and adjust-
ments, the procedure converges and the model fits well
the differential trajectories results in all cases, like the
ones shown in Fig. 3.

Typically, the quadrupole calibrations obtained from
beam measurements are consistently lower by 5-10% than
those found from the magnetic measurements. Note that
all magnets were measured at BARC (where they were
manufactured) and several were re-measured at Fermilab,
where the results from BARC were reproduced well, with
difference in calibrations < 1%. The accuracy of the beam
measurements, determined by the beam jitter (see below)
and drifts, is estimated to be ~4% and cannot explain the
deviation. While the discrepancy has not been resolved,
in the following analysis we use the calibrations from the
beam measurements.
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Figure 3: Response of trajectories to changing the current
in the first dipole correctors by 0.4 A: horizontal x (red)
and vertical y (green). The measured data points are aver-
ages of 50 pulses, and the error bars are the rms scatter.
The solid lines are the corresponding simulations.

Beam Size Measurements

Transverse beam sizes along the MEBT are measured
primarily with scraper scans fitted to an integrated Gauss-
ian distribution (see more details in [9]). In addition, the
Allison scanner, installed at the end of the beamline, pro-
vides the vertical phase space portrait hence the vertical
beam size.

To describe the beam envelope along the MEBT, the in-
itial transverse Twiss parameters at the exit of the RFQ
were defined through an iterative process using
TRACEWIN [10] simulations to fit to the measured rms
beam sizes at the first three scrapers. Fig. 4 shows the
reconstructed transverse rms envelope, which agrees with
all measured sizes within their typical reproducibility of
~10%.

4 Measurement Y
! Measurement X —x—
2

RMS beam sizes (mm)

2 e o 2 S = ¥
i % 4 V L i VNl e
3 i i v ;\‘ ; i A
-4 !
-5
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Figure 4: Rms beam envelope along the MEBT simulated
with TRACEWIN. Horizontal envelope is shown negated
for the presentation purpose. Error bars are +/- 10% of the
measured sizes. Normalized rms transverse and longitudi-
nal emittances were assumed to be 0.2 um and 0.28 um,
respectively. Beam current is 5 mA.

Beam Tuning

The accuracy of the optics model helped with beam
tuning. The beam envelope presented in Fig. 4 is
optimized for the MEBT line operating with two kickers
and the DPI. Consequently, the vertical beam size is lower
than the horizontal in the kickers, and both sizes are small
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% when passing through the 10-mm aperture of the DPI. In
g high -power runs, the beam size in the dump was

Z increased by over-focusing the beam with the last triplet.

Also, the model easily predicts how to combine setting

; changes to several correctors to move the beam in specific

locations without disturbing the trajectory elsewhere.

Beam Jitter

itle of the work publis h

The beam in the MEBT experiences a significant pulse-
= to-pulse jitter that affects the accuracy of the
@measurements, the effective emittance, and aperture
£ limitations. The amplitude varies dramatically along the
= beam line, reaching up to 0.2 mm rms. In an attempt to
2 localize the source of that jitter, the BPM readings of
° 10 ps x 20 Hz pulses were recorded over 35 minutes from
Zall BPMs. The resulting matrix was analysed with
2 2 Singular Value Decomposition similar to Ref. [11]. The
g ana1y51s showed that the noise is dominated by a single
: spatial component, which eigenvalue exceeded the next
zclosest one by a factor of ~10 (Fig. 5). Components
E beyond the second one are already at the noise floor. The
% FFT analysis of the noise temporal structure showed that
£ the noise is dominated by low frequencies,

Normalized Amplitude
00 02 04 06 08 1.0

Normalized Eigenvalue

0 5 10 15

N

0 2 4 6 8 10
Frequency [Hz]

Figure 5: Characteristics of the BPMs noise. Left-

eigenvalues. The data set marked “7™ July” represents

10 Hz x 10 min set. Right — FFT of the signal in one of

the BPMs.

Eigenvalue #

Comparing the first two spatial eigenvectors (Fig. 6) to
g the MEBT betatron modes clearly indicates that the beam
Jltter orlglnates upstream of the MEBT ’

A Y-BPMs . x-8PMs /" 7
X-BPMs N 2 f Y?fMS
TN \/ : \
VAV,

Figure 6: Comparison of the first two eigenvectors (or-
ange) with betatron modes (blue).

After subtracting the contribution of the first two
modes from the original data, the remaining noise is at the
level of several um, probably defined by the electronics.

To further localize the noise source, we varied the last
=two (out of 3) LEBT solenoids and found two combina-
E tions of their currents (in addition to the nominal settings)
*- for which the RFQ transmission was good (>95%). The
solen01ds rotate the beam as well as the plane of the jitter
proportlonally to the sum of Amp-turns in them, while the
motion in the RFQ and MEBT is uncoupled. The BPM
signals were recorded for both cases, and the same SVD
analysis was performed. The plane of oscillation of the
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first spatial eigenvector was found changing in agreement
with angles expected from the rotation by the solenoids,
indicating that the source of the jitter is upstream of the
second solenoid. Unfortunately, as of now, the jitter has
not been eliminated. The present speculation is that it
comes from within the ion source where faint indications
of the presence of the same 1.09 Hz line as in Fig. 5 were
observed.

Road to Beam Tails Analysis

So far, the beam properties were characterized in terms
of either the centroid motion or rms sizes. To analyse the
beam transverse tails, we initially intended to use the
scraping system. It was not successful. On one hand, the
noise of the current measuring devices is too large to
resolve variations below 1% when a scraper is moved into
the beam. On the other hand, the signals from the scrap-
ers themselves drop to nearly zero if their plates are at the
ground potential because of secondary electron emission.
Since the scraper currents are to be included into the Ma-
chine Protection System (MPS), the plates are biased by
+100 V. In this case the scraper current starts already
rising when the scraper plate is far from the beam. When
the plate is deep inside the beam, the scraper reading is
typically 10-20% higher than the intercepted beam current
and fluctuates significantly. We interpret this as an indica-
tion of the presence of a significant amount of secondary
electrons in the vacuum pipe, e.g. originated by lost or
reflected ions from the pipe’s walls. While such behav-
iour is tolerable for the purpose of the MPS, it does not
allow measuring the tails of the particles distribution. We
hope that the implementation of a negatively biased wire
scanner will provide much more consistent readings.

Another available tool is the MEBT Allison scanner. A
dedicated Python application is being written to better
analyze the tails. First, attention is paid to the back-
ground analysis. In the present LabView program, inherit-
ed from SNS, the background is rejected at the level equal
to 1% of the maximum signal, distorting the output for
low beam currents or large footprints. Instead, the new
code analyses the level of the background noise far from
the beam and reject the background at the level of several
times the rms noise (Fig. 7). The typical ratio of the max-
imum signal to the cut-off is 0.5%.

Then, efforts are being made to define more consistent-
ly the beam core. The rms definition of the Twiss parame-
ters depends on the level of the noise cut since the tails
are generally phase-dependent. In addition, the Twiss
parameters change if tails are cut by a scraper, making the
analysis of the scraping efficiency difficult in terms of
maximum action. We are implementing a procedure that
calculates the Twiss parameters for only 50% of the total
phase portrait integral, composed by the pixels with high-
est intensities. One of the consequences of using such
“central” definition is that in the core the pixels corre-
sponding to the same action have the same intensity, i.e.
the core distribution is independent on the phase (Fig. 7).
Note that this “central” definition is likely more
consistent with the envelopes derived from scraper
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measurements since fitting to a Gaussian distribution
essentually ignores the behaviour of the tails.
Cleaned Image - MEBTAIllisonScan-2018-01-16_13-38

~—— RMS Twiss
10 —— Central Twiss

Angle (mrad)
5

0.0
=70 5 -85 -90 95

Position (mm)

-100

MEBTAUisonScan-2018-01-16_13-38 MEBTAllisonScan-2018-01-16_13-38

Figure 7: Illustration of the different Twiss parameters
calculation. Top- the image cleaned with the Python code.
Bottom- pixel intensity (in mV) vs the action (in pm) for
the rms (left) and “central” definitions. In the core, the

scatter of intensities is significantly lower in the right plot.

LONGITUDINAL MOTION

Longitudinal focusing at PIP2IT is provided by three
bunching cavities. Normally the cavities’ phases are set to
-90° with respect to the beam, i.e. the bunches are longi-
tudinally focused without changing the average energy of
the ions.

) Cavity Phase Scan.
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Figure 8: Screenshot of the cavity phasing program show-
ing the dependence of 4 BPM phases on the reference
phase of bunching cavity #2. Cavity voltage is 60 kV. In
this specific case, the cavity phase offset needs to be ad-
justed by 5°.

The phasing is made by rotating the cavity reference
phase by 360° recording the resulting changes in phases
of the downstream BPMs and fitting them to sinusoids
(Fig. 8). The found phase offset is then corrected via the
LLRF settings so that the zero degrees of the reference
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phase corresponds to maximum acceleration.
scatter in these measurements is ~0.5°.

Note that the cavities’ voltages can also be deduced
from phasing measurements (as in Fig. 8) since the ampli-
tude of BPM phase variations is proportional to the cavity
voltage. These measurements provide amplitudes that are
~10% higher than previously established calibrations. The
reason of this discrepancy is under investigation.

The longitudinal charge distribution of the bunches is
measured with a Fast Faraday Cup, which can be moved
vertically in and out of the beam path. Its 0.8-mm en-
trance hole in the ground electrode cuts a beamlet, which
current is measured by a collector. The 1.7 mm gap be-
tween the ground electrode and collector results in widen-
ing of the measured signal in comparison with the actual
bunch length. According to estimations in [12], a point
charge flying at 20 mm/ns (equivalent to 2.1 MeV) would
generate a pulse with an rms width of 25 ps. For all bunch
length measurements at PIP2IT, this correction is negligi-
ble. All FFC measurements are made with 10 pus x 1 Hz
pulsing.

The bunch length measurements were carried out in
two locations, first in section 6 and then at the end of the
beam line as shown in Fig. 2. The measured distributions
are characterized by the rms bunch length and integral,
which are obtained from fitting the signals to a Gaussian
distribution. A typical FFC signal and corresponding
Gaussian fit are shown in Fig. 9.

10°

Typical

* FFC data i
[+ |—Gaussian Fit with crz=363.8 ps

FFC signal [V]

| i I i
3000 4000 5000 6000

Time (psec)
Figure 9. One period of the FFC signal (blue) and its
Gaussian fit (red). The FFC is at the end of the beam line.
Beam current is 9.3 mA.

- i i
0 1000 2000 7000

Location of the FFC in section 6 is optimum for recon-
structing the bunch longitudinal emittance since the de-
pendence of the bunch length on the voltage of bunching
cavity #2 upstream exhibits a minimum (Fig. 10).
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T
600 < FFC data

—Tracewin w/o FFC aperture (EZ=0.5 urad, ocz=0, BZ=1 .2 m/rad)
550
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Figure 10: Rms bunch length vs voltage of bunching
cavity #2 (blue) and two fitting curves (see text).

The initial interpretation of the data yielded a large lon-
gitudinal emittance, 0.5 um rms normalized (red curve in
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[a)

E Fig. 10), in a strong disagreement with simulations. The
3 i contradiction was traced to the implicit assumptlon that
Z 2 the bunch length measured at the beam center is repre-
a sentative of the entire beam, which is valid for a fully
. uncoupled particle distribution. Detailed measurements of
g the bunch length in various positions across the beam

2

2 clearly showed that this assumption is incorrect: the
% bunch length is consistently lower toward the beam edges
3 (Fig. 11)
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‘g Figure 11. Rms bunch length vs vertical (top) and hori-
VJ

5 zontal (bottom) position across the beam. Different colors
& of data points correspond to different angles between the
< beam and the FFC axis. The red solid curves are simula-
% tions with TraceWin assuming an uncoupled 6D distribu-
N tion at the exit of the RFQ. Beam current is 5 mA. The
= © beam transverse rms size is 2.6 mm in X and 2.0 mm in Y.

% For a more adequate comparison with measurements,
= the bunch length of a beamlet cut by same 0.8 mm aper-
< ture was simulated by TraceWin. In this case, the simula-
> tion exhibits the behaviour observed experimentally (solid
S curves in Fig. 11), and the best fit for the bunch longitu-
LO) dinal emittance, 0.34 um, is close to the one expected
S from RFQ simulations (green curve in Fig. 10). These
° > simulations use as an input file a fully uncoupled 6D
= Gaussian distribution, primarily because the procedure of
adjusting the initial Twiss functions is clear in this case.
The significant difference between the rms bunch length
of the entire beam and the central beamlet appears only
5 with significant space charge and only after propagation
2 through a large part of the MEBT. At the same time, the
_8 beam longitudinal emittance stayed essentially constant
= along the MEBT.

E Note that analyses of the distribution coming out of the
= 5 RFQ in simulations with TOUTATIS [10] showed a dif-
i ference between the “central” and overall bunch length
£ comparable to numbers in Fig. 11. Ignoring this effect in
E the present MEBT simulations may be affecting the accu-
= racy of comparison with measurements.

nder the terms
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SUMMARY

The transverse optics of the PIP2IT MEBT was recon-
structed by first adjusting calibrations of the magnets
based on analyzing the beam dipole motion and then
defining the initial Twiss parameters through fitting the
beam sizes measured along the beam line. Good under-
standing of the optics helps with tuning the beam, e.g.
allowing to predict the beam envelope within 10% or look
for the source of the beam position jitter.

The longitudinal optics is defined with less certainty,
though its study follows the same combination of analyz-
ing the dipole motion by BPM phases and the rms bunch
length by the FFC. One of the results of the latter meas-
urements is that there is significant coupling between the
transverse and longitudinal beam distributions.
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60 mA BEAM STUDY IN J-PARC LINAC

Y. Liu, M. Otani, T. Miyao, T. Shibata, KEK/J-PARC, Ibaraki-ken, Japan
A. Miura, JAEA/J PARC, Ibaraki-ken, Japan

Abstract MEBTI1 were achieved. Beam transverse property was

. . tudied with quadrupole-scan scheme.
Upgrade of Linac peak current from 50mA to 60mA is s .
one of the keys to the next power upgrade in J-PARC. Second trial of 60mA was on Dec. 25 - 26 2017. 60 mA

title of the work, publisher, and D

beam passed (no acceleration in DTL) through DTL with

. Beam studies with 60 mA were carried out in July and .
@December 2017, for the challenging issues suzh as roughly 100% transmission. 400 MeV 56 mA beam was
E investigation of l;eam property from the ion source, halo obtained at the Linac exit.
E havior th hout the LEBT. RF M]éBTl Third trial is scheduled on Jul. 3 2018. And it is
2 :rili?t\; lr?cfe /T‘;/iosl;g Orl;leasuiement ’ at QMEa];l?“l bearr; decided peak current of S0mA with be in operation from
*2 emittance control, etc. Expected/unexpected problems, Oct. 2018.
g intermediate results and preparation for the next trials PREPARATION FOR 60MA STUDY
were introduced in this paper.
At J-PARC ion source test-stand > 60 mA stable H-
INTRODUCTION beam were achieved and sudied [2]. A typical distribution

for 66 mA is shown in Fig. 2, in which it is found that for
present ~60 mA beam in J-PARC about 5% of beam
which consists of a Linac, a 3 GeV synchrotron (rapid could be identified as “halo”. And for the 95% “core” of

cycling synchrotron, RCS), and a main ring synchrotron the beam rms emittance is about 30% higher than that of
(MR) ’ ’ present 40mA beam in operation. This situation is so

The J-PARC Linac [1] consists of a 3 MeV RFQ different from nomial 40 mA beam that we will confront a
50 MeV DTL (Drift Tube Linac), 181/190 MeV SDTL,  neW beam” for the 60 mA trial study.

(Separate-type DTL) and 400 MeV ACS (Annular-ring
Coupled Structure), as shown in Fig. 1. Jn - v

The Japan Proton Accelerator Research Complex (J-
PARC) is a high-intensity proton accelerator facility,

1 90-deg dump
J-PARC linac consists of .
* 50-keV negative hydrogen ion source > New ion source
*3-MeV RFQ >RFQ3
+ 50-MeV DTL (Drift Tube Linac) RCS injection |t
* SDTL (Separate-type DTL) 181-MeV —>190MeV Injection section A\ s s k 5,
*400 MeV ACS (Annular Coupled Structure Linac) 204 Arc S 3
o £
ol ¢ —si—e—a® W s
xtmm) () i) [

MEBT2 (+2

Front-end new bunchers) "
(7m) 15t Arc
DTL SDTL(+SDTL16) Newly installed \

(27 m) (84 m) ACS section

(109 m) ;I

Figure 2: A typical distribution for 66 mA from ion

3MeV 50 MeV " 181 Mev 400MeV 0-deg dump source.
S50mA ->190MeV a 50m
Front-end = IS + LEBT+ RFQ + MEBT One of the most crutial problem expected is the DTL1

) ' aperture. In the Tohoku earthquake in 2011, DTLI

Figure 1: Layout of J-PARC Linac, before and after 2014.  suffered deformation and the aperture were significantly
reduced. For instance, if the emittance in MEBTI1 of

From Oct. 2014, J-PARC Linac started operation at 60H.1A, beam is 30% h1gher~ than .nomlnal level,. .the

OmA/400MeV. Maximum peak current of 50 mA feasibilty of DTL transmission will need a critical

3 -
became available for beam study, and 1 MW equivalent dec151on.. . . . .
beam at RCS was demonstrated in Dec. 2014 RFQ simulation with the realistic distrubtion as shown

From Jan. 2016. J-PARC Linac started 40 maA 10 Fig. 2 was conducted, and the results were shown in
2 operation, and ramp-up of the power in neutron target was Table 1. It is found that instead of emittance growth at the
2 scheduled toward the target limit RFQ exit, the halo is scraped in the RFQ at the cost of
+  Next steps will be equivalent 1.2/1.5 MW beam from transmission decrease for ~60 mA beam.

£ RCS, which require Linac either/both of peak current Another countermeasure is the increase of DTL

.2 upgrade from 50 to 60 mA, or/and extension of beam quapoles (DTQ) strength, offering stronger focusing to
= control the transverse envelop in the DTL. By the way, in

e used under the terms of the CC BY 3.0 licence (© 2018). Any distribution of this work must maintain attribu

g pulse from 500 to 600 ps. this case DTQ might need to be run in pulse mode to
< First trial of 60 mA was conducted on Jul. 52017, and  reduce the heat load.

§ 68 mA of H™ beam from RF ion source and 62 mA at
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Table 1: RFQ Simulation Results Inputting of Measure
Distribution at 66mA as Shown in Fig. 2.

Norm. rms Trace3d definition Envelope
(mm#*mrad) (mm#*mrad/deg*keV) (mm)

I(mA) n Ex gy £z £x gy £z rx ry
(For ref) 30. 095 026 026 032 2068 2092 58335 216 123
(For ref) 40. 094 024 024 033 1907 1904 60090 215 121
(For ref) 50. 093 022 023 034 1781 1802 62495 212 120
60. 091 022 022 034 1741 1741 62450 214 119
70. 090 0.22 021 034 1725 17.08 63030 215 1.20

Five sets of lattices were prepared for the study, as
shown in Fig. 3.

A. 40mA lattice for operation (as reference)

B. 50mA lattice for beam study (as reference)

C. 40mA lattice scaled for 65 mA, to keep the same
envelop and same phase advance. About 5%
increase of DTQ strength.

D. 40mA lattice scaled for 65 mA according to large
emittance, with About 5% increase of DTQ
strength.

E. Equipartitioning setting for 65 mA.

C and D need DTQ to run in pulse mode.

When DTQs run in pulse mode, noises will be
generated in the nearby slow current transformer (SCT)
used for particle counters for the personal protection
system (PPS). It is necessay to correct sufficiently to keep
the accelerator operating normally.

,,,,,, 40mA norm
,,,,,, 40mA norm

,,,,,, 50mA norm
Fyms SOMA norm

Fums 6SMAC —— Fume 65MAD.
Fyms 65MAC Fyms 65MAD.

Fums 65MA E
Fyms 65MAE

<o rimm) <>x

gL DTQ pulse-mode if [>600A

Al

o10ToPs#

DTQ CUR(A)
¥ & ¢

]

Figure 3: DTL lattice preparation, beam envelope (5*rms)
and operational DTQ current.

INTERMEDIATE RESULTS

The first ~60 mA beam was obtained manually from
38 mA to 61 mA at MEBTI entry. After fine scanning,
62 mA was achieved at MEBT]1 as a J-PARC milestone in
Jul. 52017.

Then the Q scan measurements, as sketched in Fig. 4,
for both horizontal and vertical planes were conducted to
obtain the emittance and Twiss parameters. For
measurements like Q scan beam is stopped at the scraper
to protect the downstream parts.

The Q scan results, as shown in Fig. 5 were to be used
for evaluation feasibility of the DTL transmission and
selection of lattice. Multi-particle simulation with

Beam Dynamics in Linacs

HB2018, Daejeon, Korea JACoW Publishing
doi:10.18429/JACoW-HB2018-MOP2WBO1

IMPACT code [3] was applied to fit the Q scan results to
find MEBT1 emittance initial Twiss parameters as shown
in Fig. 6.

WsSMO038 WSM03A WSMO

Y
E [ 4
A
Q scan scheme for transverse

Figure 4: MEBTI
measurement.

SCRAPER BSM

The Q scan results were consistent with simulation and
close to measurements of 50 mA beam. So that both
studies could continue with downstream of MEBT1.

H Q3-WSM3BX scan: r,,.(m) vs. GL(Tm)

3.006:03

VQ2-WSM3AY scan: Fyms(m) vs. GL(Tm)
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Figure 6: MEBT1 Q scan measurement analysis.

Many lessons were learnt in the first trial study. For
safety reason, chopped beam with thinning was used in
study, which brought difficulties to the beam monitoring.
Moreover, beam chopping rate is dependent on orbit of
chopper and scraper, which made much confusions. So it
was concluded that unchopped beam will be used for
MEBT]1 orbit correction in the next study.

The candidate lattice D, with stronger transverse
focusing to control envelope in DTL was chosen. And the
DTQ pulse operation was successfully applied online for
the first time in the study in Jul. 2018. Noises generate by
DTQ pulse operation were compensated successfully, for
which a few hours of beam time should be scheduled.

Based on the Twiss measurement at MEBT1 and many
experiences in the first trial, 3 MeV 60 mA beam was
obtained at DTL end, in second trial experiment in Dec.
2017, and 56 mA for the full-accelerated beam, as shown
in Fig. 7.

The main beam loss happened in RFQ and MEBTI
scraper. Further analyses are shown in the next section.
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Figure 7: Transmission measured 60 mA trial in
December 2018.

STRATEGY FOR NEXT TRIALS

Transmission problem is the homework left by the
second trial study, which must be fully understood and
solved.
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Figure 8: RFQ transmission measurement and simulation.
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Figure 9: A more realistic RFQ simulation compared with
measured transmission.

Measurements and simulation with design input
emittance and Twiss with water-bag model for 40 and
60 mA were shown in Fig. 8. Measurements and
simulation are quite consistent for 40 mA, but not for
60 mA. For “100%” tank level used in nominal operation,
measured transmission for both current differed by 6%. It
is implied that for 40 mA the real distribution from ion
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source is effectively the same as water-bag model
assumed in design. Different behavior of 60 mA is
attributed to halo, as shown in Fig. 2. Results from a more
realistic simulation inputting this typical distribution is
shown in Fig. 9.

Many features could be found in Fig. 9. Transmission
curves have 4% gap between measurement and
simulation, which could be identified as tank level
calibration error. Actually the nominal “100%” tank level
is 104% of design. RFQ tank level could be used as a
knob for transmission according to the of the present
situation of ~60 mA beam, although it is not a normal
way. For example, 2% could be gained at the cost of 5%
of transverse emittance growth according to 6% increase
from present tank level. Of course, it is also clear that ion
source should eventually reduce the halo to negligible
level.

The other main source of beam loss is near the scraper,
as shown in Fig. 10.

s
‘7 - L
2 r
g ‘
Z 0.98] \
g f \
0.96|— 1
T m 40mA data S
0.94F ) e
T — = 40mA sim. A
092 4 60mA data .
L 60mA sim. A
0.9~
| 1
0 1 2 3
z [m]
Figure 10: RFQ transmission measurement and
simulation.

It is found that simulation and measurement have
similar results for both currents. However, for 40 mA
operation, chop-extinction has been put to a high priority
and ion source output has enough margin, so that this
drop is accepted.

The MEBT!1 lattice is re-optimized adding condition of
horizontal envelop at scraper, besides envelope at chop
and bunchers. A trial optimized scheme is shown in Fig.
11.

Org. Lattice

Vs 4 AN 4 \

&

Figure 11: A trial optimization for horizontal envelop at
scraper.

Base on these optimization, scraper position could be
optimized, as shown in Fig. 12.
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It could be expected that the scraper position change
from present 6.4 mm to 7.5 mm, the transmission will
increase by about 2%. MEBT] lattice optimization might
also contribute a few percent to the transmission.

The total transmission will be improved by > 4%, i.e.
from present 83% to 87%, with above practical
countermeasures. It is proposed for the third trail study
ion source will output 72 mA aiming at 62 mA in the
Linac.

(a) Orbit of H* chopped/un-chopped  (b) Scraped rate vs. scraper position
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Figure 12: A trial optimization for horizontal envelop at
scraper.

CONCLUSION AND OUTLOOK

J-PARC started to prepare for equivalent 1.2/1.5 MW
beam from RCS. As a key of next power upgrade, 60 mA
studies were conducted and two milestones were
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achieved. First 62 mA beam at MEBT1 and transverse
measurement were obtained on Jul. 5 2017. First 56 mA
beam at J-PARC Linac exit were obtained on Dec. 25~26
2017.

Third trial study of 60mA is planned on Jul. 3 2018.

Key points are transmission in RFQ and MEBTI
scraper. RFQ transmission is about 6% lower than that of
nominal 40 mA because of halo from ion source. MEBT]1
scraper transmission drop happened both for 40 mA
and 60 mA.

Ion source should be eventually improved to minimize
halo. However, for the present situation practical
countermeasures, such as RFQ tank level, MEBT]1 lattice
re-optimization and scraper gap adjustment, are proposed
to achieve ~60 mA now. All together > 4% increase of
transmission is expected, and ion source will provide
72 mA aiming at ~62 mA in Linac.
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Abstmct

In the framework of the LHC Injector Upgrade pro-
gramme (LIU), several activities have been carried out to
improve the GTS-LHC ion source and Linac3 performance
(Linac3 providing the charged heavy ion beams for CERN
8 experiments). A restudy of the beam dynamics and
.S transport through the linac was initiated, through a cam-
2 paign of systematic machine measurements and parallel
£ beam simulations, generalising techniques developed for
= beam characterization during Linac4 commissioning. The
£ work here presented will review the most relevant findings
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INTRODUCTION

The Linac3 linear accelerator is the first element of the
2 CERN heavy ion injector chain, providing highly charged
heavy ion beams for the CERN experimental program.

The ion beams are produced with the 14.5 GHz room
‘€ temperature Electron Cyclotron Resonance (ECR) ion
-:E source GTS-LHC, which is based on the Grenoble Test
& Source (GTS) developed at CEA (France). Lead is the pre-
z dominant ion beam delivered by the source, though pro-
< duction of argon and xenon beams for fixed target experi-
% ments has also been performed.
& The GTS-LHC source was installed in 2005, replacing
© the original ECR4 ion source with the goal to increase the
§ beam current delivered by Linac3. However, the projected
& gain was not reached due to a lower than expected trans-
S mission through the linac.
O Linac3 itself has been operational since 1993, accelerat-
A ing heavy ions from 2.5 keV/u to 4.2 MeV/u for injection
8 and accumulation into the Low Energy Ion Ring (LEIR).
£ Charge state selection is first carried out on the beam ex-
g tracted from the source via a 135° spectrometer bend. Ac-
g celeration is then done in two stages: first a 101.28 MHz
8 Radio-Frequency Quadrupole (RFQ) increases the beam
£ energy to 250 keV/u; then a system of 3 Interdigital-H
_q“; tanks (the first one at 101.28 MHz, the other two at 202.56
£ MHz) takes the beam to 4.2 MeV/u. The beam is then
B stripped in passing through an amorphous carbon foil, and
§ a new charge state is selected for injection in LEIR. Here
‘;the beam is accumulated and cooled before being trans-
g ferred to the Proton Synchrotron (PS), the Super Proton
—% Synchrotron (SPS), and ultimately the Large Hadron Col-
2 lider (LHC).

Typical currents delivered for Pb>** ion beams at the end
of Linac3 before 2015 were approximately 20-25 pAe,
with a stripping efficiency from Pb?*" to Pb*** of 15% and
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FOR CHARACTERIZATION AND PERFORMANCE IMPROVEMENT
OF THE CERN HEAVY ION LINAC3

G. Bellodi*, S. Benedetti, D. Kiichler, F. Wenander, CERN, Geneva, Switzerland
V. Toivanen, Grand Accélérateur National d’lons Lourds (GANIL), Caen, France

a cumulative acceleration efficiency through RFQ and TH
of 55-60%. This corresponds to a Pb*" current at the
source of ~150 pA.

An in-depth restudy of the Linac3 beam extraction and
transport was initiated a few years ago in the context of the
LHC Injector Upgrade (LIU) programme, with the aim of
improving the performance of the accelerator chain for fu-
ture high luminosity operation of the LHC. The target pa-
rameter of 8x10% Pb>** ions/bunch extracted intensity from
LEIR was comfortably exceeded in 2016 operation thanks
to the combined improved performance of both Linac3 and
LEIR (+40%) and mitigation of the main intensity limita-
tions.

The Linac3 performance upgrade campaign was articu-
lated around a comprehensive restudy of the beam for-
mation from the GTS-LHC ion source and of its transport
through the Low Energy Beam Transport (ITL) section,
RFQ and IH linac. Previous simulation studies had been
carried out either with TRACE2D envelope tracking or
with multi-particle tracking with PATH using ideal input
beam distributions. Focus was only recently placed on a
more rigorous modelling of the beam extraction from the
source, with the aim of providing more realistic input beam
conditions for tracking studies. A systematic campaign of
machine measurements was also launched to provide input
and cross-check for the simulation results. In this paper we
review the current understanding of beam dynamics in
Linac3 and the limitations still affecting the present mod-
elling.

SOURCE EXTRACTION SIMULATIONS

The GTS-LHC ion beam extraction has been simulated
with the ion optical code IBSimu [1], with 3D magnetic
field maps and electrode geometry. The afterglow dis-
charge is modelled by assuming an increased plasma po-
tential of 200V and low 10eV temperature cold electron
population. The initial ion species distribution was defined
based on the measured Charge State Distributions (CSD).
The simulation assumes full space charge in the extraction
region, due to the presence of strong electric fields prevent-
ing the accumulation of low-energy electrons and conse-
quent compensation mechanisms.

Extraction simulations were carried out for all opera-
tional beams: lead, argon and xenon [2]. In the case of Pb
beams the strong charge-over-mass dependent focusing ef-
fect causes the formation of a beam waist inside the
grounded electrode and envelope separation of the differ-
ent ion species. For Ar and Xe this effect is mitigated and
the transverse distributions are more uniform (see Fig. 1).
In all cases, due to the lack of additional focusing elements
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Figure 1: Beam extraction simulations with IBSimu: trajectory densities (left) and transverse beam profile distributions

(right), taken at the axial location x=0.423 m.

in the extraction region, the beams are highly divergent,
causing significant beam collimation on the walls of the
extraction pumping chamber and downstream solenoid
beampipe. This was confirmed by a visual inspection of the
GTS-LHC extraction system, showing clear beam-induced
markings at the location predicted by the simulations (see
Fig. 2).
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Figure 2: Observed beam induced markings from beam

scraping (left) compared to the transverse distribution at
the same location obtained with IBSimu (right).

A redesign of the beam extraction region was prompted
by these studies, with the aim of reducing the losses due to
beam scraping and improve transmission from the source.
Two main modifications were put in place: 1) the aperture
restriction was mitigated by increasing the beam pipe di-
ameter at extraction and through the first solenoid from 65
to 100 mm; 2) a bipolar Einzel lens was installed to provide
additional beam focusing and matching. The first action
alone yielded a gain of +20% in the transmitted beam cur-
rent from the source to the exit of the spectrometer bend.
The second modification, on the other hand, did not prove
to be beneficial in the end, and the lens was subsequently
removed.

Beam Dynamics in Linacs

The IBSimu extraction results were used to define the
initial beam distribution for input to beam dynamics stud-
ies in Linac3 with the 3D multiparticle tracking code
PATH [3]. Machine operational settings and beam aperture
model were used in the simulations to allow direct compar-
ison with beam measurements. All the measurements and
simulations reported in the following refer to the 2017 op-
eration with xenon beams at Linac3.

EMITTANCE MEASUREMENTS

A layout of Linac3 is presented in Fig. 3. No beam diag-
nostics is available between the source and the spectrome-
ter magnets. The first instruments are located after the slit
(a Faraday cup) and quadrupole triplet (profile harp) down-
stream of the bend, before entering the RFQ. As will be
shown later, this is at present one of the main limitations to
any further progress in the understanding of the beam dy-
namics at Linac3.

The available diagnostics consists in several Beam Cur-
rent Transformers (BCT) and Faraday cups for beam inten-
sity measurements and harps (SEM grids) for transverse
profile measurements. These are placed at several locations
along the machine: 1) at the end of the ITL (LEBT) line,
before entering the RFQ, 2) at the RFQ output, in the
MEBT; 3) at the exit of the IH tanks, after the stripper foil
and 4) finally in the ITF filter line selecting the charge state
for injection in LEIR.

A pepper-pot device is installed after the spectrometer
bend just downstream of the slit selecting the nominal
charge state. After long and unsuccessful commissioning
efforts, however, it was concluded that the beam character-
istics at the installation location are not adapted to detec-
tion with this device. If measurements in the horizontal
plane were indeed possible, the large beam divergence
causes a superposition of beamlets in the vertical plane and
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LEBT (ITL) MEBT (ITM) IH

akes virtually impossible the correct association between
eamlets and pepper pot mask holes where they originate,
hich is at the basis of the data analysis process.

Beam transverse emittance has been measured indirectly
from profile measurements via a quadrupole scan tech-
nique, using two independent methods originally devel-
oped during Linac4 commissioning [4]. The “forward
method” technique builds up on the classical analytic cal-
culations using transfer matrices: it consists in iteratively
varying the Twiss parameters of the beam at the recon-
struction point, tracking it to the measurement location tak-
ing into account space charge effects and comparing the
measured and simulated RMS beam sizes. The method is
relatively simple, since it deals with RMS beam sizes cal-
culated from the measured profiles. This implies however
a loss of information on the beam distribution, as only a
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Figure 3: Linac3 layout.

projection of the phase space is measured. A more sophis-
ticated method is the phase space tomography, which is
based on linear mapping of the measured beam profiles
onto the initial phase space to estimate the particle density
distribution. The projections of the reconstructed phase
space are then compared to measured data and the initial
distribution is modified iteratively until agreement is
reached with the measured profiles.

The results of several emittance measurements taken
during the year at different machine locations are listed in
Table 1: values show a good reproducibility over time and
agreement between analytical and tomographic technique
of reconstruction, within a 15% range. The only exception
is given by the vertical emittance measurements in the
MEBT section. Here the insufficient resolution of the pro-
file harp had a great impact on the quality of the measure-
ments and yielded overestimated emittance values. At the

Table 1: Reconstructed Normalized RMS Emittance Values for Xenon Beams in the ITL, ITM and ITF Lines

0.13 0.15 -3.90 -1.59 1.32 0.57

Analytical 0.14 0.18 -3.49 -2.50 1.15 0.72
reconstruction 0.13 0.18 -3.37 -2.77 1.08 0.83

lTL 0.11 0.18 -3.39 -2.67 0.96 1.11
0.11 0.14 -4.68 -1.73 1.65 0.97

Tomographic 0.11 0.15 -3.98 -2.57 1.37 0.88
reconstruction 0.12 0.16 -4.02 -2.54 1.41 0.89

0.09 0.17 -3.55 -2.47 1.07 1.22

Analytical 0.08 0.21 0.05 3.63 0.06 0.79

IT reconstruction 0.07 0.20 0.18 4.87 0.10 1.07
Tomographic 0.08 0.29 0.07 2.38 0.06 0.63
reconstruction 0.08 0.36 0.25 3.04 0.09 0.80

Analytical 0.13 0.16 -2.76 -1.75 6.17 1.56
reconstruction @312 0.13 -1.82 =325 4.87 1.07

ITF Tomographic 0.14 0.17 -2.38 -1.81 5.17 1.58
reconstructjon 0.12 015 ‘2.09 '1.60 504 1.30
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RFQ exit the beam should be approximately anti-symmet-
ric, hence transverse emittance values should be similar in
both planes.

SIMULATIONS

These emittance values and other beam measurements
taken at Linac3 were used both as input and feedback for
simulation studies, in an effort to validate our modelling of
the machine. In particular, the particle distribution recon-
structed tomographically from beam profiles in the LEBT
was compared to the result of tracking the input beam ob-
tained by IBSimu at source extraction all through the spec-
trometer line (consisting of one focusing solenoid, a quad-
rupole and two bending magnets). As shown in Fig. 4,
agreement is fairly good in the horizontal plane, but not in
the vertical one. Transmission values are also more pessi-
mistic in the IBSimu-simulated case than in reality.

8] |
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|
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Figure 4: Comparison between beam phase space tomo-
graphic reconstruction from measurements (red dots) and
simulation results (blue dots) in the ITL line [5].
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Figure 5: Comparison between measurements and simula-
tion results for the transmitted current in the ITL Faraday
cup when scanning: the solenoid current downstream of
source extraction (left) and the spectrometer magnet cur-
rent (right). The black marker indicates the operational
point [5].

The absence of diagnostics in the spectrometer line and
the difficulty in making diagnostics that distinguish be-
tween the many species in this zone makes it impossible to
validate the assumptions taken in the simulation of the
beam extraction from the source. A scan of beam intensity
as a function of magnetic strength values for either the so-
lenoid or the dipoles (Fig. 5) could only give agreement
between measurements and simulations after some param-
eter rescaling, thus pointing at the fact that some of the val-
ues assumed in our modelling are not correctly known.

Simulated transmission values through the RFQ are also
considerably more pessimistic than in reality. For all these
reasons and difficulties it was decided to use as input for
tracking studies the beam distribution reconstructed tomo-
graphically after the spectrometer bend, and focus on the
beam dynamics downstream of this location. The beam
was transported through the RFQ and IH cavities, and the
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Figure 6: Summary of beam dynamics simulations: RMS envelopes, transmission and simulated vs measured beam dis-

tributions at selected locations along Linac3 [5].
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IH input phase [deg]

imulation results were again validated through compari-
on with measurements. As shown in Fig. 6, the opera-
tional beam current transmission through the RFQ was
confirmed in simulations to be around 70%. The beam dis-
g tribution at the exit of the RFQ (yellow box in the figure)
Z was found to be in very good agreement in the horizontal
E plane with the corresponding tomographic reconstruction.
5 The mismatch in the vertical plane is most likely due to an
3 insufﬁcient resolution of the profile harp, affecting the pre-
u £ cision of the beam measurements, possibly combined with
T an uncertainty in the calibration curves of the quadrupoles
.2 scanned due to magnetic cross-talk. The short distance be-
2 tween the diagnostics device and the quadrupoles also
Z causes larger fluctuations in the results.

T The description of the TH cavities and the KONUS beam
Z dynamics simulation results were also validated by beam
& profiles and transmission measurements. The recon-
§ structed phase space at the IH output is quite similar to the
© simulated one (see Fig. 6 in the green box). The depend-
§ ence of beam transmission on several machine parameters
o (tank amplitude and phase setpoints, IH quadrupole gradi-
S ents etc) was measured through variable scans and well re-
o produced in simulations. The overall ~80% transmission
E through the IH was also confirmed by beam tracking.

O  Comparing this value with transport efficiency at lower
o energy showed that the RFQ remains the main bottleneck
o for beam transmission. This prompted research into a pos-
2 sible re- design of the cavity, with the aim of increasing its
5 transverse acceptance while maintaining cavity length and
o field and constant or lower output longitudinal emittance.
5 + The latter constraint comes from the necessity to fit the
"‘3 beam in the small longitudinal acceptance of the IH, thus
3 Z avoiding to just shift the bottleneck problem downstream.
2 This acceptance was measured by detecting the change in
8 transmission through the IH while scanning its input RF
& phase. A sharp drop is measured as soon as the input RF
< phase deviates from the nominal value (Fig. 7 left). This is
§ confirmed by beam simulations, as the IH input beam
.« phase space in the longitudinal plane is tightly contained in
= the IH acceptance (Fig. 7 to the right). A redesign solution
£ was eventually found on paper: a new rods design fitting in
‘E the same footprint that could increase the transmission
g through the RFQ by 20% [6].
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Figure 7: Measured transmission through the IH as a function of the input RF phase (left). Simulated IH longitudinal
acceptance (red) in comparison with the longitudinal IH input beam for several input RF phases (in green)[6].

SUMMARY AND LESSONS LEARNT

A thorough restudy of the beam dynamics and transport
through Linac3 was carried out, through a campaign of sys-
tematic machine measurements and parallel beam simula-
tions.

For the first time beam production from the source was
the object of detailed studies with the help of the IBSimu
ion optical code. The absence of diagnostics immediately
downstream of beam extraction severely affected the ca-
pacity of achieving a realistic initial beam distribution.
Some input assumptions of the simulations would still need
further tuning and optimisation before reaching full valida-
tion. An important result of these studies was however to
confirm the performance limitation induced by beam
scraping at extraction from the source. Reduction of these
losses by an increase of the beampipe aperture diameter
could gain a 20% improvement in transmitted beam inten-
sity.

Emittance measurement techniques, which were initially
developed for beam characterization during Linac4 com-
missioning, were successfully applied to Linac3. They also
allowed the reconstruction of the beam phase space from
profile measurements, and the distributions found could be
used as input for tracking studies and cross-check of simu-
lations. End-to-end beam tracking from the LEBT to the
output of the IH gave results consistent with the observed
beam transmission and profiles, thus providing a full vali-
dation of the models and machine description used. This
allowed the possibility to conduct further studies and im-
prove the understanding of beam dynamics in Linac3. A
first conclusion reached was the identification of the RFQ
as main bottleneck for beam transmission, due to its limited
transverse acceptance compared to the emittance of the
beam extracted from the GTS-LHC ion source. A dedi-
cated study showed a possible mitigation could be put in
place by a redesign of the RFQ geometry, with a 20% scope
of increased beam transmission downstream through the
IH.
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¢ Abstract

The LANSCE Accelerator facility currently utilizes four
800-MeV H- beams and one 100-MeV proton beam. Multi-
beam operation requires careful control of the accelerator
> tune to minimize beam losses. The most powerful 80-kW
2 H” beam is accumulated in the Proton Storage Ring and is
extracted to the Lujan Neutron Scattering Center facility
for production of moderated neutrons with meV- keV
energy. Another H beam is delivered to the Weapon
Neutron Research facility to create un-moderated neutrons
inthe keV - MeV energy range. The third H beam is shared
between the Proton Radiography Facility and the Ultra-
Cold Neutron facility. The 23-kW proton beam is used for
£ isotope production in the fields of medicine, nuclear
£ physics, national security, environmental science and
g industry. Minimization of beam losses in the linac is
% achieved by careful tuning of the beam in each section of
g the accelerator facility, imposing limitations on amplitudes
£ and phases of RF systems, control of H- beam stripping,
E and optimization of ion source operation. This paper
'é summarizes experimental results obtained during
o accelerator tuning and identifies various sources of
& emittance growth and beam losses.

attrlbutlon to the author(s), title of the work, publisher, and D
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LANSCE ACCELERATOR FACILITY

The LANSCE Accelerator facility has been in operation
< for more than 40 years. Currently it delivers 800-MeV H-
% beams to four experimental areas and one 100-MeV proton
0 beam (see Fig. 1 and Table 1). The accelerator facility is
@ equipped with two independent injectors for H" and H-
8 beams, merging at the entrance of a 201.25-MHz Dirift
<D Tube Linac (DTL). The DTL accelerates the two beams to
= 100 MeV. After the DTL, the Transition Region (TR)
“ beamline directs the 100-MeV proton beam to the Isotope
Z Production Facility (IPF), while the H beam is accelerated
8 up to the final energy of 800 MeV in an 805- MHz Coupled
& Cavity Linac (CCL). The H- beams, created by different
< time structures of a low-energy chopper, are distributed in
2 the Switch Yard (SY) to four experimental areas.
g Minimization of beam losses is one of the main criteria of
successful operation of the accelerator facility.

ny distribution

BEAM LOSS IN ACCELERATOR

Beam losses in the LANSCE accelerator are mostly
determined by the two most powerful beams: the 80-kW H-
beam injected into Proton Storage Ring, and the 23-kW H*
£ beam, which is used at the Isotope Production Facility. The
% main sources of beam losses in the linac are mismatch of
3 the beam with the accelerator structure,

e used under the terms o

o

y
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Figure 1: Layout of LANSCE Accelerator Facility.

Table 1: Beam Parameters of LANSCE Accelerator

Area | Rep. Pulse Current/ | Average | Average
Rate Length bunch current power
(Hz) | (us) (mA) (LA) (kW)
Lujan 20 625 10 100 80
IPF 100 625 4 230 23
WNR | 100 625 25 4.5 3.6
pRad 1 625 10 <1 <1
UCN 20 625 10 10 8

variation and instabilities of accelerating and focusing
fields, transverse-longitudinal coupling in the RF field,
misalignments and random errors of accelerator channel
components, field nonlinearities of focusing and
acceleratirng elements, beam energy tails from un-captured
particles, particle scattering on residual gas and intra-beam
stripping, non-linear space-charge forces of the beam,
excitation of high-order RF modes, and dark current from
unchopped beams.

Beam losses at LANSCE are controlled by various types
of loss monitors. The main control is provided by
Activation Protection (AP) detectors, which are one-pint
size cans with a photomultiplier tube immersed in
scintillator fluid. AP detectors integrate the signals and shut
off the beam if the beam losses around an AP device exceed
100 nA of average current. The same devices are used as
beam loss monitors (LM), where the signal is not integrated
and therefore one can see a real-time of beam loss across
the beam pulse.

Another type of loss monitor are Ion Chamber (IR)
detectors, which are used in the high energy transport lines
(Line D, PSR, 1L, WNR). They are usually located in
parallel with Gamma Detectors (GDs) that feeds into the
Radiation Safety System. An advantage of the IRs is that
they do not saturate at high loss rates like the AP devices.

Beam Dynamics in Linacs



615 ICFA ABDW on High-Intensity and High-Brightness Hadron Beams

ISBN: 978-3-95450-202-8

=]

A AN

Figure 3: Beam losses in high-energy beam transport.
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Figure 4: Emittance measurement of H™ beam at the
beginning of Low Energy Beam Transport.

The third type of beam loss monitor are Hardware
Transmission Monitors (HWTM). The HWTM system
measures the beam current losses between current monitors

and can limit beam current to a value at one current monitor.

Distribution of beam losses along the accelerator facility
are presented in Figs. 2, 3. Typical averaged beam losses
along the linear accelerator are 2x10 which corresponds
to loss rate of 3x10°° m’!, or 0.2 W/m. In the high-energy
beamlines (HEBT), the total beam losses are 4x 10 which
corresponds to a loss rate of 2x10-° m!, or 1.6 W/m. Higher
beam losses in the HEBT are explained by smaller
transverse acceptance and the dispersive nature of the
beamlines, which generates additional losses due to

Beam Dynamics in Linacs
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longitudinal (energy) tails in the beam. Typical average

losses in Proton Storage Ring (PSR) are at the level of 0.3%.

BEAM EMITTANCE MEASUREMENTS

Beam emittance is measured using the slit-collector
method for beams with energies not exceeding 100 MeV.
There are seven beam emittance measurement stations in
the low-energy beam transports, and three stations after the
DTL. A threshold of 2% out of the peak value of the beam

distribution is added to remove experimental noise (see Fig.

4). After measurement, both rms emittance and total
emittance of the beam are calculated. For energies higher
than 100 MeV, beam emittance is measured using a
combination of wire scanners, while emittance is
recalculated using a matrix method. Evolution of
transverse beam emittance along accelerator is presented in
Tables 2, 3.

Determination of longitudinal beam emittance is
performed through measurement of the longitudinal beam
size after Tank 3 in the DTL at a beam energy of 70 MeV
[1], and measurement of momentum spread of the 800-
MeV beam in a high-dispersive point of Line D. The
typical value of the phase length of the bunch at 70 MeV is
7°, which corresponds to a half-bunch length of 5 mm. The
typical value of the beam size at a high-dispersive point of
the high-energy beam transport is 5.8 mm and is mostly

determined by the beam momentum spread of Ap / p =~ 107°.

Due to adiabatic damping of phase oscillations in a linear
accelerator, the momentum spread is changing as

1
& A M
p B
A combination of the beam size and momentum spread
gives an estimate of the longitudinal normalized beam
emittance at 70 MeV as 4¢ =~ 0.7 m-cm-mrad.

rms _long

ION SOURCES
Proton lon Source

Optimal operation of the accelerator facility critically
depends on the emittance and brightness of the beam
extracted from the ion sources and beam formation in the
low-energy beam transport (LEBT). The proton ion source
is a duoplasmatron source with a Pierce extraction
geometry. Presently the source delivers a proton beam with
a current of 5-7 mA at 100 Hz x 625 usec pulse length. An
intrinsic limitation in particle-source beam-emittance
comes from the finite value of the plasma temperature in
the ion source. The normalized emittance of the beam,
extracted from a particle source with aperture radius R and
plasma ion-temperature 7, is estimated as:

kT

£=2R |— . @)

mc
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S Besides the emittance determined by Eq. (2), additional
E sources contributing to beam emittance are irregularities in

2 the plasma meniscus extraction surface, aberrations due to
£ ion-source extraction optics, non-linearity of the electric
o field created by the beam space charge, beam fluctuations
S due to ion-source instability or power regulation. A typical
& value of the normalized rms proton beam emittance is &,
=0.002 - 0.003 7t-cm-mrad.

H- Ion Source

The H™ beam injector includes a cesiated, multicusp-
field, surface-production ion source. Negative ions are
created as a result of charge exchange at a molybdenum
surface converter, in the presence of a thin layer of cesium.
The generated H™ particles are then accelerated towards the
extraction aperture. Correspondingly, the normalized beam
emittance of this type of source is estimated as the phase

space area comprised by a converter with radius R

conv

and distance L

ext ? cony

extractor aperture with radius R
between them (admittance of source) [2]

4 |2eU,,, R,.R
E=— e L‘20)1V cony” “ext , (3)
me L

conv

where U

source body. In the LANSCE H' ion source, wa =1.9cm,
R,,=05cm, L, =12.62 cm, U, = 300 V, which

yields a normalized beam emittance of € = 0.076 T cm
mrad. This quantity is close to the experimentally observed

is the voltage between the converter and the

conv

value of four-rms normalized beam emittance 4€rms =

0.072 m— cm-mrad.

LOW ENERGY BEAM TRANSPORTS

0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of t

Both beams are transported in 750-keV beamlines and
i merged before injection into the Drift Tube Linac. Each
Z beamline is 11 m long containing 18 quadrupoles. After
8 merging, both H" and H- beams are transported in a
o common 2.5-m-long beamline containing 4 quads for
matching into the DTL. Both beams experience emittance
growth in the LEBTdue to RF bunching. The relative
increase of proton beam emittance is around 1.9, and that
of the H™ ion beam is 1.2. Space charge induced emittance
growth in the transport beamlines is insignificant.
Additionally, the 36-ns H- WNR beam experiences 30%
emittance growth due to chopping.

The proton beam dynamics is sensitive to beam
& alignment in the LEBT. Matching of the proton beam with
gthe transport lattice requires beam waists at the entrance of
= the RF cavities and in the middle of the beam deflector.
§ Typical relative beam emittance growth in the beamline
£ was observed to be approximately a factor of 3. A beam
= based steering procedure was implemented to minimize
£ emittance growth in the LEBT [3]. It included the
= determination of beam offset and beam angle upon entering
F—‘é a group of quadrupoles, which requires a subsequent
MOP2WB03
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correction of the beam centroid trajectory to minimize
beam offset. Application of this procedure resulted in a
reduction of up to a factor of 2 in emittance growth.

Dynamics of the H" beam in the LEBT is significantly
affected by space charge neutralization. Typical spectra of
residual gas in the 750-keV H transport channel indicate
that the main components are H, (48%), H>O (38%) and N»
(9%), while the residual gas pressure is 107 Torr.
Measurements show that space charge neutralization of the
H- beam along the LEBT varies between 50%-100%.
Knowledge of the effective beam current under space
charge neutralization allows precise beam tuning in the
structure. Neutralization of H" beam does not exceed 20%.
Typical beam losses in each beamline are within 0.5 mA
peak current.

DRIFT TUBE LINAC

The Drift Tube Linac consists of 4 tanks with output
energies of 5 MeV, 41 MeV, 73 MeV, and 100 MeV,
respectively. Originally designed for operation with a
synchronous phase of -26°, the linac was historically
retuned for -32°, -23°, -22° -32° tank synchronous phases
with field amplitudes of 98%, 96%, 94%, and 98% of
nominal values to minimize beam spill. Both H and proton
beams are captured with efficiencies of 75%-80% into the
Drift Tube Linac, so initially 20%- 25% of the beam is lost
in the beginning of Tank 1. Subsequent beam losses of
0.1%-1% in the DTL result due to additional uncaptured
particles and by expansion of the phase-space volume
occupied by the beam (emittance growth). Figure 5 and
Tables 2, 3 illustrate the increase of beam emittance of H
and H* beams in the DTL. Rapid emittance growth of the
total beam is observed while the beam core is changing at
a smaller rate. The H beam emittance is observed to
increase by a factor of 1.8-2.3, while the H" beam emittance
increases a factor of 5-6. These values agree with earlier
simulation results [4]. While beam distributions and beam
currents are significantly different at the entrance of DTL
for the two beam species, the distributions of all beams at
the end of DTL tend to be the same. It reflects the fact that
during acceleration the beam tends to occupy the full
available phase space acceptance.

The dominant cause of beam emittance growth at low
energy is transverse-longitudinal coupling in the RF cavity
fields. Estimated beam emittance growth due to this
process is [5]

£ @ Q?

=1+ — ),
£ tan g, (4955—92)

o

(4)

where @ is the phase length of the bunch, ¢ is the
synchronous phase, Q is the longitudinal oscillation
frequency, and Q is the transverse oscillation frequency in
presence of RF field. In the 201.25-MHz DTL ® ~ 1.57 rad,
@s~30°, Q/Q,~ 0.75. The expected emittance growth from
Eq. (4)ise/ g =1.62.

Beam Dynamics in Linacs
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Figure 5: The distribution of the current in the phase space
of the different beams in sources, LEBT (0.75 MeV) and
after DTL (100 MeV): (a) H' beam, (b) H-
Lujan/pRad/UCN beam, (¢) H- WNR beam.

An important parameter, which characterizes the beam
distribution is the ratio of total emittance to rms emittance.
From Table 2 it follows, that for ion sources, this ratio is
close to & ,/€ =6, while at the end of the DTL this

total rms
/€, =7..9 . It indicates that the beam

distribution after the DTL becomes more diffusive with
longer tails.

ratio is around €,

otal
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Table 2. Normalized Beam Emittance in LEBT and DTL
(m cm mrad)

H- (Lujan/ pRad / H (WNR) H' (IPF)
UCN)
€ms | Eiotal | Etotal | Erms Cotal | Etotal | Ems | Erotal | Etotal
s|'TY‘5 £rm5 8rﬂ'\s

lon Source |0.018| 0.11 | 6.10 | 0.018 | 0.11 6.10 | 0.002 | 0.01 6.02
0.75MeV [0.022| 0.14 | 6.42 | 0.034 | 0.219 | 6.47 | 0.004 | 0.027 | 7.18
100 MeV 0.041]| 0.34 | 834 | 0.058 | 0415 [ 7.19 | 0.02 0.17 8.76

Table 3: Beam Emittance Growth in DTL
H- (Lujan / pRad /UCN) H- (WNR) H* (IPF)
Ems (100) | €4 (100) | €mg (100) | € (100) | &g (100) | €, (100)

€ms(0.75) £0i(0.75) €ms(0.75) £1(0.75) €ms(0.75) £(0.75)

1.86 242 1.7 1.89 5.0 6.3

Table 4: Normalized rms Beam Emittance in CCL (n cm
mrad)

Energy 100 MeV | 800 MeV
H- (Lujan / 0.04 0.065
pRad /UCN)

H- (WNR) 0.058 0.124

ISOTOPE PRODUCTION FACILITY

After the DTL, the 100-MeV protons enter the transition
region (TR) and continue propagation to the IPF beamline.
Operation of the TR and IPF beamlines include beam
position monitors (BPMs) to measure and control the beam
centroid, correction of beam position at the target and
control of beam losses using the Activation Protection
devices. Typical beam losses in the IPF beamline are
characterized by summed AP device readings of 15% -
20%, which is equivalent to 1-uA beam losses, or relative
beam losses of 4 x1073,

During the 2015-2016 accelerator run cycle, a series of

.0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.

beam development experiments were undertaken to reduce «
beam losses. Analysis of beam dynamics, using 100-MeV Z

beam emittance scans, indicated that beam envelopes had ©
excessive variation, which was corrected by quadupole
setup. Additional improvement of beam quality was
achieved by beam steering in the IPF beamline. A
combination of the steering and bending magnets were
adjusted to center the beam through the sequence of
quadrupoles. As a result of improved beam matching and
steering, the beam losses were reduced and reached 5 x10,

COUPLED CAVITY LINAC

In the Coupled Cavity Linac (CCL), the H beam
experiences additional emittance growth, and normalized
rms beam emittance at the end of linac is 1.5-2 larger than
that at the beginning of the CCL (see Table 4). A dominant
factor of beam emittance growth in this high energy part of
the linac is diffusion of the beam distribution due to
misalignments of the accelerator lattice.

Figure 6 displays a typical distribution of beam spill in
the CCL as a function of increasing beam energy. This

MOP2WB03
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ependence is opposite to that previously observed;
reviously decreasing beam spill as a function of beam
energy was observed for the proton beam. A dedicated
study [6] showed that H beam stripping on residual gas and
intra-beam stripping play a significant role in beam losses
at high energy. Another study [7] indicated a strong
dependence of H beam losses on the stability of RF
amplitude and phase in the DTL linac. Maximum beam
spill excited by DTL RF systems is estimated as:

Max Beam Spill ~ 107", %)
where n ~ 3 - 4, and err is equal to the relative error in RF
amplitude in percent, and/or RF error of RF phase in
degrees. This study was extended for beam losses
generated by RF instabilities in the 805- MHz CCL [8].
Results of the study imply new limits on stability of RF
parameters provided by the Low-Level RF control systems,
which require £0.1% in RF amplitude and +0.1° in RF
phase to keep losses at a level that allows hands-on
maintenance of the accelerator.

Energy (MeV)

257 414 497 582 665 750 800

AP Reading (%)

5 10 15 20 25 30 35 40 45 50
Linac Module

Figure 6: H beam spill in Coupled Cavity Linac.
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SUMMARY

The LANSCE is a unique accelerator facility that
simultaneously delivers beams to five experimental areas.
Multi-beam operation requires compromises in beam
tuning to meet beam requirements at the different target
areas while minimizing beam losses throughout the
accelerator, proton storage ring, and beam transport lines.
Beam losses and emittance growth are controlled through
careful beam matching along the accelerator, ion-source
and LEBT adjustments, beam-based alignment, and
improved RF phase and amplitude control.
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INSTALLATION AND COMMISSIONING OF THE UPGRADED
SARAF 4-RODS RFQ

L. Weissman', A. Perry, D. Berkovits, B. Kaizer, Y. Luner, J. Rodnizki, I. Silverman, A. Shor and
D. Nusbaum, 1. Soreq Nuclear Research Center, Yavne 81800, Israel
A. Bechtold, P. Niewieczerzal Neue Technologien GmbH, Gelnhausen 63571, Germany

Abstract

Acceleration of a ImA Continuous Wave (CW) deuteron
(A/Q=2) beam at SARAF has been demonstrated for the
first time. A 5.3mA pulsed deuteron beam with RFQ CW
voltag has been accelerated as well. These achievements
cap a series of major modifications to the Radio Frequency
Quadrupole (RFQ) 4-rods structure which included the in-
corporation of a new end flange, introduction of an addi-
tional RF power coupler and, most recently, installation of
a new set of rod electrodes. The new rod modulation has
been designed to enable deuteron beam acceleration at a
lower inter-electrode voltage, to a slightly reduced final en-
ergy of 1.27 MeV/u and with stringent constraints on the
extant of beam tails in the longitudinal phase space. This
report will focus primarily on the installation and testing of
the new rods. The successful conditioning campaign to
200kW CW will be described. Beam commissioning with
proton and deuteron beams will also be detailed. Results of
beam measurements will be presented, including the char-
acterization of the output beam in the transverse and longi-
tudinal phase space. Finally, future possible improvements
are discussed.

INTRODUCTION

The SARAF 176 MHz, 3.8 m long 4-rod RFQ is a criti-
cal component of the SARAF Phase I linac [1] which will
also serve as an injector for the Phase II superconducting
(SC) linac [2]. The original RFQ was designed by the Uni-
versity of Frankfurt [3], built by Neue Technologien (NTG)
GmbH and RI-ACCEL GmbH, and has been able to gen-
erate up to 4 mA 1.5 MeV CW proton beams at RF power
of'about 60 kW. However, attempts to bring the RFQ to the
level needed for CW deuteron operation (240-250 kW)
were not successful [4,5].

Numerous improvements were introduced into the RFQ
design since the earlier commissioning efforts [6-8]. Those
measures have led to a considerable improvement of the
RFQ performance, but the more recent RFQ commission-
ing campaigns still failed to bring the RFQ to CW opera-
tion at 250 kW [9-10].

At this stage it became evident that the RF coupler was
the limiting factor. In 2016 the original RF coupler was re-
placed by two new couplers of superior design [11] in order
to reduce the RF power density per coupler. The RF coaxial
line was split and the RF coaxial sections were adjusted to

match phases. Proper RF coupling was achieved success-
fully by a tedious, iterative procedure. Inthe following

T email address: weissman@soreq.gov.il.

Accelerator Systems

commissioning campaign, it was demonstrated that the
new coupler configuration did not affect the RFQ beam
transport. The upgrade of the RF system enabled us to im-
prove the RFQ performance and its availability for beam
operation. Record results of the high power operation were
achieved (April 2016). For example, the RFQ was kept at
240 kW CW for a period of more than two hours without a
trip. Nevertheless, reliable CW operation at the 250 kW
level was still non-achievable.

A proposal for a redesign of the SARAF RFQ rods with
the purpose of reducing the integrated RFQ load required
for deuteron operation at a comfortable operation level,
190 kW, was under consideration for several years [12].
The idea was to scale the rod modulation to allow for low-
ering of the required RFQ voltage from 65 kV to 56 kV.
The new design involves a detailed redesign of the RFQ
electrode modulation to maintain the desired beam charac-
teristics for efficient matching to SARAF Phase II linac.
Lowering of the applied RFQ voltage has the unavoidable
consequence of a lowering of the inter-rod separation and
a lowering of the outgoing beam energy from 1.5 MeV/u
to 1.27 MeV/u. The most updated report on the RFQ rede-
sign is given in [13]. The extensive beam dynamics simu-
lations of the redesign RFQ were performed using the GPT
beam dynamics code [14] with external routines for RFQ
accelerating element [15]. The simulations showed that the
optimized rod modulation should yield 5 mA proton and
deuterons at 1.27 MeV/u with 93 % beam transmission
with very few longitudinally lost particles and good beam
optics and acceptance to the planned Phase II medium en-
ergy beam transport (MEBT) [2]. The transverse normal-
ized rms emittance for a 5 mA deuteron beam should be of
the order 0.2 m-mm-mrad and the corresponding longitudi-
nal emittance of 0.85 mwkeV/uns. Extensive CST calcula-
tions [16] of the upgraded RFQ were performed to guaran-
tee proper RF resonance frequency and capacitance of the
individual cells and the overall structure.

As result of this work the precise information for the new
rod production was delivered to the manufacturer (NTG).

MANUFACTURE AND INSTALLATION
OF THE NEW RODS

After production the electrodes have been measured by
means of the WENZEL 3d portal measuring gauge with
measuring precision of 2.7 pum/m. The measurement
showed that the fabrication precision was well within the
specs (better than + 30 pm between adjacent cells) with the
surface roughness within the range of 0.4-0.8 pm
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Short stainless steel cooling pipes were brazed to the
5 electrodes before the precise machining. After the elec-
:Z trode production the length of the cooling pipes was in-
2 creased by welding of stainless steel pipes.

sher, and D

TOP

{mm)

Deviation {mm}
Devaation

Figure 1: Deviations between the measured and calculated
positions of the top and side surfaces of the installed new
rods. The red spots indicate the measured positions.

ust maintain attribution to the author(s), title of the work, publi

Installation of electrodes has been accomplished by
E means of two sessions with a laser tracking system. The
5 RFQ tank was opened and the old rods and tuning plates
2 were disassembled and stored prior the first laser tracker
;F: campaign. The first campaign (May 2017) focused on
© measurements of the stems heights. As a first step we es-
.2 tablished the coordinate system by means of the two end
2 flanges of the RFQ tank. The centres of the outer diameter
Z of the flanges were measured and the connecting line be-
T tween those points was defined as the beam axis. There
2 were 5 measuring fiducials glued to the surface to find the
& coordinate system back again on the next working day or
§ after moving the system. On the basis of the stem measure-
© ments and the metrology of the electrodes a set of precise
§ shims spacers was manufactured to compensate for errors
g on stems and electrodes.

n

The new electrodes were installed in their positions with
< the adapted shims during the second installation campaign
m (June 2017). The top and side positions of all electrode sup-
S ports were measured. The measuring positions are indi-
& cated as red spots in Fig. 1. As seen in Fig. 1 the deviations
of the measured and calculated positions are within +40
and +10 microns for the top and side surfaces respectively.

Y 3.0 lic
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The tuning plates had to be installed after the installation
of the electrodes to adjust the resonance frequency and the
3 ﬁeld homogeneity. The exact height of the plates was de-
§ termined by dummy plates made of aluminium. Fifteen
E dummy tuning plates were placed in between the stems into
2 S initial calculated positions. The RFQ couplers were ad-
> "2 justed manually to obtain good RF coupling. The reso-
E nance frequency and the field distribution were brought to
s- the optimum via iterative procedure (Fig. 2). The field dis-
3 tribution was measured by means of the perturbation
Z method.

After determination the optimum tuning plates positions
the dummy tuning blocks were replaced by the newest gen-
eration high power tuning plates (made by copper covered
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by a silver plate). The high power plates have been in-
stalled after shortening the water tubes to match their indi-
vidual mounting situation. The fine tuning of the plates po-
sitions was performed via additional field measurements.
In the final state the resonance frequency was 175.943
MHz in air or 175.986 MHz in vacuum. This frequency
corresponded to the positions of the RFQ plungers in the
middle of their tuning range. The final field non homoge-
neity was around 1.8 % (standard deviation). For compari-
son the corresponding number for the old structure was
2.7 %, which only could be achieved by a deliberate misa-
lignment of the rods toward the high energy end [5]. A typ-
ical RF coupler coupling value was better than -40 dB, alt-
hough better values down to -60 dB were observed during
the tuning.
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Figure 2: Iterative procedure for tuning the field homoge-
neity. The final position of the tuning plates is indicated in
the inset.

HIGH POWER CONDITIONING

The first tests with proton beams (July 2017) demon-
strated that the new RFQ structure is performing well
within the designed parameters. According to the primary
measurements with protons the power required for deu-
teron operation is in the range of 180-190 kW. However,
conditioning at a higher power (>200 kW) is required to
achieve stable operation at 180 kW.

It took five operational days (36 net hours) to reach 180
kW RF power (Fig. 3, left). In the first day only low duty
cycle (<1 %) was used to bring the pulsed forward power
to the 200 kW level. During the consecutive four days the
pseudo CW duty cycle (> 99%) was used and the RF power
was gradually increased. Relatively fast progress can be
explained by all the recent modifications [6-8,11]. In addi-
tion a digital reflection protection box was used for the first
time instead of a similar analogue device. The reflected
power pulse measured by the directional coupler was ana-
lysed and introduced in a FPGA processor. In case of high
reflected power the FPGA processor switched off for a pre-
determined period (usually ~60 msec) the input signal to
the RF amplifier allowing for a discharge event to decay.
Utilization of the protection box is the main reason for per-
forming conditioning in the pulsed pseudo CW mode ra-
ther than real CW operation.
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Figure 3: Left. The progress of the first stage of the high
power conditioning. Right. Dependence of the normalized
square of the pick-up amplitude versus the forward power
taken for two temperatures of the cooling water.

As an example, the log of a 6 hour long operation at
180 kW is shown in Fig. 4. The forward power trace (or-
ange) is almost constant during that time. The strip pattern
of the orange trace is due to sampling of the pseudo CW
signal. The power signal drops to 10% of its maximum
value when it samples low RF power (1% of the time).
However, one can also observe a few events when the for-
ward power drops to zero (Fig. 4). These are high reflection
power events which would cause a trip without the reflec-
tion box intervention. There were about 15 events of such
type during the 6 hours operation presented in Fig. 4.

The following 30 net hours of conditioning were onset
by two vacuum events when Viton o-rings in the vacuum
barriers of the cooling tubes of the 39" and 19" stems were
damaged. During further operation at the high power (>180
kW) it appeared that the tuning range of the RFQ plungers
became marginal. It was decided then to open the RFQ
chamber for minor modification of the resonance fre-
quency. Only two tuning plates were slightly shifted down
by less than 1 mm in order to shift the resonance frequency
by approximately 60 kHz (plates # 2 and 39 in Fig. 2 inset)
Consequent measurements showed that the field homoge-
neity practically did not change as result of this action.

The final stage of the high power conditioning (August
2017) comprised four days (33 net hours). At the end of
this period we were able to keep RFQ: at 195 kW CW for
many hours without a single trip and at 205-210 kW CW
at the trip rate of one per hour. Note that the electric field
at a power of level of 200kW in the new RFQ structure
(1.58 Kilpatrick) corresponds to the electric field at a
power level of 260kW in the old structure. The dependence
of the electrical field (measured using a pick-up antenna)
on the forward power is shown in Fig. 3, right. A deviation
from linearity may be an indication of ‘dark currents’ in the
RFQ. However, the measurements demonstrate that there
is no measurable loss of RF power up to the highest used
power values.
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Figure 4: The log (forward power in orange, RFQ vacuum
pressure in blue) at the end of the first part of the condi-
tioning campaign; 6 hours of operation at 180 kW without
a trip.

BEAM COMISSIONING

The next stage of the RFQ commissioning (September
2017) included detailed beam characterization using the
SARAF diagnostic (D) plate. The D-plate is situated after
the SARAF cryomoule which considerably hindered of
measurement of some beam properties at the RFQ exit.
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Figure 5: RBS measurement of beam energy as a function

of the RF power for protons (a) and deuterons (b) are pre-

sented. The RBS spectra are shown in the inserts.

Accurate measurements of the beam energy were done
using the Rutherford backscattering (RBS) of beam from a
thin gold foil [17]. The Si detector used for particle detec-
tion was calibrated in situ by **Gd and ??*Th alpha sources.
The results of energy measurements for proton and deu-
teron beams as a function of RF power are displayed in Fig.
5. The obtained beam energy is about 1.275 keV and 2.555
keV for protons and deuterons correspondingly which is
very close to the designed values.

Transverse emittance measurements were performed us-
ing vertical and horizontal slit-wire sets at the D-plate. The
measurements were done with beam pulses of 0.5 ms of
protons and deuterons and for various intensities up to 5.5
mA. The measured values of the normalized rms emit-
tances are within the specifications for both protons and
deuterons (~0.2 T-mm-mrad).

The RFQ transmission was measured by comparing the
current readings at the LEBT and the D-plate Faraday cups.
The dependence of the transmission values on the input
beam current is compared for the old and new rod struc-
tures in Fig. 6. The present and the previous (December
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& 2015) measurements were performed in the same manner -
5 only the ion source magnetron RF power was changed to
Z = vary the LEBT current and all the LEBT optical parameters
= were kept the same, except fine tuning of the last LEBT
~ solen01d It is seen in Fig. 6 that the RFQ transmission has
improved slightly for the proton beam, although the gen-
eral trend of the transmission decrease with increase of the
current persisted. There is also a modest increase of the
transmission for deuterons for the new rod structure. Mod-
erate improvement in RFQ transmission took place in spite
of the fact that the physical aperture area between the new
rods was reduced effectively by 30 % [13]. The improve-
ment is due, in part, to a smother gentle bunching section
and, in part, to a constant aperture in the accelerator region
[13], as well as, due to better field homogeneity achieved
with the new rod structure.

100

‘ deuterons
‘— v e st

®

&
®
]

. A A A 4.
¥
xs
-»
474

A

@
3

60 -

IS
5]

0 -
* new RFQ; CW, FP=180 kW
4 old RFQ; DC=20%, FP=240 kW

+ new RFQ; CW FP=45 kW
A old RFQ; CW FP=60 kW

Transmission (%)
Transmission (%)

N
1)

20 -

100
protons
0

ol
2 8 10 o 2 4 6 8 10
LEBT FC (mA) LEBT FC [mA]

0

Figure 6: The RFQ transmission as a function of the input
current for protons (left) and deuterons (right). Measure-
ments for the new and old rod structures are compared.

Improvements are also seen in behaviour of the beam
distribution as a function of the RF power. The horizontal
beam profiles measured in the MEBT at various RF powers
z are compared for the new and the old structures in Fig. 7.
< The forward power was varied in 40-55 kW and 55-70 kW
% range for the new and old structure respectively. As it seen
& from the comparison that the new structure does not exhibit
< strong power dependent steering, that was observed with
& the previous rods [18].
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Figure 7: The effect of RF power on the MEBT beam pro-
files for new (left) and old (right) structure.
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Significant efforts were devoted to the measurement of
B the longitudinal emittance. The emittance is measured for
o protons by monitoring the RBS energy distribution of the
= beam while varying longitudinal focusing by a supercon-
E ducting cavity (gradient variation method [19]). The main
8 difficulties of this measurement are associated with the fact
2 that the longitudinal emittance value is affected by beam

be use

g transport via the cryomodule. One has to rely on beam dy-
£ namics simulations in order to choose the appropriate tune
§ with a moderate effect on the emittance in the whole tuning
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range. Three half wave resonator (HWR) cavities were
used in the tune which was applied in the measurement:
HWRI in the bunching mode, HWR?2 in accelerating mode
and HWR4 also in the bunching mode. The HWR4 bunch-
ing voltage was varied in steps from 0 to 300 kV. The en-
ergy distribution was measured by the RBS monitor with
typical energy resolution better than 15 keV. The results of
energy width distribution measurements as a function of
the focusing HWR4 voltage are presented in Fig. 8, left to-
gether with examples of the obtained RBS peak. As results
of the measurements the longitudinal phase space rms el-
lipse at the RFQ exit was obtained (Fig. 8, right). This was
done by propagating the results obtained at the D-plate
back to the position of HWR4 resonator for each HWR4
bunching voltage and deducing the minimum size rms el-
lipse. The result for longitudinal emittance was measured
for the position of the HWR4 resonator. The simulations
show in the transport from the RFQ exit to that point an
emittance grows of approximately 20 %. The result at the
RFQ exit corresponds to ~1.1 m-keV/u-nsec.
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Figure 8: Left. The results for measurement of energy dis-
tributions are presented. Some examples of spectra are
shown in the insets. Right. The phase space ellipse ob-
tained from the RBS measurements.

Demonstration of CW deuteron operation is the im-
portant milestone of SARAF Phase I which was overdue
for a decade. The test, performed in October 2017, started
with acceleration of a low duty cycle beam while RFQ was
working in CW mode at 190 kW. The cryogenic cavities
were detuned. The beam duty cycle was set by the slow
chopper, beam was stopped at the beam dump after the D-
plate. The pulse intensity was kept at 1.15 mA. The duty
cycle was gradually increased to 99.5 % while monitoring
vacuum in the cavities and cryogenics. After reaching the
pseudo CW level RFQ was operational for half an hour
smoothly until a RFQ trip. Operation of deuteron beam in
CW mode is feasible now with the upgraded RFQ structure.

SUMMARY

A new 4-rod structure has been designed and imple-
mented at SARAF, with the goal of reducing the RF power
required for CW deuteron operation while compromising
the RFQ exit energy to 1.27 MeV/u. The new 4-rod struc-
ture was manufactured by NTG, and successfully installed
in place of the old rod electrodes. Superior field homoge-
neity was achieved during the installation. The upgraded
RFQ was successfully conditioned to the RF power of
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200 kW required for CW deuteron operation, with a suffi-
cient power margin. The first operation of ~1 mA CW deu-
teron beam was demonstrated and up to 5.6 mA deuteron
pulses were extracted while the RFQ was operated in
pseudo CW mode. The extensive commissioning tests with
proton and deuteron beams were performed. The main de-
signed and measured RFQ parameters are compared in Ta-
ble I. As seen from the table the main RFQ parameters
such as the working RF power, exit energy, and emittances
(transverse and longitudinal) are close to the design speci-
fications. The relatively low value of the RFQ transmission
is a long standing issue, which is, at least partially, the re-
sult of beam neutralization loss in the LEBT/RFQ interface
region [20]. Nevertheless, the new rod structure exhibits a
slight improvement in transmission in spite of its lower ef-
fective aperture. We also do not observe the strong power
dependent steering effects which took place in the previous
structure. A more detailed report on this work is available
[21].

Table 1: The Comparison of the Designed and Measured
RFQ Specifications. The beam current at the RFQ exit.
“zero” current values correspond to the measurements in-
volving the RBS monitor.

Parameter Beam | Designed | Measured
(mA) value value
Energy (keV/u) 5/0 1.270 1.275(5)
Working power P 5/0 46.5 45-50
(kW)
d 5/0 186 180-190
Transmission (%) P 5 88 60
d 5 93 70
» | Transversal p 5 0.2 <0.2
B | (mm-mrad)
9 : d 5 0.2 <0.2
=
g 2 Longitudinal p 0 1.35 1.1
£ | (mkeV/unsec)
© d 1.35 N/A

A number of issues still need to be resolved in the near
future include: further improvement reliability of the vac-
uum sealing, improvement of stability of the RF amplifier
at the high power and solving some issues with the control
system. The low RFQ transmission, especially in the case
of high proton current, calls for further studies of all com-
plex phenomena taken place at the RFQ entrance. With fur-
ther RFQ operation some fresh copper evaporation was ob-
served on the insulated ceramic of one coupler. This issue
will be further studied. More work and improvements will
be done in the next future to make the SARAF RFQ a reli-
able injector of the SARAF Phase II superconducting linac.
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Abstract

CEAisin charge of the design, construction, installation
2 and commissioning at SNRC of the Linac of the SARAF

. pI‘O_]eCt The linac is composed of an MEBT and a Super-
5 = conducting linac (SCL) integrating 4 cryomodules. Nowa-
£ days, the HWR cavities and superconducting magnets pro-
S totypes are being built. The Critical Design Review of the
S cryomodules has just been passed in March 2018. This pa-
per present the status of the SARAF-LINAC cryomodules.

e of the work, publisher, and D

INTRODUCTION

CEA (Commissariat a I’Energie Atomique, France) is in

charge of the design, construction, installation and com-
missioning at SNRC (Soreq Nuclear Research Center,
Irsrael) of four cryomodules for the SARAF (Soreq Ap-
s plied Research Accelerator Facility) project [1]. The HWR
« cavities and superconducting magnets prototypes are being
° built. The Critical Design Review of the cryomodules has
2 Just been passed in March 2018.
:: This paper is presented in a workshop (HB2018) whose
g most of the participants are not cryomodule experts. For
£ this reason, in order to enlarge the discussions among all
‘2 participants, it is not addressing technically advanced con-
% cepts but the cryomodules through their requirements and
& functions and not through their solutions. Of course, these
< discussions can also address advanced solutions which will
% be described during the presentation.

must maintain attribution

SARAF-LINAC TLR

SNRC defined following Top-Level Requirements for

the SARAF-LINAC:

e Input beam: Proton or Deuteron; 176 MHz; 40 pA-
SmA; cw to pulse (0.1-1 ms @ 0.1-400 Hz); 0.2
m.mm.mrad rms norm. emittance; 1.3 MeV/u;

e Output beam: 40 MeV for deuterons or 35 MeV for
protons; Emittance growth < 25%.

e Operation: beam losses lower than 150 nA/m below
5 MeV, 40 nA/m below 10 MeV, 5 nA/m below
20 MeV and 1 nA/m above; 6000 h/y 90% availability.

HB2018, Daejeon, Korea JACoW Publishing
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DISCUSSION ON SARAF-LINAC CRYOMODULES

N. Pichoft, D. Chirpaz-Cerbat, R. Cubizolles, J. Dumas, R. Duperrier, G. Ferrand, B. Gastineau, F.
Leseigneur, C. Madec, T. Plaisant, J. Plouin, CEA/IRFU, Gif-sur-Yvette, France

These TLR drives the SARAF-LINAC solution (Fig-
ure 1).

CRYOMODULE MAIN FUNCTIONS

The main functions of the cryomodules (and the linac) is
to accelerate the beam to the final energy (satisfied by
HWR cavities). Other functions with respect to the beam is
to keep it focused and on path to allow its acceleration and
maintain its emittance low (satisfied by Solenoid Pack-
ages). Finally, other functions with respect to these critical
components are necessary to maintain them in operating
conditions (satisfied by Cryostats):

e cool down (4 K) /warm up (300 K) cavities and mag-
nets with controlled pressure and temperature condi-
tions, limit thermal loss

e align cavities, BPMs and magnets,

e reduce magnetic field at cavities,

e distribute electrical power and signals,

Finally a cryomodule has to be controlled from the Main
Control System relying on the EPICS technology. The in-
terface layer is satisfied by a Local Control System.

Acceleration Function

Initial beam dynamics studies led to the choice of 2 fam-
ilies of HWR superconducting cavities (Figure 2). 13 low-
beta (0.092) are used at “low” energy in 2 cryomodules and
14 high-beta (0.182) are used at “high” energy in 2 cry-
omodules.

The other requirements on these cavities are mainly
based on their accelerating field (respectively 7 MV/m and
8.1 MV/m, by limiting the peak magnetic field to 70 mT)
and their cryogenics power consumption (based on a
40 nOhm surface resistance). Rl Company is in charge of
the manufacturing of these cavities. In operation, the vol-
ume enclosed in the cavity should be as clean as possible
to keep the field performances.

!
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Figure 1: SARAF -LINAC layout, side view (left) and beam view (right).
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Figure 2: HWR cavities (left-LB; Right-HB).

The phase (and amplitude) cavity field law is set to main-
tain the beam bunched and accelerated within acceptable
beam losses, even in case of errors on components (itera-
tive process). The unhooked particles are the main sources
of beam losses (Figure 3).
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Figure 3: Longitudinal beam profile (log, with errors).

Transport Functions

During the acceleration, the beam is naturally growing
(emittance, cavity defocusing, space-charge) and deviating
(dipolar field, electromagnetic component misalignments).
The superconducting coils in the Solenoid Packages (Fig-
ure 4) combine the function of focusing and steering the
beam as BPM placed upstream are here to measure the po-
sition, charge and phase of the beam.

Top chamber and flange coping with: |
- Helium flow, ~
- Conductor connections.

Top supports

Helium vessel

Shielding solenoid

Steering coils

Main solenoid

Output
flange

(‘v'\
B — {Honnmunppom

Figure 4: Solenoid Package.
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Initial beam dynamics studies led to the choice of 1 fam-
ily of solenoid package. 12 in the 2 low-beta cryomodules
and 8 in the 2 high-beta cryomodules. The design focusing
force is 3.5 T2.m and the design steering force is 8 T.mm.
Active shielding (compensation coils) are used to limit the
fringe magnetic field below 20 mT on neighbouring cavi-
ties. Elytt Company is in charge of the manufacturing of
these solenoid packages.

The field law is set to limit emittance growth and to
maintain the beam on accelerator axis even in case of errors
on components (iterative process). The particle lost in the
linac are not lost transversally but are firstly unhooked in
the cavities (Figure 5). R
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Figure 5: Transverse beam contour plot (log, with errors).

Operation Functions

The cryostat (Figure 6) is in charge of keeping the SC
cavities and solenoid package in operation conditions:
e At cryogenic temperature (4.45 K),
On linac axis (£ 1 mm),
With beam pipe under vacuum,
<2 uT on cavity surfaces during NC/SC transition,
Feed by power (DC current or RF),
Connected to control system (BPM, LLRF, operation
sensors...),
e With easy access for some “fast” maintenance proce-
dures.

Cryogenics The cryogenics distribution (4.45 K LHe
and 60 K GHe) is done with valve boxes and circuitry in
the cryomodule. The cryogenics consumption is reduced
by using an intermediate thermal shield (cooled by 60 K)
and putting all the components in a cryostat under vacuum
(<10 mbar) to limit warming by convection.

Alignment Because of required cleanness of cavities, all
the major components are assembled in clean room. They
are then attached on a frame then on the cryomodule top
plate. They are then aligned to positions taking in account
the calculated displacement from future cryomodule
pumping and cool down. The position of each element can
be controlled though optical system when the cryomodule
will be pumped and cooled.
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Beam vacuum pumping

Cryogenic
inlets and outlets

Top plate — i
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Cold-warm
transition

Magnetic shield Helium manifold

Beam vacuum The beam pipe should be under vacuum
for many reasons: reduce interaction with beam, limit pos-
sible pollution of cavities, limit warming of components by
convection. The pumping is made through beam port
(pumping in warm section at both ends of cryomodules)
and through one HPR port of the 2 central cavities. The
warm section pumping is more efficient (better conduct-
ance) but the pumping through central cavities is made nec-
essary to keep the vacuum when end valves are closed.

(© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and D

icence

] Magnetic hygiene The impact of the trapped magnetic
o field on cavity surface resistance is estimated to about
S 2nQ/uT during NC/SC transition. This means that a special
M care should be made to material used in the cryostat (de-
S pending on their distance with respect to the cavities), but
£ also the earth magnetic field (~50uT) should be screened
%5 by a dedicated magnetic shield in the cryomodule.

1

Power feeding Each solenoid package is feed by 3
power supplies (100 A for the focusing solenoids and 2x20
A for the steering coils). The current goes to SC coils
£ through cryostat top-plate feedthroughs and current leads
B half plunged in LHe. The SC cavities are feed by RF am-
f plifier (10 kW max. for LB and 20 kW max. for HB cavi-
'% ties). The RF power goes to cavities though RF coupler at-

g tached to the cryostat side.

der the terms

Instruments In order to control the operation condition,
many sensors (temperature, magnetic field, voltage, RF...)
are connected to the control-system through cryomodule
top-plate.
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”_ Phase separator
3

— Support frame

Vacuum vessel

Superconducting
HWR

. resonator
Solenoids

Thermal shield

Figure 6: SARAF Cryomodule 2 overview.

Trap doors In order to allow some access to potentially
weak components (tuner motors, spare sensors...), the cry-
ostat contains side trap doors which can be opened when
the cryomodule is warm and at atmospheric pressure.

CONCLUSION

A special care has been performed for defining func-
tional requirements for the cryomodules. This facilitates
the selection and justification of the solutions and to pre-
pare inspection and testing occurring during the integration
and commissioning phases.
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Abstract

The progress in R&D of QWR and HWR
superconducting cavities will be discussed. These cavities
are designed for the new injection linac of Nuclotron-
NICA facility at JINR. The goal of new linac is to
accelerate protons up to 25 MeV (and up to 50 MeV at
the second stage) and light ions to ~7.5 MeV/u for
Nuclotron-NICA injection. Current results of beam
dynamics simulations, SC cavities design and SRF
technology development will be presented in this paper.

INTRODUCTION

Nuclotron-based Ion Collider fAcility (NICA) is new
accelerator complex under construction at JINR [1-5]. It
was proposed for ion collision and high-density matter
study. NICA facility will include the operating ion
synchrotron Nuclotron and new booster and two collider
rings being under construction. The injection system of
Nuclotron-NICA was upgraded in 2011-2016. The pulse
DC forinjector of Alvarez-type DTL linac LU-20 was
replaced by the new RFQ developed and commissioned
by joint team of JINR, ITEP and MEPhHI [6] and is under
operation since December, 2015. New RFQ linac can
accelerate ions with charge-to mass ratio Z/A>0.3. The
first technical session of Nuclotron with new injector was
ended on May-June, 2016, [7] and regular experimental
sessions were done in 2016-2018. The LU-20 with new
RFQ for-injector was used for p, pt, d, df, He, C and Li
ions acceleration till now. The other heavy ion linac for
particles with Z/4=1/8-1/6 was developed by joint team of
JINR, Frankfurt University and BEVATECH and
commissioned in 2016.

Accelerator Systems

It must be noted that LU-20 operation causes many
technical issues because of its age: it was commissioned
in 1972. The possibility of LU-20 replacement by the new
linac of 30 MeV energy for protons [8-12] and
>7.5 MeV/nucleon for deuterium beam is discussed now.
Project should also include an option of the linac upgrade
for the proton beam energy upgrade up to 50 MeV by
means of a number of cavities in additional section. It is
proposed that new linac will include a number of
superconducting (SC) cavities.

The key problem of SC cavities and SC linac
construction for Nuclotron-NICA is the absence of SRF
technology in Russia today. The development of the SRF
technologies is the key task of new Russian - Belarusian
collaboration started on March 2015. Now the JINR,
NRNU MEPHI, ITEP of NRC “Kurchatov Institute”, INP
BSU, PTI NASB, BSUIR and SPMRC NASB are
participating in new collaboration.

Two possible schemes for new linac were discussed.
First it was proposed to use a number of superconducting
cavities for medium and high energy ranges of the linac
starting 2.5 or 5 MeV/u. The second way is to start SRF
part of the linac from 10-15 MeV.

LINAC GENERA LAYOUT AND BEAM
DYNAMICS

In the first case linac will consist of several
superconducting independently phased cavities and
focusing solenoids. Starting 2014 three SC linac designs
were proposed, simulated and discussed [8-12]. The
normal conducting 2.5 MeV RFQ and five [8] or four [9]
SC cavities groups respectively were in the first and the
second linac designs. Main results of the beam dynamics
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and D

simulations were presented in [8-12] in detail. The basic
parameters of the linac are the following: the injection
energy for SC part of linac is increased to 5 MeV (as LU-
20 gives at present, but normal conducting cavities for 5-
+ 13 MeV energy band are also discussed). The normal
g conducting part will consist of 2.5 MeV/nucleon RFQ
2 linac followed by QWR cavities for the acceleration of
& beams with charge-to-mass ratio Z/A>1/2. Main
& parameters of the linac are presented in Figure 1.

publisher.

RFQ 162 p=0.12c,
MHz =162 MHz
2.5 MeV 4.9 MeV 13.5 MeV 31 MeV 50 MeV

Figure 1: General layout of new injector linac. The
section from 5 to 13 MeV can be chosen normal
conducting or superconducting.

The second way was proposed later to decrease the
time of linac R&D and construction. It was proposed to
use RFQ section and a number of IH-DTL normal
conducting sections for energies up to 5 MeV/u. These
sections will be developed and constructed by BEVATEC
Ltd. The section for energies from 5 to 13 MeV will
consist of a number of identical normal conducting
cavities being under development by ITEP now. SC
= cavities will be used starting only at 13 MeV and early
£ developed QWRs are not necessary in this layout. Only
2 HWRs are used and today all Russian-Belorussian SRF
g activities are directed to their development and
2 manufacturing.
< The beam dynamics simulation for superconducting
copart of the first linac layout was done using
S BEAMDULAC-SCL code designed at MEPhI [13-15].
© For the chosen types of accelerating cavities (QWR for
§10W energies and HWR for higher energies) the third
g version of SC linac design was developed and now the
= accelerator is divided into three groups of cavities with
@ geometric velocities P = 0.12, 0.21 and 0.314. It was also
m proposed that linac normal conducting part for the energy
Y band of 2.5-5MeV will consist of QWRs with the
2 parameters equal to SC QWRs of 1% group (so-called 0™
5 group).
£ The accelerating RF field was limited by 6.0 MV/m for
8 superconducting QWR and HWR cavities. It is caused by
£ the electrical field overvoltage limited by the factor ~6
5 due to the simplest QWR design chosen to gain the first
E manufacturing experience. Contrary to it the peak
3 solenoid field was increased to 2.0-2.5T and a beam
§ envelope limitation was also increased from 3 to 5-6 mm
© [9]. The number of cavities in the 1% and the 2™ groups
& should be increased due to lower accelerating gradient
% Eqce (S6 MV/m instead of 7.5 MV/m for the 2™ linac
S version). The beam dynamics of deuterium ions was
-2 studied also [9].

g Parameters of the 0™, the 1% and the 2" groups of
£ cavities are shown in Table 1. The slipping factor will be
£ not higher than 24% for proton and deuterium beams here

€ (see Figure 2). The number of QWR cavities in the 1%
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group should be increased from five to eight both to
decrease the accelerating field and to have deuterium ion
beam of 7.5-8.0 MeV/nucleon after the 1% group (see
below). The totlal length of the linalc increases by 1.9 m.

Bg=0.12 Bg=0.314

Bz=0.21

07 1 1 1
0.1 0.2 0.3

p
Figure 2: The slipping factor T for proton and deuterium
beams, identical QWR’s with B,=0.12 are used for the 0"
and the 1% groups.

Table 1: Current Parameters of the SC Linac for Proton
and Deuterium Beams Acceleration.

Cavity 0* 1 2 0* 1 2
group

Proton beam Deuterium beam
Be 0.12 0.21 0.12 0.21
F, MHz 162 324 162 324
T, % 24.0 24.0 24.0 24.0
Neap 2 2x2™" 2 2x2™
Lyes, m 0.222 0.39 0.222 0.39
Lgoi, m 0.2 0.2 0.2 0.2
Lgap, m 0.1 0.1 0.1 0.1
Lper, m 0.622 0.79 0.622 0.79
Nper 3 8 8 3 8 8
L,m 1.87 498 6.32 1.87 498  6.32
EaCC)
MV/m 4.50 5.86 6.4 450 5.86 6.4
Ures‘a
MV 1.0 1.3 1.25 1.0 1.3 1.25
D, deg 20 20 -20 -20 20 -90
Bso, T 1.35 1.3 1.9 1.8 2.0 1.0
Win,
MeV 2.5 4.9 1347 25 3.65 8.3
Bin 0.073 0.102 0.168 0.073 0.088 0.133
Wauta
MeV 4.9 1347 31.0 3.65 8.3 8.3
Bout 0.102 0.168 0.251 0.088 0.133 0.133
Kr, % 100 100 100 100 100 100

* cavities in Oth group are normal conducting.
** two 2-gap HWR per one period

The deuterium beam dynamics was simulated later for

this version of linac layout. The amplitude of RF field of
5.86 MV/m is quite enough to accelerate deuterons up to
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615t ICFA ABDW on High-Intensity and High-Brightness Hadron Beams

ISBN: 978-3-95450-202-8

energy 8.3 MeV (see Table 1), it corresponds to the
project aim and the 2™ and the ¢ groups of cavities can
be used in transit regime for the deuterium beam. Note
that the solenoid field in the 1 group of cavities should
be increased up to 2 T for the deuterium beam.

SC QWR DESIGN

The operating frequency of the linac was chosen first
equal to 162 MHz for QWRs with further increase to
324 MHz for HWR cavities. Results of the 162 MHz SC
QWR cavities design were early presented on IPAC’2017
[16]. The simplest design (Figure 3) of QWR with
cylindrical central conductor was chosen to work out
fabrication and testing routines.

Figure 3: General view of 162 MHz QWR for ,=0.12.

Simplest design of this prototype satisfies the initial
data. In addition, it helps to decrease the fabrication time
and necessary funding for SRF technology development.
But the ratio of peak to accelerating field for this design is
high E,/E..c ~6 and we should limit the RF field to only
Ewc=6 MV/m (the limit surface field should not exceed
35 MV/m).

Then the helium vessel was designed at PTI NASB.
The vessel design (shown on Figure 4) includes QWR
inside, frequency tuning plunger mounted on the cavity
bottom, two beam ports with flanges, the RF power
coupler, field measurement pickup, helium and vacuum
ports, etc.

It was proposed to shift the operating frequency of
QWR cavities to 162.5 MHz as it is mostly used in many
international laboratories. It can be easily done by means
of the sorter central conductor and the cavity shell.

SC HWR DESIGN

The operating frequency was initially chosen to
324 MHz for HWRs [9, 17] but today it is proposed to
shift it to 325 MHz as it is mostly used. Two types or
HWR were simulated and studied (see Figure 5): simplest
design with the cylindrical central conductor and
improved design with the conical one. The second design
is more difficult for manufacturing but give much lower
values of the magnetic and the electric overvoltage [18].
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Components of the central conductor are planning to
manufacture at PTI NANB by means of the polymer
hydroforming technology and it give us some optimism
for its quality.

Figure 4: General view of 162 MHz QWR design model

for B, = 0.12, the RF frequency tuner is placed bottom of

the cavity, the RF load loop and the measurement loop are
not visible.

a b

Figure 5: Two types of HWR’s with Bg=0.21: with the
cylindrical central conductor (a) and with the conical one

(b).

Geometric and electrodynamics parameters for both
types of the cavities are presented in Table 2. It can be
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dD

& seen that the simplest cavity design having the cylindrical

—

g central conductor breaks the surface field limitation. For
% accelerating field of 7.7 MV/m the magnetic field on the
2 surface exceeds 50 mT mentioned above as MFQS origin
~ and reaches 80 mT. For a conical central conductor
g design, due to drift tube rounding and increasing the
2 central conductor radii in the cavity cover, it is possible to
% reduce the peak electric field to Ep/Ea = 3.3. Peak
2 magnetic field to accelerating gradient ratio By/Ea in this
i case is 5.6 mT/(MV/m). Data presented in Table 2 show
= that both QWR designs satisfy the requirement for the
£ accelerating gradient. By the second design with the
% conical central conductor cavity has much better
S parameters to prevent the multipactor discharge. This
*2 discharge is observed for coaxial cavities for low RF field
.2 levels and leads to the tuning and commissioning time
2 increase.

=

s Table 2: RF Parameters of 325 MHz HWR for fg =0.21

h

11

§ Parameter Value

£ HWR type (a) (b)
é Operating frequency, f, MHz 324

”‘E Geometrical velocity, Bg 0.21

i Cavity height, mm 431 448
=

< Cavity radius, mm 97 97
g Ratio of the peak electric surface

£ field to the accelerating field, £p/Eacc 3.9 3.3
E Ratio of the peak surface magnetic

'"i field to the accelerating field, B,/Eqcc,

Z mT/(MV/m) 7.3 5.6
& Effective  shunt impedance, r/Qo,

= Ohm 252 303
N

© Geometric factor, G=R,/Q, Ohm 57 58
5]

Q

g TEST CRYOSTAT DESIGN

S It is proposed to use one cryostat to test either QWR’s
; and HWR’s. The liquid nitrogen free cryostat type was

A chosen. This cryostat has two liquid helium jackets. One
8 detachable titanium jacket will be used for preliminary
£ cryogenic tests only and the second jacket will be welded
B to the cavity for final tests. Beam ports should be closed
g€ by vacuum covers for these tests. Two different carrying
3 insert covers used individually with two jackets. The
2 general view and main dimensions of the designed
8 cryostat is shown in Figure 6. Now the cryostat is ready
g for development and drawings preparation for the future
® manufacturing.

d

RF COUPLER FOR QWR/HWR

Each SC cavity will be equipped by the RF coupler and
the RF measurement pickup. Coaxial power coupler type
- was chosen both for QWRs and HWRs [19] (see
< Figure 7). Coupler coaxial line has two identical ceramic
£ vacuum windows. Two different feeding line shapes were
= considered: straight one (as shown on Fig.7) with feeding
y_,E port located on the cryostat side and the second one with

o
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90 degree elbow. The latter allows simpler cryostat design
with RF power feedthrough via top cover.
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Figure 6: The general view and main dimensions of the
cryostat for cryotests of QWR’s and HWR’s.

Outer and inner conductors of the coupler will be made
of stainless steel. Optional thin layer of plated copper is
considered for better electrical and thermal conductivity.
This design was chosen because of low overall cost and
cavity production capabilities despite the phase slipping
occurred. It was decided to develop one power coupler
suitable for all cavities. It requires cavity external Q-
factor value to be varied for different cavities in the
sections. Power coupler antenna is cylindrical and it
couples to electric field in the cavity. The required
external Q-factor tuning range calculated to be covered by
the antenna with total tip penetration is varied within
+10 mm.

Half-wave cavity power coupler located on the
beamports plane has the same design as coupler for QWR
described above (Figure 8). Coaxial line inner and outer
conductors diameters are 20.44 mm and 47.5 mm.
Necessary external Q-factor adjustment for coupling
factor Qo/Qex fall in desired range x=(1.5 ... 3)-10°. That
requires antenna tip is retracted to 21...25 mm off the
cavity wall (see Figure 9). Relatively small travelling is
provided by bellows on feeding line outer conductor. The
actuating mechanics able to operate in cryostat is under
development.
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Figure 7: Assembly of the QWR with the coupler.

Figure 8: HWR with the coupler and field measurement
pickup.
o
0 (6]
5 >/
< <
= o/
® o/
o/
] o) / H
o
\ \ \ I \ T
25 24 23 -22 -21 -20 -19 -18
AL, mm

Figure 9: Coupling factor vs. antenna tip retraction length.

CONCLUSION

Current results of new SC proton linac development for
JINR NICA project were discussed. Beam dynamics
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simulation and cavities results were briefly presented. The
design of QWR and HWR for new linac was discussed.
Current activities in the test cryostat design and the RF
couplers are also described.
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Abstract

Beijing isotope separation on line type rare ion beam fa-
cility (BISOL) for both basic science and applications is a
project proposed by China Institute of Atomic Energy and
Peking University. Deuteron driver accelerator of BISOL
would adopt superconducting half wave resonators (HWRs)
= with low beta and high current. The HWR cavity perfor-
S mance and the beam dynamic simulation of the supercon-
'E ducting deuteron driver accelerator will be presented in this

paper.

uthor(s), title of the work, publisher, and D

<

to the

10

at

1

INTRODUCTION

In China, a new large-scale nuclear-science research fa-
cility, namely the "Beijing Isotope-Separation-On-Line
neutron rich beam facility (BISOL)", has been proposed
and reviewed by the governmental committees. In Dec.
2016, the government has officially announced the results
for the 13™ 5-year plan. BISOL was successfully classed
into the list of the preparation facilities. This facility aims
at both basic science and application goals, and is based on
'": a double-driver concept [1]. Figure 1 shows the schematic
5 view of the BISOL facility. The intense deuteron driver ac-
2 celerator (IDD) can be used to produce radioactive ion
§ beam for basic research. It can also produce intense neu-
© tron beams for the material research associated with the nu-
2 clear energy system.

istribution of this work must mainta

Figure 1: Schematic view of BISOL facility.

Figure 2 shows the layout of the deuteron accelerator.
IDD consists of ECR ion source, low energy beam
transport (LEBT), a radio frequency quadrupole (RFQ), a
medium energy beam transport (MEBT), a superconduct-
ing rf (SRF) linac with four cryomodules, a high energy

* Work supported by the National Basic Research Program of China
(Grant No. 2014CB845504).
1 Corresponding author: zhufeng7726@pku.edu.cn
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State Key Laboratory of Nuclear Physics and Technology, Peking University, Beijing, China

beam transport (HEBT) and a liquid Lithium target system
(LLT). The deuteron driver linac of BISOL aims to accel-
erate the beam up to 40 MeV with maximum beam current
of 10 mA in phase 1. In the future, the facility will be up-
graded to accelerate CW deuteron beams with current of
50 mA. Table 1 gives the main design specifications of the
deuteron accelerator. The beam dynamic simulation of the
IDD for the first stage and the progress of the linac prepa-
ration will be presented in this paper.

LEBT RFQ MEBT SRF-LINAC HEBT

G 'lm i mliﬂlll"[l» 1<>I+w> W

Quadnup \«t-

Figure 2: Layout of the deuteron accelerator.

Table 1: Design Parameters of the Deuteron Accelerator

Particles Deuteron

Energy 40 MeV
Current (Phase I) 10 mA
Beam power 400 kW

RF frequency 162.5 MHz
Duty factor 100 %
Beam loss <1 W/m
Neutron flux 5X 10 n/cm?/s

BEAM DYNAMIC SIMULATION OF THE
SRF DEUTERON LINAC

The deuteron beam is accelerated from 3 MeV to
40 MeV by the SRF linac after the RFQ and MEBT. Be-
cause its good mechanical properties and high performance,
symmetric structure and thus has no dipole steering, HWR
structure is adopted for the SRF linac. The SRF linac con-
sists of two different families of half wave resonator (HWR)
cavities with geometry beta B, are 0.09 and 0.16, respec-
tively. Table 2 shows the design parameters of the two fam-
ilies of HWR cavities.

Table 2: Properties of the Deuteron Accelerator

Properties Low-beta High-beta
Frequency (MHz) 162.5 162.5

Bg 0.09 0.16
Beam aperture (mm) 40 40

Accelerator Systems
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Coupler port diameter (mm) 80 80

Leav=PA (mm) 166 295
Epk/Eace 5.3 4.7
Bpk/Eace (mT/(MV/m)) 6.4 6.8
R/Q (Q) 255 264
G(Q) 39 58

Thickness (mm) 3.0 3.0

6.0 6.5

The beginning two cryomodules are the same, each con-
sists of seven periods of one solenoid and one low-beta
HWR cavity. The third cryomodule consists of five sole-
noids and nine high-beta HWR cavities. And the last cry-
omodule contains three periods of one solenoid and three
high-beta HWR cavities. The total length of SRF linac is
22.46 m and the length of three kinds of cryomodules are
4.99 m, 6.10 m and 5.60 m, respectively. The drift space
between consecutive cryomodules has great influences on
beam matching and it should be designed as short as pos-
sible. After considering space to install end covers of the
cryostats, vacuum valves and beam instrumentation, the
distance is set to be 26 cm.

Figure 3 presents the beam envelope at 3¢ size in trans-
verse and longitudinal plane through the SRF linac after
optimization. The transverse rms beam size in SRF linac is
approximately 2 mm and the beam pipe radius is 10 times
the rms beam size. Particle phase space distribution at the
exit of the SRF linac is shown in Figure 4. The normalized
rms transverse emittances of the output beam are
£=0.23 mm-mrad, &,= 0.22 mm-mrad, and the longitudi-
nal emittance is €,~0.26 mm-mrad. The emittance growths
through the SRF-linac are 5% and 2% in the transverse and
longitudinal planes.

Operating gradient (MV/m)

Tin - CIVBRI/Te fw/DACH

X&Y (mm)
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o

S o o
Janbiuobibingdil

e
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[N
°

, P (deg @162.5 MHz)

&
-3

o
o

10
Position (m)

Figure 3: Envelope of deuteron beam along the SRF linac.
Top: transverse envelope, x in blue and y in red. Bottom:
longitudinal envelope.
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Figure 4: Particle phase space distribution at the exit of the
SRF linac.

Multi-particles simulations from exaction of ion source
to the end of SRF linac have been thoroughly carried out
based on TraceWin code [2]. 107 macro-particles are used
in the tracking and the normalized beam density is pre-
sented in Figure 5. In the transverse dimension, there is a
comfortable margin between the beam external border and
the pipe wall. The beam external border is relatively large
in the drift space between consecutive cryomodules in the
SRF linac. Almost all of the losses occur in the RFQ and
MEBT and fulfill the requirement of beam loss. Figure 6
gives the normalized rms emittance along the BISOL deu-
teron linac. The emittance growth can be controlled well.
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Figure 5: Beam density in transverse (top) and longitudinal
(bottom) from start to end.
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Figure 6: Normalized rms emittance along the BISOL deu-
teron driver linac.

The residual errors are inevitable because of the installa-
tion, manufacture and other reasons. The error study was
also performed to prove the available and stability of the
dynamics design.

HWR CAVITY PERFORMANCE

The HWR cavities were designed to accelerate 50 mA
CW deuteron beams. We have finished the design, fabrica-
tion, surface treatment and vertical test of the B =0.09
HWR cavity [3].

The B ,=0.09 162.5MHz HWR cavity has large aperture
of 40 mm for high current beam acceleration. It is taper
type and has ring-shaped centre conductor to have low sur-
T face fields, high shunt impedance and better mechanical
z properties [4]. The cavity parameters are listed in Table 2.
% The cavity short plates have asymmetric flat structure to
supress multipacting (MP) occurred at the short plates. Fig-
ure 7 shows the pieces during fabrication.

Figure 7: Fabrication of B ~=0.09 HWR cavity.

After fabrication, the HWR cavity was polished 150 pm
by standard buffered chemical polishing (BCP) treatment,
then 800°C high temperature treated, followed by a slight

TUA2WCO03

@ 90

HB2018, Daejeon, Korea JACoW Publishing
doi:10.18429/JACoW-HB2018-TUA2WCO3

BCP. At last, 100 bar high pressure rinsing (HPR) was per-
formed to the cavity. A special nozzle with stem diameter
of 20 mm and 13 holes was used to clean the HWR cavity
efficiently through 8 ports.

Figure 8: Adjustable Q. coupler structure for HWR cavity
vertical test.

Figure 8 shows the external quality factor Q. adjustable
structure which can make the vertical movement into hori-
zontal movement during Q. adjustment. The antenna mov-
ing range is =20 mm and the corresponding Q. adjustment
range is about four orders of magnitude. At the first test,
the RF power was coupled into the cavity through the
beampipe and the antenna was inserted deep into the cavity
for the proper Q.. The cavity gradient only reached
10.7 MV/m at 4.2 K limited by strong field emission. Then
we did another HPR and coupled power to the cavity
through the large coupler port and tried the second vertical
test of the HWR cavity. Figure 9 gives the vertical test re-
sults of the cavity at 4.2K and 2 K. The maximum gradient
of the cavity reached 14.5 MV/m at 4.2K and 17 MV/m at
2 K, which is much higher than the operating gradient.
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. F 200

- R
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- 100

= X0,
* &KQ < [ 50
X 2K rad|
4
b3

4 rad| x

X
X M X M Xk XX B N X 4+ X+ K 4+ o
T T T T T T T T

0 2 4 6 8 10 12 14 16 18 20
Accelerating Gradient (MV/m)

T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100
E,, (MV/m)
T T T T T T T
80 90 100 110 120

r T T T T T
0 10 20 30 40 50

60 70
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Figure 9: Q v.s. Eqc of the B ,=0.09 HWR cavity at 4.2 K
and 2 K.

MP conditioning was done to the cavity before the Q v.s.
Eqcc measurement. Simulation result shows that there might
be MP between the middle part of inner conductor and the
outer conductor at very low gradient of about 0.02-
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0.15 MV/m. Figure 10 shows the MP conditioning signal
at frequency sweeping modes at 4.2 K. It normally takes
half a day to eliminate MP.

Figure 10: MP conditioning at frequency sweeping modes
at 4.2K. Top: No MP. Bottom: MP was on.

During the vertical test, we also measured the mechani-
cal parameters of the cavity. Figure 11 gives the frequency
shift as the pressure or the gradient. We can get the Lorentz
force detuning coefficient K;=-1.56 Hz/(MV/m)> and
df/dP=-7.43 Hz/mbar.
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K =-1.56Hz/(MV/m)?
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Figure 11: Lorentz force detuning measurement (top) and
df/dP measurement (bottom).
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CONCLUSION

Primary beam dynamic simulation of BISOL high cur-
rent deuteron accelerator has been carried out. The simula-
tion results predict that the proposed design can accelerate
safely a 10 mA deuteron CW beam at 40 MeV. And the
emittance growth and halo formation are under control. Er-
ror study was also performed to prove the available and
stability of the dynamics design. We have designed, fabri-
cated and vertical tested a B ~=0.09 162.5MHz taper type
HWR cavity. The cavity was designed to accelerate deu-
teron beams with CW current of 50 mA. The vertical test
showed it had high gradient and good mechanical proper-
ties. The maximum gradient reached 17 MV/m and Q value
at low gradient is about 1 X 10'°,
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Abstract

The hollow electron lens (e-lens) is a very powerful and
dvanced tool for active control of diffusion speed of halo
articles in hadron colliders. Thus, it can be used for a con-
trolled depletion of beam tails and enhanced beam halo col-
limation. This is of particular interest in view of the upgrade
g of the Large Hadron Collider (LHC) at CERN, in the frame-
z work of the High-Luminosity LHC project (HL-LHC). The
E estimated stored energy in the tails of the HL-LHC beams
o is about 30 MJ, posing serious constraints on its control and
3 safe disposal. In particular, orbit jitter can cause significant
5 loss spikes on primary collimators, which can lead to ac-
2 cidental beam bump and magnet quench. Successful tests
§ of e-lens assisted collimation have been carried out at the
:£ Tevatron collider at Fermilab and a review of the main out-
.2 comes is shown. Preliminary results of recent experiments
2 performed at the Relativistic Heavy Ion Collider (RHIC) at
< Brookhaven, put in place to explore different operational
@ scenarios studies for the HL-LHC, are also discussed. Status
& and plans for the deployment of hollow electron lenses at
© the HL-LHC are presented.

INTRODUCTION

The present LHC collimation system [1] has achieved
> excellent performance with cleaning inefficiency of about
0 1 x 107* and ensured safe operation without quenches from
P circulating beam losses with stored beam energies up to
‘; 270 MJ at 6.5 TeV [2—4]. Although this performance is very
» satisfactory, further improvements are deemed necessary for
g the High-Luminosity upgrade (HL-LHC) of the LHC [5-8]
2 that aims at achieving stored energies of about 700 MJ. In this
5 framework, the installation of hollow electron-lens (HEL) is
E considered as a possible option to improve various aspects
g of beam collimation. In particular, one of the main concerns
5 come from the estimated stored energy in the beam tails.
2 Various measurements have been carried out at the LHC,
£ which show overpopulated tails with respect to usual gaus-
—% sian assumption [9]. The scaling to HL-LHC beams lead to
B an estimation of about 30 MJ of stored energy in the beam
5 tails. This large amount of energy can cause unforeseen
g beam dump in case of orbit jitter and fast failure scenarios

ot

<= related to crab cavities, due to the high losses that would

g T
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take place on primary collimators. Moreover, the deposited
energy during these events can lead to magnet quench on
beam loss peak around the machine, together with permanent
damages to collimators. Thus, a controlled and safe disposal
of overpopulated beam tails has been recommended by two
international reviews carried out in recent years [10, 11].

LHC COLLIMATION SYSTEM AND ITS
UPGRADE FOR HL-LHC

An illustrative picture of the working principle of the
present collimation system is given in Fig. 1. The present
LHC system [1,2] is composed by 44 movable ring colli-
mators per beam, placed in a precise multi-stage hierarchy
that must be maintained in any machine configuration to
ensure optimal cleaning performance. Two LHC insertions
(IR) are dedicated to collimation: IR3 for momentum clean-
ing, i.e. removal of particles with a large energy offset (cut
from ép/p ~ 0.2 % for zero betatron amplitude); and IR7
for betatron cleaning, i.e. continuous controlled disposal
of transverse halo particles. Each collimator insertion fea-
tures a three-stage cleaning based on primary collimators
(TCP), secondary collimator (TCSG) and absorber (TCLA).
In this scheme, the energy carried by the beam halo inter-
cepted by TCPs is distributed over several collimators (e.g.
19 collimators are present in the betatron cleaning insertion).
Dedicated collimators for protection of sensitive equipment
(such as TCTP for the inner triplets), absorption of physics
debris (TCL) and beam dump protection (TCSP) are present
at specific locations of the machine. A detailed description
of these functionalities goes beyond the scope of this paper
and can be found in [1].

The main upgrades of the present collimation system in
the present HL-LHC baseline [6] are the replacement of
one 8.3 T dipole in the IR7 Dispersion Suppressor with two
11 T dipoles and a collimator in-between, together with the
replacement of present collimator jaws with low impedance
material. Their aim is to improve the cleaning performance
of the system, while reducing its contribution to the resistive
wall impedance budget of the machine.

However, these upgrades go in the direction of improving
the passive nature of the system and do not allow for an active
control on overpopulated beam tails and their safe disposal.
Several experimental tests are on-going in the LHC to study
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Figure 1: Working principle of the present collimation system.
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Figure 2: Concept of HEL assisted collimation: (left) the halo particles are shown by red dots, the geometrical cut performed
by the horizontal—vertical-skew TCPs is represented by surrounding boxes and the hollow electron beam is depicted by the
light blue ring overlapping with the halo particles and extending beyond the TCPs aperture; (right) qualitative illustration of
diffusion coefficient and beam halo population with and without HEL shown by dashed and solid lines, respectively.

the possibility to perform such active control with present
hardware [12-14]. Nevertheless, the installation of HEL
represent one of the most promising option.

HEL Assisted Collimation

The concept of HEL assisted collimation consists of in-
troducing an additional hierarchy layer represented by the
hollow electron beam surrounding the proton beam for few
meters, with the inner radius at a smaller aperture than
TCPs [15]. An illustrative picture is reported in Fig. 2 (left),
where beam halo particles are shown by red dots, the geo-
metrical cut performed by the TCPs is represented by sur-
rounding boxes and the hollow electron beam is depicted by
the light blue ring overlapping with the halo particles and
extending beyond the TCPs aperture. This allows to control
the diffusion speed of halo particles with betatronic ampli-
tude larger than the inner electron beam radius, depleting
such halo between the beam core and TCPs. A qualitative
illustration is reported in Fig. 2 (right).

In principle, the main benefit would be a loss spike free
operation in the case of orbit jitter. Moreover, the control
of halo population will help also in case of crab cavities
fast failures. In particular, the worst accidental scenario is
a phase slip that will induce a significant bunch rotation in
the longitudinal plane [16]. Thus, a depleted halo popula-
tion would reduce losses at TCPs also in this failure sce-
nario. Additional benefits from a controlled diffusion speed
would be a possible increase of impact parameters on TCPs
with relative improvement of cleaning performance. If the

Beam Instruments and Interactions

impedance budget of the machine allows, collimator jaws
could be closed at smaller transverse amplitude thanks to the
depleted halo, allowing a 8* and crossing angle reduction at
the high-luminosity experiments [17].

Nevertheless, possible drawbacks due to a depopulated
halo can be the loss of Landau damping, which could be
mitigated thanks to a tunable inner radius of the electron
beam. Detection of unusual loss rates is one of the most im-
portant observables for machine protection purposes. Thus,
a depleted halo could jeopardize the performance of the
present machine protection strategy. A solution could be the
presence of witness bunch trains on which the HEL does
not act. Perturbation to the circulating beam could come
from residual field and imperfections of the magnets used to
guide the electron beam and from the hollow electron beam
itself. To minimize these effects, the preferred operation
mode is DC on selected bunch trains, together with an “S”
shape design to self-compensate edge effects. Perturbations
from the electron beam itself are minimized ensuring its
symmetric shape. Possible concerns are also the complexity
of the device that includes many superconducting magnets.
However, the operational experience at Tevatron and RHIC
give us the required confidence on the high availability and
low failure rate of the entire apparatus.

FERMILAB EXPERIENCE

Two e-lenses were installed in the Tevatron collider, which
were used in operations for long range beam-beam compen-
sation and abort gap cleaning [18-20]. Studies were also
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Figure 3: Normalized intensity and luminosity of the af-
fected e-lens train with respect to the witness ones [21].

performed to demonstrate halo scraping with hollow elec-
tron beams [21, 22], which is of main interest in the context
of this paper.

Several studies were performed to characterize the hollow
electron beam as a function of magnetic field in the main
solenoid and cathode-anode voltage [23]. This is crucial in
order to provide the electron beam current required to en-
hance the halo diffusion speed, while ensuring its symmetry.

Another important milestone has been the demonstration
of halo scraping without affecting the beam core. This evi-
5 dence was obtained by injecting three trains of 12 antiproton
£ bunches in the machine, with the HEL acting on only one
. of them. The bunch by bunch intensity and luminosity were
monitored while changing the inner radius and current of
the electron beam. Normalizing the intensity of the affected
train with respect to the witness ones, it is possible to extrap-
olate if the loss rate is enhanced. On the other hand, the same
normalization applied to the luminosity give us information
regarding effects on the core. A decrease on normalized
; intensity at constant normalized luminosity, demonstrates
U that the loss rate of the affected train is enhanced acting on
P the diffusion speed of halo particles without any effect on
& the beam core. This is clearly visible in Fig. 3 [21].

As introduced previously, one of the main benefits of the
installation in HL-LHC would be a loss spike free operation
in the case of orbit jitter thanks to depleted beam halo. The
educed tail population thanks to HEL has been successfully
roven by means of collimator scans, reported in Fig. 4 [24].
n particular, loss spikes coming from the affected train were
bserved about 300 um after touching the tail of the witness
rain.
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BROOKHAVEN EXPERIENCE

Two e-lenses are installed in the Yellow and Blue ring
of the RHIC collider, which were used in p-p operations
S for head-on beam-beam compensation [25-32], where none
E of the 112 stores was aborted due to e-lens equipment fail-
‘q"é ure. A gaussian beam overlapping to the proton beam is
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Figure 4: Loss spikes from affected and witness train during
collimator scraping [15].

required for these purposes. Presently, and until the comple-
tion of the SPHENIX detector upgrade, only heavy ions are
used in operation, which do not require head-on beam-beam
compensation. Thus, it was agreed to change the electron
gun of the e-lens in the Yellow ring in order to provide an
hollow electron beam. Being the only active e-lens in the
world, this provides a unique opportunity to explore different
operational scenarios studies for the HL-LHC.

Different tests have been performed and are still on-going.
One of the main achievements was the successful demon-
stration that back-scattered electrons can be used to centre
the electron beam around the circulating one. The electron
beam is kept stable while the circulating beam is moved by
means of a local 4-correctors bump. When the main beam
intercepts the electrons some of them are back-scattered and
detected [33]. Due to the fact that back scattered electrons
are guided by the solenoidal fields in the e-lens, they are
deflected upward making impossible measurements on the
bottom part of the electron beam. To overcome this limita-
tion, different scans in the horizontal plane are performed
for different vertical position. The main beam is then cen-
tered in the position that minimizes the rate of back-scattered
electrons for different vertical positions. In principle, this
operation should be repeated also for different angles of
the main beam. However, this procedure was skipped for
these first tests due to the significant time needed and good
confidence obtained by varying the beam angle for fixed
transverse positions.

Similar measurements as done at Tevatron were repeated
with 100 Z GeV Ru and 13.6 Z GeV Au beams. In particular,
two trains of 28 Ru bunches were injected in the two RHIC
rings, with the e-lens acting only on one train in the Yellow
ring. First the electron beam inner radius (r) was changed
with a fixed electron beam current (I), while monitoring
bunch-by-bunch losses and integrated loss rate in the two
beams. As second test, r was fixed and / was changed.
Measured bunch-by-bunch losses were integrated for each
train and losses from the affected train were normalized with
respect to the witness one. Normalized bunch-by-bunch
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Figure 5: (top) Normalized bunch by bunch losses vary-
ing inner electron beam radius and (bottom) electron beam
current.

losses during the two measurements are shown in Fig 5. As
clearly visible a 1/r trend is observed in the losses while
changing r, while a linear trend as a function of I is observed
when varying I.

Similar tests were performed with 13.6 Z Au beams, in
which scans of octupoles and chroma were also performed
with fixed radius and current of the electron beam. Moreover,
bunch by bunch luminosity were also available allowing to
study effects on the circulating beam core. Encouraging
results were observed on-line, the detailed off-line analysis
is on-going.

LHC PLANS

Two international reviews [10, 11] were carried out to
asses the need, cost and readiness for the installation of the
HEL in the LHC tunnel, in particular for operations in the
HL-LHC era. Although they are not yet part of the HL-
LHC baseline, their installation was recommended and final
integration studies are on-going.

HEL Design

The candidate locations for the HELSs installation in the
LHC tunnel are at both sides of the interaction region IR4.
This location provides the required distance between the
two beams and the longitudinal space. The main require-
ments are: compact design, reasonable magnetic fields in the
solenoids, smooth and high magnetic fields in the transition
regions, technically feasible dimensions and current density
of the cathode, adjustable inner radius of the electron beam
to be adapted to the beam size for different energies. The
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present design [34] that fulfill all these requirements is shown
in Fig. 6 and functional specifications are reported in Table 1.
The main components are the main solenoid that ensures 3 m
of overlap between the circulating and electron beams, two
bending solenoids for the injection and extraction of the elec-
tron beam, electron gun solenoid to adjust the inner radius
of the electron beam. Several corrector coils are also present.
All the magnets involved are superconducting and the “S”
shape of the entire assembly allow to self-compensate edge
effects. Thermal and structural verification were performed
by means of numerical simulations for all the components,
from the electron gun to the collector [35].

Table 1: Design Parameters for the HL-LHC HEL [36]

Parameter Value or range
Magnetic field main solenoid [T] 5
Magnetic field cathode [T] 02-2
Inner radius electron beam [mm)] 0.9-5.67
Outer radius electron beam [mm] 1.8-11.34
Inner diameter cathode [mm)] 8.05
Outer diameter cathode [mm)] 16.10
Nominal current cathode [A] 5

Cryogenics

As described above, all the magnets in the HEL are su-
perconducting. Thus, a solid connection to the cryogenic
system is required. Upgrades of the cryogenic system in
IR4 are foreseen in the framework of HL-LHC, aiming at
providing cooling capacity and distribution to match the
needs with efficient solutions without making it the weakest
sector, allowing to connect future users such as the HEL.
The present concept could be integrated to the cryogenic
system of the LHC without any showstopper [37].

Beam Instrumentation

Beam instrumentation concepts are based on experience
in FNAL and BNL. The main requirements to allow reliable
HEL operations are: alignment of proton and electron beams
with resolution < 60 um, profile and current measurements
of the electron beam, beam loss monitoring for solenoid
quench protection. The preliminary baseline detectors are:
beam position monitors for general alignment of proton and
electron beams, gas jet curtain combined with luminescence
detection for characterization of the electron beam and rel-
ative alignment with respect to circulating beam, standard
LHC ionization chamber for beam loss monitoring [38]. Pos-
sible options could be also back-scattered electron detector
and YAG Screen in the case of problems with gas jet curtain
combined with luminescence.

Operational Aspects

Several operational aspects were taken into account [39].
A round pipe of 60 mm radius is foreseen, in order to avoid
issues in terms of available aperture for the circulating beam.
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Effect of linear coupling from solenoidal fields show a
negligible effect. In case of quench, missing dipole kick
could cause losses and a proper interlock strategy is needed.
Impedance calculations on pipe were performed using CST
« Particle Studio [40], which show good performance and neg-
f ligible impact to total machine impedance budget. The “S”
2 shape of e-lens is conceived so that the effect on the proton
'% beam core from the two electron beam crossings cancels
= out. However, dipolar kicks from bending solenoids add up.
% Thus, a dedicated orbit corrector connected in series with
2 the bending solenoids is foreseen. Moreover, also imper-
< fections on the bends or electron beam profile can induce a
@ non-zero kick at the center of the beam. All these effects,
X except dipolar kick from bending solenoids, are negligible in
©pc operations but can become significant for pulsed modes.
g Thus, several simulation and experimental studies were car-
.2 ried out in 2016 and 2017 [41,42] in order to find possible
< pulsing operation mode that would enhance the HEL effect
>~ without jeopardizing machine performance and its protec-
o tion.

work must maintain attribution to the author(s), title of the work, publisher, and D
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CONCLUSIONS

A wide overview of HEL assisted collimation tests done in
ifferent laboratories has been reported, together with plans
for the LHC and its upgrade HL-LHC. Their installation
< in the LHC tunnel can lead to several benefits for opera-
3 tions in the HL-LHC era, in particular for an active control
§ of the about 30 MJ of expected stored energy in the beam
2 tails. Possible drawbacks have been studied and appropriate
2 solutions have been found. Experimental and operational
E experiences at Tevatron and RHIC show results in agree-
S ment with expectations, with an extremely high hardware
.« reliability despite their complexity. Although HEL are not
= yet part of the HL-LHC baseline, their integration has been
E recommended by two international reviews. All the relevant
= aspects for HEL installation have been studied and its design
‘q"é is considered mature for a possible installation. Final and
O
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Figure 6: (left) Side and (right) front view of the present HL-LHC hollow electron lens design.

detailed tracking simulation studies are on-going to define
optimal operational scenario.
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BEAM INSTRUMENTS FOR HIGH POWER SPALLATION NEUTRON
SOURCE AND FACILITY FOR ADS

Shin-ichiro Meigo*, J-PARC Center, Japan Atomic Energy Agency (JAEA), Ibaraki 319-1195, Japan

Abstract

As increase of beam power, beam instruments play an
essential role in the Hadron accelerator facility. In J-PARC,
the pitting erosion on the mercury target vessel for the spal-
lation neutron source is one of a pivotal issue to operate with
the high power of the beam operation. Since the erosion is
proportional to the 4th power of the beam current density,
the minimization of the peak current density is required. To
achieve low current density, the beam-flattening system by
nonlinear beam optics using octupole magnets in J-PARC.
By the present system, the peak density was successfully
reduced by 30% compared to the conventional linear op-
tics. Also in J-PARC, transmutation experimental facility is
planned for the realization of the accelerator-driven system
(ADS), which will employ powerful accelerator with the
beam power of 30 MW. To achieve similar damage on the
target as the ADS, the target will be received high current
density. For the continuous observation of the beam sta-
tus on the target, a robust beam profile monitor is required.
Beam profile monitors have been developed with irradiation
of the heavy-ion of Ar to give the damage efficiently.

INTRODUCTION

In the Japan Proton Accelerator Research Complex (J-
PARC) [1], a MW-class pulsed neutron source, the Japan
Spallation Neutron Source (JSNS) [2], and the Muon Science
facility (MUSE) [3] will be installed in the Materials and
Life Science Experimental Facility (MLF) shown in Fig. 1.
Since 2008, this source has produced a high-power proton
beam of 300 kW. In 2015, J-PARC successfully ramped up
beam power to 500 kW and delivered the 1-MW beam to
the targets. To produce a neutron source, a 3 GeV proton
beam collides with a mercury target, and to produce a muon
source, the 3 GeV proton beam collides with a 2-cm-thick
carbon graphite target. To efficiently use the proton beam
for particle production, both targets are aligned in a cascade
scheme, with the graphite target placed 33 m upstream of
the neutron target. For both sources, the 3 GeV proton beam
is delivered from a rapid cycling synchrotron (RCS) to the
targets by the 3NBT (3 GeV RCS to Neutron facility Beam
Transport) [4-6]. Before injection into the RCS, the proton
beam is accelerated up to 0.4 GeV by a LINAC. The beam
is accumulated in two short bunches and accelerated up to 3
GeV in the RCS. The extracted 3 GeV proton beam, with a
150 ns bunch width and a spacing of 600 ns, is transferred
to the muon production target and the spallation neutron
source.

As the increase of beam power, beam profile monitoring
plays an important role to avoid the damage to the targetetry

* meigo.shinichiro @jaea.go.jp
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at the MLF. Therefore it is imperative to watch continuously
the status of the beam at the target at the JSNS especially
for the peak current density. At the MLF, a reliable beam
profile monitor has been developed with Multi-Wire Profile
Monitor (MWPM). In order to watch the two-dimensional
profile on the target, a beam profile monitor system has been
developed base on the imaging of radiation of the target ves-
sel after beam irradiation. For observation beam introduced
to the target, MWPM was placed at the proton beam window.
Furthermore, in J-PARC center, facilities for research and de-
velopment for Accelerator Driven System (ADS) is planned.
To satisfy the users’ demand for neutron and muon, a new
target facility called second target station is also planned.
In those facilities, the beam will be more focused than the
JSNS employs so that a robust beam profile monitor will be
required [7], which will stand higher current density than
the JSNS.

Figure 1: Plan of rapid cycling synchrotron (RCS) at the
Materials and Life Science Experimental Facility (MLF) at
J-PARC.

BEAM MONITOR SYSTEM AT THE
BEAM TRANSPORT TO THE TARGET

Monitors Placed at Proton Beam Window

Continuously observing the characteristics of the proton
beam introduced to the spallation target is very important.
Due to the high activations caused by the neutron produced
at the target, remote handling technique is necessary to ex-
change the beam monitor for the target. In order to decrease
the radiation produced at the spallation neutron target, shield-
ing above the monitor was required. To reduce the difficulties
of the exchange work and decrease of the shielding, beam
monitors were coupled with a Proton Beam Window (PBW)
utilized as a physical separation between the vacuum region
of the accelerator and the helium region around the neutron
target. The PBW is better to be placed closer to the target
where the distance between the target and the PBW is 1.8
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%n, which gives reliable profile at the target. In Fig. 2, the
SMWPM placed at the center of a vacuum chamber of the
ZPBW is shown. To avoid excessive heat at target vicinities,

eam halo monitors are placed as well. The chamber of the
~PBW has inflatable vacuum seal called pillow seal. Due to
She pillow seal, the monitors can be changed by the remote
£handling. To calibrate the sensitivity of each wire, the sig-
“nal was observed by the scanning the position with narrow
Swvidth beam. It was found that the difference of individual
“sensitivity was 6% at most.

In an actual beam operation, the heat at the target vicini-
ies such as shielding, which mainly does not have water
<cooling channel, is necessary for reducing the peak density.
Beam halo monitors attached at the PBW to observe the
.§1eat deposition at the target vicinities such as reflector and
Bhielding, which is not allowed to exceed 1 W/cm?. A close-
:§1p view of the beam halo monitor is also shown in Fig. 2.
.NETWO types of beam halo monitors were utilized to obtain the
dhermal information by thermocouples and the emission of
Ean electron by the electrode. Since the emission of electron
Gndicates relative intensity of the beam halo, the beam halo
E’elative strength, which can be normalized by the following
&hermal observation, can be obtained by several shots of the
sbeam. To observe the absolute intensity of the halo, the ther-
ﬁnocouple type was implemented, which consists of copper
Sstrips coupled with the thermocouple. With 5 minutes of 25
‘ZHz beam operation, the absolute intensity of the beam halo
-j—_ican be determined by the differential of temperature by time.
Zlhese procedures were typically performed in actual beam
<):Eaperation.

author(s

c

& The temperature observed by the thermocouples gives
@ssential information to the operator, which are included in
gthe machine protection system (MPS). On May 27 in 2018, a
Equadrupole magnet had a malfunction of layer short, which
@ost field about 30% at a pole. Due to the magnetic center
Shift, the beam center at the target was offset about 20 mm
cat the target for both horizontal and vertical directions. In
rsuch abnormal condition, the beam halo monitors detected
8an0maly by the temperature of thermocouples, which imme-
_;_giiately halted the beam and noticed operators the anomaly.

(b) Halo monitor

(a) Beam monitors placed at the
PBW

s work may be used under the terms of

Figure 2: Mulit-Wire Profile Monitor (MWPM) and beam
§1alo monitors placed at the Proton Beam Window (PBW).
‘j;(a) Whole view of the MWPM and halo monitors. (b) Close
21p of the thermocouple type of beam halo monitors.

o
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Since wires at the MWPM placed at the PBW are fixed
type and continuously irradiated with the beam, long lifetime
wire is required. The profile monitor at the PBW is essential
so that a redundant system using SiC and tungsten wires was
applied. In summer of 2013, some spots were observed at
the surface of helium side of the PBW, which were thought
to be produced by the erosion with the nitric acid produced
by the radiolysis around the target. The 1st PBW has already
received the integration beam power of 2 GWh to the new
one. After exchange 1st PBW, because of stability of signal,
only SiC wires were employed, which were deployed 2nd
PBW. After 4 years operation, the 2nd PBW was changed in
summer of 2017.

Lifetime of SiC Wires

As a material of sensitive wire, usually, tungsten wire is
selected due to the large emission amount of the electron
and having a high-temperature melting point. In the present
system, silicon carbide (SiC) was chosen due to the high
resistance of the radiation, which is thought to survive up to
80 DPA [8]. To obtain accurate displacement on the wire, a
measurement of the displacement cross section has started
for 0.4 to 3 GeV protons [9, 10].

Due to the interaction, the beam loss is caused, which is
one of the issues of the high-intensity proton accelerator and
the optimization of the beam loss is essential. The angular
differential cross-section of Coulomb scattering is propor-
tional to a square of an atomic number of the wire material.
Since the average atomic number of the SiC is about 10, the
cross-section of the SiC becomes 2% of tungsten. Therefore,
a material of low atomic number has an advantage for the
loss and distortion of the beam.

Until receiving 2 GWh, the wires still gave standard sig-
nals and, it was not found severe damage by inspection after
irradiation. However, slight elongation of the SiC wires
was observed as shown in Fig. 3. This elongation could
be caused by the periodical thermal expansion of wire. By
revision fixing of the wire, the elongation can be thought to
be mitigated, which will be applied next generation of the
monitor.

Figure 3: Elongated SiC wire utilized as the MWPM on the
1st PBW.

Beam Profile with Nonlinear Optics

To obtain the beam profile at the neutron source, the SAD
code is utilized, which provide beam information by fitting
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the result given by the MWPM placed at upstream of the
octupole magnet. Also revised DECAY-TURTLE [11] by
Paul Scherrer Institute (PSI) [12] is utilized to simulate mul-
tiple scattering at the muon target. Figure 4 shows results of
beam profile for 800 kW beam with and without excitation
of the octupole magnets. The beam profile is shown in Fig.
4, which was observed by the MWPM placed at the PBW.
It can be found that considerable flat distribution can be
obtained by the nonlinear optics. The calculation results
with and without excitation are also shown in Fig 4. The
calculation shows good agreement with the experiment for
the cases with and without octupole magnetic field. It is
also confirmed that the calculated beam profile by using the
muon target showed good agreement with the experiment
for both cases with and without octupole magnetic field. By
the calculation result, the peak density can be thought to be
reduced by 30% compared with the linear optics.
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Figure 4: Beam profile obtained with calculations (line) com-
pared with result by the MWPM (dots) supplying current of
(a) 0 A and (b) 698 A to octupole magnet . Upper and bot-
tom figure represents for horizontal and vertical directions,
respectively.

DEVELOPMENT OF NEW PROFILE
MONITOR

Until now the wire of the monitor survived up to 2 GWh,
which was at attached the first and the second generation
of the PBW, however, it is not clear that the MWPM will
survive for the long duration of 1 MW beam. The lifetime of
the PBW is expected as 2 years for | MW beam [13], which
has proton fluence 2 X 10>' cm™ and the integral beam
power of 10 GWh. To observe beam profile in 2D, an online
type profile monitor is desired because the present 2D beam
profile by IP can be obtained after the irradiation. Therefore
a new beam profile monitor based on luminescence due to
the beam was started to develop.

Beam Imaging Test Using Ar Beam

In order to obtain a 2D profile on the target, luminescence
monitor is planned which is painted on the vessel of the
mercury target. It was reported that degradation of lumines-
cence was observed by the profile monitor used at the SN'S
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in ORNL so that the intensity of light was observed by using
40Ar*15 with total kinematic energy of 150 MeV, providing
10 times displacement on the sample than 3-GeV protons at
Takasaki Advanced Radiation Research Institute (TIARA)
of Quantum Beam Science Research Directorate (QST). To
simplify the damage on the light emission, flat-shaped beam
distribution was employed with nonlinear focus made by
octupole field [14]. In the experiment, AF995R (Al,O3
99.5% and CrO3 0.5%, Demarquest) with a thickness of 5
mm and DRZ-High (Gd,;0,S:Tb) with a thickness of 5 mm
were irradiated with Ar beam. The spectrum of the photon
emitted from the sample was observed with the spectrometer
(Flame-NIR: Ocean Photonics).

For the development of profile monitor system, the im-
age of the luminescence from the AF995R and DRZ-High
(Gd,0,S:Tb) was observed with the ordinary CCD camera
through imaging fiber (Fujikura FISR-20 ) having 20,000
pixels and length of 5 m having high radiation hardening.

Fiber scope
1l Optical spectrometer

- Profile

B= monitor

Figure 5: Experimental setup of beam profile imaging sys-
tem for Ar beam irradiation.

Result of Beam Imaging

The 2D image of the beam obtained by the AF995R and
DRZ-High is shown in Fig. 6, which is utilized square flat
beam by nonlinear optics. Since the ordinary CCD cam-
era was utilized being insensitive to the light in the long
wavelength, the red light emitted from the AF995R was
observed to be low intensity. Using 3 CCD camera being
less dependence on wavelength, a clear image will be ob-
tained. The DRZ-High has high photon emission rate in
short wavelength, so that the image was clear and high inten-
sity. However, the degradation of light yield was found to
be more rapid than AF995R. By the present system, it was
demonstrated that a clear image of the beam profile can be
obtained.

Result of Luminescence Spectrum and Intensity

The spectrum is shown in solid line in Fig. 5 for the first
shot of beam. The spectrum has a prominent peak at 694
nm with several unresolved shoulder peaks produced by the
excitation state of Cr3*. After the irradiation of Ar beam
with 75 nA for 2.4 h to AF995R, it was found that the peak
intensity decreased by 35% as shown in Fig. 7. In the first
0.2 h from the beginning, the intensity decreased rapidly.
After the 0.2-h irradiation, the intensity decreased slowly and
steadily, which can be fit well by one-dimensional function

TUP1WEO03
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(a) AF995R (b) DRZ-High
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Figure 6: Beam profile obtained with fiber imaging sys-
,;tem for (a) AF995R and (b) DRZ-High. Beam shape was
“Hiniformed by nonlinear focus.

1

s shown in solid line in Fig. 8. The spectrum after the
£2.4-h irradiation is also shown in Fig. 7. The intensity of
‘Bhe unresolved peak with wavelength region shorter than
‘$94 nm had less decreased than one for 694 nm. It can be
Shought that the influence of degradation may mitigate by
é)bserving the light in short wavelength with optical filter
'?utting long wavelength.
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Many candidate materials have been examined to observe
ahe degradation of light emission. As one of the candidate,
EAIOz paint with a low amount of Cr existing as an impurity
‘;évas examined (Fig. 9).
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Although the peak for Cr showed drastically decrease at
694 nm, the light in the shortwave length remained irre-
spectively to the beam amounts, which implies that the less
degradation image can be obtained by using shortwave pass
filter. It should be noted that the total intensity of the short-
wave is smaller than the peak due to Cr ions. In future, the
absolute photon intensity for the proton from 0.4 to 3 GeV
will be examined at the beam transport system to the MLF.
If the light yield is small, the intensity can be amplified by
such as the image intensifier.
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Figure 9: Spectral intensity of AlO, paint for (a) total wave-
length and (b) short wavelength for various irradiation time
of the Ar beam.

CONCLUSION

For reliable beam operation at the spallation neutron
source in J-PARC, beam monitor system with the MWPM
and the halo monitor was developed. With the present
MWPM, beam parameter such as the emittance and Twiss
parameter can be obtained by several shots of the beam. To
mitigate pitting erosion on the mercury target vessel, a beam
transport system with nonlinear optics has been developed.
By introducing nonlinear optics with octupole magnets, peak
current density can be reduced by ~30%, which decreases
the damage of pitting erosion about 80%. For future facility
in J-PARC aimed for the research and development of the
ADS, profile monitor experiment has carried out with Ar
beam. Although AlO, doped with Cr showed significant
degradation of photoemission, AlO; paint showed to stand
a high dose of the beam in the short wavelength.
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Abstract

The SNS uses charge exchange injection to minimize
= losses during the accumulation of the accelerated beam in
- the ring. A stripper foil implements this by removing the
‘g’ electrons from the high intensity H- beam coming from
£ the linac. At a beam power of 1.2 MW, the foil lasts for
many weeks, sometimes months. However, given the
S upgrade to 2.8 MW, it is important to know the current
= temperature of stripper foil in order to estimate its lifetime
-% for the new beam power and beam size. In this paper, we
-2 discuss several methods to measure the temperature of
= stripper foil exposed to current operating conditions of the
‘£ SNS accelerator. Given the high radiation in the vicinity
g of the foil, the uncertainty in the foil's emissivity, and
£ available resources, we chose a two-wavelength pyrome-
Z ter that is located 40 m from the foil. The pyrometer is
E composed of two mirrors, a refracting telescope, and two
S photodiodes. We present the calibration data and the tem-
.= porally resolved measurements made with this pyrometer.

tle of the work, publisher, and D

he a

INTRODUCTION

The Spallation Neutron Source (SNS) uses a nano-
crystalline diamond foil, see Fig. 1, to implement a
5 charge-exchange scheme to efficiently accumulate bunch-
2 es from the linac into the ring to deliver a short and in-
< tense pulse to the target [1]. The lifetime of the foil is
% limited by temperature induced sublimation and by radia-
S tion damage [2]. Currently, the foils have lifetimes of
Q several months, over 2500 MWHTr of beam at 1.2 MW,
§ before they need to be exchanged. Foils can be exchanged
& quickly with the foil exchanger, which has up to 12 foils
S installed. More beam power, such as planned for the Sec-
; ond Target Station, can lead to higher temperatures and
M these higher temperatures can reduce the lifetime of the
8 foil, potentially complicating operations.

i~

stribution of th

Figure 1: Unused foil, left, and used, right.

* This manuscript has been authored by UT-Battelle, LLC, under Contract
No. DE-AC05-000R22725 with the U.S. Department of Energy. The
United States Government retains, and the publisher, by accepting the ar-
icle for publication, acknowledges that the United States Government re-
ains a non-exclusive, paid-up, irrevocable, world-wide license to publish
or reproduce the published form of this manuscript, or allow others to do
so, for United States Government purposes. The Department of Energy
will provide public access to these results of federally sponsored research
in accordance with the DOE Public Access Plan (http://energy.gov/down-
loads/doe-public-access-plan).

 TUP2WEO1
@ 104

t
t

Content from this work may be used under the terms of the

[0)

HB2018, Daejeon, Korea JACoW Publishing
doi:10.18429/JACoW-HB2018-TUP2WEO1

INJECTION FOIL TEMPERATURE MEASUREMENTS AT THE
SNS ACCELERATOR*

W. Blokland, N. Evans, C. Luck, A. Rakhman, Oak Ridge National Laboratory, Oak Ridge, USA.

In the early days of SNS operations, when the foil life-
time was not yet known, attempts were made to measure
temperatures in the tunnel with cameras. An unshielded
infrared camera died immediately, even at the much lower
beam powers at the time. A second attempt with a shield-
ed visible light camera with two bandpass filters, a two-
color pyrometer, was also not successful due to the radia-
tion. However, we found by experience, that the foil life-
times were high enough that we did not have to worry,
and interest in measuring the foil temperature waned.
However, with the eye on the future power upgrades, up
to 2.8 MW, the interest in measuring the foil temperature
and understanding the foil lifetime has been renewed.

OPTICAL PATH

Only two mirrors were needed to get light from the foil
from the high radiation area to the Ring Service Building
by using an existing and unoccupied cable chase. The
disadvantage is the long path length, about 40 meters.
This optical path was in use to look at the foil with a
regular visible light digital camera mounted on a tele-
scope, see Fig. 2. Figure 2 also shows, on the right, a
picture made with a regular camera of the foil with the
beam spot clearly visible.

-

Beam spot

Figure 2: Optical light path to foil.
TWO-WAVE PYROMETER

A two-wave or two-color pyrometer removes the de-
pendency of the temperature measurement on the emissiv-
ity by taking the ratio of the received light intensity from
two different wavelengths. The pyrometer equation can be
derived by dividing Planck’s equation (1) for each wave-
length’s intensity and using Wien’s approximation and
assuming that the emissivity is the same for both wave-
lengths (2):

2hc?  e(A
1Q,eT) = S~ )
eAkT -1
. E(L_L)
' _M_s_l(z_l)‘ T\l
Ratioq ), = Sl Ut T) 55\t )

The transmission coefficients, s;, need to be deter-
mined through calibration for each wavelength. Ratio

Beam Instruments and Interactions
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curves for different wavelength combinations are
shown in Fig. 3. A combination of filters that gives a
steeper curve, but still with enough radiance for the
expected temperature, is often preferred to maximize
the resolution.

Pyrometer Ratio Curves
85071600 [\, 100071310 [N/

200072500 [N/

2.0

—
1.5+
~

1.0

Ratio

0.50

0.0- ; 0 : ] ] ] J ]
500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000
Temperature (K)

Figure 3: Different ratio curves for different filter combi-

nations.
OPTICAL HEAD

IMIRROR  F2

TELESCOPE : !

Figure 4: Pyrometer setup.

The implementation of our pyrometer is shown in Fig.
4. We manufactured an optical head with a dichroic mir-
ror to reflect the shorter wavelengths to one photodiode
and pass the longer wavelengths to a second photodiode.
In front of each photodiode is an appropriate bandpass
filter. The signals from the Hamamatsu G10899 InGaAs
PIN photodiodes are amplified by the Femto DLPCA-200
current amplifiers and digitized by National Instruments
PXI digitizers.

CALIBRATION

Optical Transmission and Reflections

To determine the transmission coefficients, s;, we
measured the spectral response of different optical ele-
ments, such as the vacuum window, glass window, tele-
scope, dichroic mirrors, and bandpass filters. The photo-
diode has a detection range of approximately 0.4 to 1.7
pm. To measure over that range, we had to use two avail-
able optical spectrum analyzers, the Thorlabs CCS200,
with a spectral range of 0.2 to 1.0 um, and the Anritsu
MS9740A, with a spectral range of 0.6-1.7 pm.

We found that several bandpass filters leak light outside
their pass band. While a properly selected dichroic mirror
can help reduce the leakage, one is better off with a band-
pass filter that only lets through light in the pass band for
the entire band of the photo detector. Figure 5 shows
several of the measured bandpass filters. It shows that the
1050 nm filter leaks a lot of light above 1300 nm. If used

Beam Instruments and Interactions
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with the right dichroic mirror, this bandpass filter could
still be used. The long pass mirrors can also leak light
outside their specifications, so combinations should be
carefully selected. We selected bandpass filters with min-
imal leakage.

‘— [T——

~—— BP-1550_BW25
“*** BP-1550_BW10
— BP-1300-BW10

~ BP-1050_BW10A

Transmission

ol ame e o —— e
400 600 800 1000 1200 1400 1600

Wavelength (nm)

Figure 5: Bandpass measurements.

While it was relatively easy to measure the transmis-
sion of the mirrors, windows, and bandpass filters with
the optical spectrum analyzers, it was very difficult to
measure the telescope transmission given the fiber-
coupling requirement. Also, because of the large differ-
ence in transmission for the visible light and the near
infrared light, we are not sure how accurate the offset on
this measured curve is, thus enabling a potentially large
error in a S; for the near infrared range.

Telescope transmission
Transmission A W Transmission B W

800 1000 1200 1400 1700

Wavelength (nm)
Figure 6: Telescope transmission measurement.

600

For example, see Fig. 6, looking at just moving the
curve, transmission A, down by 0.05 to get transmission
B, changes the 800 nm transmission from 0.67 to 0.62,
but the 1600 nm transmission changes from about 0.15 to
0.1 leading to an almost 50% change. This can lead to a
temperature error of about 125 K, if the temperature is
1500 K. We hope to redo this measurement once the new
free space optical spectrometer has been delivered.

Blackbody Source

Beginning of April of this year, we had the availability
of a blackbody source, the LumaSense M305. We used
this source to calibrate two optical heads, one with 850
and 1600 nm bandpass filters and a 1000 nm longpass
dichroic mirror, and one with a 1000 and 1310 nm band-
pass as well as an 1180 nm longpass dichroic mirror.

The setup is shown in Fig 7. We used the same mirrors
as installed in the tunnel to fold the optical path in the lab
for an approximate 20 meters path length. We measured
the response up to 1273 K, the maximum of the black-
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% body source. The measured ratios for the 1000/1310 head
E are shown in Table 1. We calibrated by applying a single
2 multiplier, 0.89, to the ratios to match the blackbody tem-
%perature with the calculated temperature. We can now use
s this same multiplier in the field with the foil to derive the
§ foil peak temperature, instead of using the optical trans-
2 mission measurements. We also calibrated the 850/1600
% optical head with the blackbody source and also got well
2 within 1% and with steps close to 100 K. However, there
= was a significant difference, 1.8 times, with the optical
@transmission calculated multiplier. Given the uncertainty
£ in the telescope calibration, we will use the blackbody
source derived multiplier for the foil temperature meas-

urements.

Table 1: Optical Head 1000/1310 Calibration

BB Measured New  Calculated Error %
T Ratio Ratio T
(K) (x0.89) (K)
1073.2 0.181 0.162 1073.1 -0.02
1173.2 0.238 0.213 1175.1 0.21
1273.2 0.298 0.267 1273.1 0.09
BEAM SPOT

The telescope is mounted on a motorized mount and
our initial plan was to put a pinhole in front of the photo-
diodes and scan the telescope across the foil to build up
an image. However, the pinhole had to be as big as the
projected beam spot to get enough signal-to-noise. To be
able to estimate the peak temperature from the whole
beam spot, we assumed that the gaussian beam from the
linac produces the same gaussian temperature distribu-
tion. We also assumed that the emissivity is constant over
the beam spot and that we projected the complete beam
spot on each photodiode. The new radiation curve then
becomes a summation of many blackbody radiators, see

Q).
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BBS(T) = Z BB(T(x,y)) 3
—l<x<l
—k<y<k

The change in the radiation spectrum is shown in Fig 8.
The curve named BB is the standard blackbody radiation
curve and the BBS (BlackBody Sum) curve is the sum of
a gaussian temperature distribution. The BBA (Black-
Body Accelerator physics) curve represents the calculated
beam spot [3], shown on the right side of the figure. The
BBA includes the hits from protons circulating in the ring.
The difference between the BBS and BBA curves is very
small and leads to small differences in the calculated
temperatures of about 5 to 10 K.

We verified that the projected beam spot is much
smaller than the photodiode sensitive areca by using a
camera image to calculate the projected spot size from the
pixel size and pixels occupied by the image. The visible
light part of the projected spot is around 200 um, much
smaller than the 3 mm photodiode area. The telescope aim
is adjusted until both photodiodes reach their maximum
signal for the conditions.

Radiation Spectrumat 1500 (K)

88 [/ 8BA [/\/ BBS 1.6mm [/\/ BBS 4mm [/\/
b |
io.s V3 e
g 0.6 "
5,; 04 x ,,ﬁ
50_2 Calculated beam spot
%50 0 1000 100 2000 250 3000 3500
Wavelength (nm)
Figure 8: Radiation Spectra.
MEASUREMENTS
Signals

A typical signal measured from the photodiodes is
shown in Fig 9. Every 16.6 ms, an approximately 1 ms
long pulse hits the foil. We see a steep rise in the signals
followed by a much longer decay. The signals are filtered
with a median and/or a Savitzky-Golay filter to reduce the
noise.

Measurements

Filtered1 Filtered2  |/\, Filter 1raw |  Filter2raw
80.0m =200.0m

70.0m-|

-180.0m
60.0m-| -160.0m
50.0m-| -140.0m
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30.0m-| -100.0m
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Figure 9: Raw and filtered photodiode signals.
The filtering still leaves too much noise to take the ratio
of the signals. To further reduce the noise, we apply a

rather stiff spline fit to smoothly follow the steep rise and
the decay. To allow for the spline to quickly change direc-
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tion from the cooling curve to the heating slope and vice
versa, the spline is relaxed around those turning points,
see Fig 10.

Measurements

Fit1 [V iz [/\V Filtered1  [/\, Filtered2  [/\/

\/\ Relaxed areas

IF]

() sqan z 193

-5.0m-| : U, : ' ' : : -0.0
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Figure 10: The filtered and fitted photodiode signals.

Studies

To test the prototype pyrometer, we set the linac up to
deliver exactly 20 beam pulses, each 1ms long. This al-
lows us to see the baseline, the heating up of the foil, and
the full cool down curve after the last pulse, see Fig 11.
The first pulse is barely or not visible as the temperature
still has to build up with the following pulses.

Corrected fitted Voltages (Vsss)

0.06
0.05
S o004
@
T 003
3
=
5 002
E 0.01
0.00-
-0.01-
0.0 100.0m 200.0m 300.0m 400.0m 500.0m 600.0m
Time (s)

Figure 11: The signals for 20 pulses.

Data from 1.3 MW equivalent pulses are shown in Fig.
12 for the 850/1600 optical head and in Fig. 13 for the
1000/1310 optical head. Both measurements show a tem-
perature between 1450 and 1500 K. The same foil was
running at about 1600 K earlier in the run.

Corrected fitted Voltages (Vess) and calculated Temperature
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Figure 12: Calculated temperature curves using the
850/1600 optical head.
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Figure 13: Calculated temperature curves using the
1000/1310 optical head.

Control Room Screen

The data from the pyrometer is available over EPICS in
the control room so we can observe the temperature over
time and archive the data. The Control Room screen is
shown in Fig. 14. At this point the foil is being condi-
tioned and its peak temperature is 1700 K.

Injection Foil Pyrometer

Temperature curve
PSS for individual macro
pulses

Average
peak
Temperature

Peak temperature
for the last 150
pulses

= Filtered signals

Figure 14: EDM screen during conditioning.

Foil Conditioning

We condition a foil before using it in a production run
to extend its life. Foil conditioning consists of running
beam at lower power and over approximately half a day,
slowly increasing the beam power up to full production
levels. From experience we know that if a foil is not con-
ditioned, it does not last long. The Raman spectra of the
conditioned foils show strong peaks from graphitic carbon
which has a higher emissivity of around 0.8 instead of
about 0.4 for diamond, see [4].

The overall conditioning process is shown in Fig 15.
The temperature of the new foil, the red trace, starts out at
above 2000 K. We see the vacuum pressure, the green
trace, go up as the foil is conditioning. But the tempera-
ture goes down quickly, as well as the vacuum pressure.
The beam power, the blue trace, is then increased, and we
see that the temperature increases again and the vacuum
pressure going up. However, soon after each beam power
increase, the temperature eventually decreases, and the
vacuum pressure goes down. The foil temperature stabi-
lizes to around 1700 K during the conditioning process.
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£ Over time, the foil will go down even further to 1600 K or
g less.
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E Figure 15: Foil conditioning.

£ Foil Sublimation

‘% The foil sublimation due to high temperatures is a main
‘2 factor of the foil lifetime. We defined the lifetime of the
‘i foil to end once 30% of the foil has sublimated. Radiation
‘5 damage is another factor but not considered in this paper.
£ An equation for foil sublimation can be found in [2]:

g (_83500)

7 o, r_ _ 108"~

2 praiie 4.06-10 7 4)
9

§ The density of the foil, p, is approximately 3.5 g/cm®
» for diamond and about 2.2 g/cm® for graphite. We used
f:: this equation and the density for graphite to calculate the

S foil sublimation as a function of the temperature. At the

-2 lower temperatures of the foil, 1500 K, there is no limita-
2 tion to the foil lifetime due to sublimation as this is inte-
2 grated to be around 5.4-10'"“m per day, see Fig. 16. At a
> temperature of around 2100 K, the foil loss would be
about 8.5-10®*m per day which would give a lifetime

estimated of only a few days with the pulsed SNS beam.

Foil Sublimation
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Figure 16: Sublimation of the foil along the temperature
per pulse.

Radiative Cooling

We have started looking at the cooling curve of the foil,
assuming there is only radiative cooling and assuming the
foil temperature is much higher than the environment
temperature, the expected temperature is:

T
T= "Pk with k =
/3/1+3kTp3k-t 3Nks

with o = 2m°k*/15h3¢2=5.76 10 W/m2K*

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2018). Any d

 TUP2WEO1
@ 108

[0)

HB2018, Daejeon, Korea JACoW Publishing
doi:10.18429/JACoW-HB2018-TUP2WEO1

This means that we need to know the foil’s thickness
and emissivity. We know that the foil has a different
thickness and/or density after conditioning, but we don’t
know this number given that the foil turns graphite-like
and the possible sublimation or outgassing during foil
conditioning process. While we have developed code to
fit the measured cool down curve, again assuming that
our signal is derived from the 2-D sum of gaussians, the
wide range in parameters means that a wide range, > 150
K, in temperature is possible. We hope to look closer at
this technique in the near future. An example of the analy-
sis is shown in Fig 17. The graph on the left shows the
cooldown curve of the last pulse with fit, while on the
right side the pulse train is shown. With best estimates for
emissivity, 0.83 and assuming 1 um thickness of graphite,
a reasonable temperature can be calculated, 1628 K, as
shown in Fig. 17.

Radiative cooldown
Data [ R [N

275 Messurement Wavjf?,l!'s

sm 10m 15m 20m 25m
Time (s)

Figure 17: Estimation of the foil peak temperature based
on the cooldown curve.

DISCUSSION AND FUTURE

We have installed a new prototype foil temperature
measurement system and can now start correlating the foil
temperature with actual foil lifetime, accelerator setup,
and variations in beam parameters. Already, we have been
able to use it to observe the foil conditioning process. The
temperature is estimated around 1500-1600 K at 1.3 MW
beam power. We are still looking at the errors due to the
assumptions, but estimate that the errors due to signal
noise, signal processing, and fitting are less than + 100 K.
Further improvements in the code can be made to reduce
these errors.

Further increases in signal-to-noise can be made by a
combination of widening the bandpass filters, using more
sensitive, possibly cooled detectors, and optics in the
tunnel to increase light collection. Much better light col-
lection will also allow the use of cameras with bandpass
filters in front to create a 2-D temperature picture of the
beam spot, eliminating the need for assuming a gaussian
distribution.

Developments in the foil testing in the lab will help
with further establishing the foil’s emissivity and the foil
sublimation process. The foil lab’s measurements, cou-
pled with the field temperature measurements, will pro-
vide estimates for foil lifetimes at higher temperatures,
and should help us improve the analysis of the cooldown
curve, increasing our confidence in the measured temper-
ature.

We also plan to compare the infrared camera measure-
ments with the pyrometer measurements in the foil lab.

Beam Instruments and Interactions
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Abstract

A large flux of spallation neutrons will be produced at the
uropean Spallation Source (ESS) by impinging high power
roton beam on the tungsten target. Until the S MW proton
eam is stopped by the spallation target, it travels through a
umber of beam intercepting devices (BIDs), which include
the proton beam window, a multi-wire beam profile monitor,
an aperture monitor, the beam entrance window, spallation
© material and the target shroud. The beam-induced thermo-
'S mechanical loads and the damage dose rate in the BIDs
'3 are largely determined by the beam energy and the beam
- current density. At ESS, the proton beam energy will be
£ commissioned step-wisely, from 571 MeV towards 2 GeV.
% The beam current density on the BIDs in the target station
2 is uniformly painted by raster beam optics. The ESS Linac
'é and its beam optics will create rectangular beam profiles on
6 the target with varying beam intensities. In this paper, we
& study the impact of different plausible beam intensities and
E beam energies on the thermo-mechanical loads and radiation
£ damage rates in the BIDs at the ESS target station.

o5

s oo

ttribution to the author(s)

n

INTRODUCTION

Upon full commissioning of the European Spallation
Source (ESS) in the next decade, the spallation target will
receive S MW beam from the linac [1,2]. For a reliable op-
8 eration of the facility, it is crucial to keep structural integrity
= of the beam intercepting devices (BIDs) under the dynamic
;j load induced by the beam pulses with 4% duty cycle and
/M occasional beam trips. From a maintenance viewpoint, it is
8 important to achieve a longest possible lifetime of these de-
£ vices under radiation damage. The BIDs under heavy proton
6 beam load are the spallation target, the proton beam window
£ (PBW), and the multi-wire profile monitor MWPM).

The dynamic beam load on the BIDs can be reduced by
reating a uniform beam spot with a reduced beam current
ensity. This slows down the radiation damage rate and
lowers the cyclic thermo-mechanical load, prolonging the
2 lifetimes of the BIDs. In order to create a uniform beam
footprint on the BIDs, the ESS applies a raster system that

weeps the beam in a transverse pattern. The dimension of
the raster area and the size of the beam determine the radia-
o tion damage and beam induced thermo-mechanical loads on
.= the BIDs. A focused raster area and beam intensity cause
= a higher damage and heat deposition intensity in the BIDs.
© On the contrary, widely spanned raster beam causes a high

nce (© 2018). Any di

Q.0
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W

from th

* yongjoong.lee @esss.se

TUP2WE(2

@ 110

Content

[0)

HB2018, Daejeon, Korea JACoW Publishing
doi:10.18429/JACoW-HB2018-TUP2WEO2

THE BEAM CONDITIONS ON THE TARGET AND ITS
OPERATIONAL IMPACTS ON BEAM INTERCEPTING DEVICES
AT EUROPEAN SPALLATION SOURCE

Y. Lee*, R. Miyamoto, T. Shea, European Spallation Source ERIC, SE-225 92 Lund, Sweden
H. D. Thomsen, ISA - Centre for Storage Ring Facilities, DK-8000 Aarhus, Denmark

level of beam loss from the PBW to the target, as the PBW
induces a beam divergence via multiple scattering.

Besides the beam intensity, the radiation damage rate and
heat deposition also depend on the beam energy. The ESS
beam energy will be ramped up step-wisely from 571 MeV
towards 2 GeV upon commissioning, with installation of
additional cryomodules during long shut down periods. It is
important to know the correlation between the beam condi-
tions and the material behaviour of the BIDs, in assessing
the system reliability and the service lifetime.

In this paper, we study the impact of different plausi-
ble beam intensities and beam energies on the thermo-
mechanical loads and radiation damage rates in the BIDs at
ESS.

BEAM INTERCEPTING DEVICES AT
TARGET STATION

Once the proton beam enters the target station, it passes
through PBW, MWPM, and beam entrance window (BEW)
in a sequence until the beam is finally stopped by the tungsten
spallation volume. Each of these beam intercepting devices
are introduced in the following.

Proton Beam Window

The PBW is located at 3.5 meter upstream beam direc-
tion of the target. It interfaces to accelerator vacuum and
serves as the gate for the incoming proton beam to target.
The PBW consists of two convex plates made of Al6061-
T651, which are 1 mm (upstream window) and 1.25 mm
(downstream window) thin respectively. The precipitation
hardened aluminium alloy is chosen, due to its low scattering
cross-sections to incoming proton beam, good radiation re-
sistance and good mechanical strength. The deposited beam
power in the PBW is removed by the water flow running
between the two plates.

Multiwire Beam Profile Monitor

The Multiwire Beam Profile Monitor (MWPM) is located
1.7 meter upstream of the target. It consists of five layers
of horizontal, vertical, and diagonal wires. Each wire for
the beam interception is made of SiC and has a diameter of
100 pum. It measures the position, profile, and peak density
of the high intensity proton beam traveling to the spallation
target.

Beam Entrance Window

The tungsten spallation volume is contained in the gas-
tight target vessel. The BEW is a part of the target vessel

Accelerator Systems
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which faces the impinging proton beam. It is made of solu-
tion annealed 316L type stainless steel material, due to its
proven lifetime under high power proton irradiation environ-
ments. The BEW is cooled by gaseous helium jet flow.

Tungsten Bricks

The spallation volume of the target consists of 6696 tung-
sten bricks. Each brick is 10 mm in width, 30 mm in depth
and 80 mm in height. The spacing between two adjacent
bricks is 2 mm. Figure 1 shows the layout of tungsten bricks
placed on the cassette. Maximum 16 tungsten bricks span

r.‘rj ‘

rinen) |
|

]

rTTY

T Ty

V- -r_r |

Figure 1: Layout of tungsten bricks in the cassette.

190 mm horizontally in each target segment. Each brick is
held by top and bottom cassette plates, which shadow 10 mm
of 80 mm height of the tungsten bricks. Therefore, the view
area of the tungsten spallation volume seen by the proton
beam is defined by —95 mm < x < +95 mm and —35 mm
<y < +35 mm.

BEAM RASTER PARAMETER
Target Area Definition

Ideally, should all the incoming protons land on the tung-
sten spallation volume, while not hitting the structural parts
made of stainless steel. The beam footprint on the target
may deviate from the centre point of the segment by max-
imum +14.7 mm horizontally and by maximum +3.0 mm
vertically [3]. The front face of the tungsten is 1250 mm in
distance from the rotation axis of the target wheel. The target
wheel rotates with a frequency of 14/36 Hz, and the front
face of the tungsten drifts by 9 mm during the pulse length
of 2.86 ms. The requirement on the positioning accuracy of
beam footprint on target is set to be less than +5 mm. The
horizontal runout of the target wheel is maximum +2.4 mm.
The tolerance on the horizontal displacement of the wheel po-
sition is limited by +2.0 mm. The phase error from the target
rotation speed contributes to maximum +2.0 mm horizontal
deviation of the beam footprint from its centre position. The
vertical deviation is mainly contributed by the positioning
accuracy of beam footprint on target, which is set to be less
than +3 mm.
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Taking the maximum beam deviations from the centre
point of each segment into account, the effective view area
of tungsten by the proton beam is reduced from the ideal
view area of 190 x 70 mm? to 160 x 64 mm?.

Nominal Raster Parameter

The raster magnet system generates a Lissajous-like pat-
tern using triangular wave forms to create a two dimensional
mesh of interweaved sweep trajectories. During the beam
pulse starting at the time ¢ = #y, the trajectory of the beam
centroid in the plane perpendicular to the beam direction at
the BEW is described by

1

xi(f)zAi |:4‘ mod (nif—qﬁi, 1)—5'—1], (1)

T
fori = x, yand 7 = r — tp. Here, 7 represents the beam
pulse length, and A, and A, respectively represent the raster
amplitudes in the horizontal and vertical directions. The pa-
rameters 7, and n, represent the number of sweeps during
the beam pulse respectively in the horizontal and vertical di-
rections. These are correlated to the raster frequency fy and
fy vian; = f; - 7. The ¢;s are free parameters representing
phase shifts. Table 1 summarises the nominal beam raster
parameters at the BEW.

Table 1: Nominal Beam Raster Parameters on the BEW

Parameter Symbol Value Unit
Pulse length T 2.86 [ms]
Maximum Ay 60.0 [mm)]
displacements Ay 20.0 [mm]
Sweep fx 39.55 [kHz]
frequency 5 29.05 [kHz]

BEAM FRACTION ON TARGET FOR
DIFFERENT BEAM ENERGIES

Proton Scattering at PBW

The protons are lost on its way to the target. The main
cause of loss is the multiple scattering at the PBW. The ex-
tent of proton scattering depends on the beam energy. Three
beam energies are considered, the 571 MeV, 1300 MeV and
2 GeV. When the linac unit up to the medium beta cryomod-
ules is fully functional, a 571 MeV beam will be delivered to
the target. The 1.3 GeV beam will be delivered when about
a half of the high beta cryomodules are commissioned. With
a full commissioning of the linac, a 2 GeV beam will be
delivered to the target.

In order to calculate the additional beam divergence due
to the presence of the PBW, Monte-Carlo simulations are
made using FLUKA [4, 5]. The beam source distribution at
6 meters upstream of the target is calculated by TraceWin [6],
which is then read by FLUKA for particle transport simula-
tions. Figure 2 shows the angular distribution of the proton

TUP2WEO(2
111

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2018). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI.



615 ICFA ABDW on High-Intensity and High-Brightness Hadron Beams

5 ISBN: 978-3-95450-202-8

Beam divergence at PBW
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Figure 2: The polar angle distribution of proton momentum
upstream and downstream of the PBW.

momentum upstream and downstream of the PBW. For refer-
ence, a polar angle divergence of 1.0 mrad implies a 3.5 mm
transverse offset on the target. The simulation shows that
about 1 % of the protons are lost at the PBW, depositing
about 2 MeV per proton in there.

By tracing the free particle trajectories which are scattered
.2 by the PBW, the fraction of beam that land on the target area
=160 x 64 mm? on the tungsten bricks are calculated, for
= different beam energies. The energy dependence of beam
€ loss on the target is summarised in Table 2. In order to show
-:E the beam loss due to scattering at the PBW, MWPM and
£ BEW, a reference case is also shown, which assumes no
& beam interception in the upstream beamline of the target.

work must maintain attribution to the author(s), title of the work, publisher, and D

Table 2: The Fraction of Beam that Land on the Target Area

Beam Fraction Reference Statistical

energy on target  fraction Error
0.571 GeV 0.885 0.961 +0.01%
1.300 GeV 0.928 0.961 +0.01%
2.000 GeV 0.965 0.988 +0.01%

Compared to the reference fraction, which is determined
by linac optics and raster parameters, the presence of BIDs
causes additional beam losses of 2% for a 2 GeV beam, 3%
& for a 1.3 GeV beam and 7% for a 571 MeV beam. The de-
£ viations from the reference beam loss could be reduced if
_ﬂg the collimation effect of the proton channel surrounded by
£ the monolith shielding structure is taken into account. Fur-
3 ther analysis will be made to fine-tune the raster parameters
_02 further, for different proton beam energies.

rms of the CC BY 3.0 licence (© 2018). A
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£ Beam Loss and Thermal Stress in Target Vessel

If the beam on target suffers from maximum allowed offset,
the maximum heat deposition at the target boundary per
pulse is calculated to be less than 10 MJ-m ™ in stainless steel.
If the edge of the raster boundary misses tungsten bricks
and hits the target vessel structure instead, the maximum
temperature increase in the steel structure is calculated to be
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less than 3 °C per pulse. This temperature increase per pulse
makes the 316L stainless steel to expand by 4.8 um-m~!,
resulting in less than 10 MPa additional thermal stress, which
is about 5% of the yield stress. From this, we conclude that
protons landing off the target area do not risk the structural

integrity of the target wheel.

EFFECTS OF BEAM SIZE
Raster Failure and Heat in PBW and BEW

In case beam raster fails completely, a single beam de-
posits a concentrated heat load in the PBW and BEW. Dur-
ing a single full power pulse, the maximum temperature
increases by ATp,x in the PBW and BEW are expressed by

T Iotal dE

ATax = — —
ma pCp 2nooy dz

. 2)

max

Here, 7 is the pulse length, p is the mass density, C, is the
specific heat, iy is the beam current, the dE /dz| .y is the
maximum energy deposition per single incident proton per
unit length, and o, and o, are the beam RMS sizes.

A requirement on the beam size is that the structural func-
tionality of the PBW and BEW shall not change with a
failure of beam raster for single pulse. The aluminium al-
loy Al6061-T651 of which the PBW is made overages if
the temperature on it temporarily reaches above 250 °C [7].
Therefore, the temperature in the PBW shall not increase
above Tiax:ppw =250 °C during single pulse. On the other
hand, a prolonged exposure to temperatures in the range of
550 °C to °850 C in austenitic steel may cause chromium-
rich carbides to precipitate at the grain boundaries. This
limits the maximum temperature in the BEW to be below
Tmax:BEw =550 °C.

The maximum operational temperatures in the PBW and
BEW are 60 °C and 160 °C respectively. The threshold beam
sizes to raise the maximum temperatures above i ax-pew and
Thax:BEW are calculated to be o - 0y = 33.5 mm? on BEW
and o - 0y = 32.6 mm? on PBW. The nominal beam cross
sections are oy - 0y, = 68.2 mm?2 on BEW and o, - oy =
42.5 mm? on PBW, satisfying the requirements with a safety
margin of 30%.

Dynamic Stress Wave in Tungsten Bricks

The raster sweep during beam pulse induces dynamic
stress wave in the tungsten bricks inside the target. For the
nominal beam size and raster parameters, each sweep of
beam raster on a tungsten brick induces an effective pulsed
beam load with a few microseconds’ pulse length.

Coupled thermal and transient structural simulations are
made for a tungsten brick for 30 beam raster sweeps, using
ANSYS Workbench [8]. Two different beam sizes are con-
sidered, the nominal one with o, X o, = 13.5 X 5.05 mm?,
and the one with oy X oy = 10.8 x 4.04 mm? having 40%
higher beam intensity. Figure 3 shows the dynamic transient
and quasi-static von Mises stress responses of a tungsten
brick located at the centre of a target wheel segment.

Accelerator Systems
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Figure 3: The dynamic transient and quasi-static von Mises
stress responses of a tungsten brick located at the centre of
a target wheel segment.

With a smaller beam size, the stress amplitude gets higher.
This should be due to higher beam intensity combined with
shorter beam exposure time per raster sweep. The ampli-
tudes of dynamic transient stresses amplify with time, with-
out showing a sign of saturation. The peak transient stress
during the simulated time interval is almost 4 times higher
than that of quasi-static stress. The reason for this could
be attributed to proximity of the multiples of horizontal
raster frequency fiaseer =39.55 kHz to the resonance fre-
quency of the tungsten brick. The calculated resonance
modes are at the frequencies of 41.2 kHz (1.04 fiagter) and
78.4 kHz (1.98 fraster)- The coherence between the resonance
frequency and the beam raster sweep rate will be further
analysed. The raster parameters will be fine tuned to avoid
the raster sweep rate lies within a band-width of a resonance
mode of tungsten bricks.

HEAT LOADS AND BEAM ENERGIES

The heat deposition in the BIDs differ for different beam
energies. Table 3 summarises the calculated maximum beam
energy per single proton deposited in the beam intercepting
materials. For the same beam current, the beam energy de-

Table 3: Calculated Beam Stopping Power per Single Proton
in the Beam Intercepting Materials

Beam Energy PBW BEW Tungsten (Max.)

[GeV] [MeV-proton!]

0.571 141 3.98 8.12
1.300 124  4.38 10.8
2.000 122 501 14.5

posited in the BEW and tungsten bricks increase with beam
energy. This is due to larger contribution of back scattered
neutrons from the dense spallation volume at higher beam
energies. However, the heat deposited in the PBW is the
highest at 571 MeV, which is about 16% higher than that of
the 2 GeV beam. At the early stage of the linac commission-
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ing with a lower energy beam, an attention should be paid
to this higher heat load and associated higher thermal stress
in the PBW.

RADIATION DAMAGE

Proton Beam Window

The proton dose limited lifetime of the PBW is determined
by the helium production in the aluminium alloy [9]. The
helium production rate depends on proton energy and beam
current density. At ESS, the total helium production in
the aluminium alloy is limited by 2400 He-appm. FLUKA
simulations are performed to calculate the helium production
rate in the PBW. In steady operation, full current beam will
be delivered to the target for 5400 hours per year. With
the maximum time averaged beam current of 2.5 mA, the
calculated accumulated helium production in the PBW per
year are respectively 2240 appm at 571 MeV, 3160 appm at
1.3 GeV and 3620 appm at 2.0 GeV. Applying the maximum
2400 He-appm criterion in the PBW, the lifetimes of the PBW
are respectively 5780 hours (8.25 GWh of accumulated beam
energy) at 571 MeV, 4110 hours (13.3 GWh of accumulated
beam energy) at 1.3 GeV, and 3580 hours (17.9 GWh of
accumulated beam energy) at 2.0 GeV.

Beam Entrance Window

The maximum displacement damage on the BEW made of
stainless steel 316L is 0.4 dpa at 2 GeV, 0.35 dpa at 1.3 GeV
and 0.25 dpa at 571 MeV for the 5400 hours of annual oper-
ation at full current. During the 5 year lifetime of the target
wheel, the BEW will receive less than 2.5 dpa of the damage
dose, which is more than three times less than the maximum
displacement damage dose recorded in the SNS target win-
dow [10]. Indeed, the maximum displacement dose in the
ESS target wheel is located at the horizontal vessel plates
mainly due to a high intensity fast neutron flux [11]. The
lifetime of the target wheel is limited by the maximum dis-
placement dose of 7.5 dpa in the target wheel during 5 years
of full power operation. With a lower beam energy than
2.0 GeV, the target lifetimes are extrapolated to be 6 years at
1.3 GeV and 8 years at 571 MeV.

Spallation Material

As the spallation material does not carry any structural
function, there is no dose limited lifetime defined for the
tungsten. The calculated maximum displacement damage in
the tungsten bricks are 1.0 dpa/year at 571 MeV, 3.0 dpa/year
at 1.3 GeV and 2.6 dpa/year at 2.0 GeV. Tungsten is known
to show completely brittle behaviour at the operational tem-
perature of 500 °C already at above 0.1 dpa [12]. With the
proton and neutron induced radiation damage, the thermal
conductivity will also degrade with time [13]. The radiation
damage in tungsten also makes the material stiffer. Pure
tungsten irradiated by heavy ion up to the maximum damage
level of 0.05 dpa showed an increased material stiffness by
12% [14].
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The effect of radiation induced changes of thermal con-
uctivity and stiffness on the operational temperature and
elated static stress level in the tungsten brick has been stud-

ied with FLUKA and ANSYS simulations. The temperature
~ dependent thermal conductivity of irradiated tungsten is
$ taken from Ref. [13] for 3.8 dpa, and 20% higher Young’s
£ modulus has been assumed for the irradiated tungsten based
2 on Ref. [14]. The results of analyses, based on a quarter of
= single wheel segment model shown in Fig. 4, are summarised
,:.:: in Table 4. Specifically, a transient simulation for 10 beam
% pulses are made, where the initial condition is provided by a
calculated steady state configuration.

o

publisher.
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T
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Figure 4: The geometry model used for the flow simulations,
5 which represent a quarter of single target wheel segment.

Table 4: Radiation Damage Effect on Operation Temperature
and Maximum von Mises Stress in a Tungsten Brick

Parameter Time Unirr. Irrad.
maximum  Pre-pulse 321°C  337°C

temperature  Post-pulse 395°C  411°C
maximum  Pre-pulse 27 MPa 50 MPa
stress Post-pulse 83 MPa 117 MPa

Also the effect of different raster sweep areas is analysed.
For an un-irradiated tungsten brick, the reduced maximum
raster amplitudes Ay =54.3 mm and A, =18.7 mm result in
igher temperatures and thermal stresses. The calculated
re and post-pulse temperatures are 341 °C and 427 °C
= respectively, showing a marginal increase of temperature
5 compared to the nominal beam case. The corresponding von
& Mises stresses are 31 MPa and 117 MPa respectively, which
Z are considerably larger than the nominal beam case. This
= shows that the beam raster area need to be monitored with
S an order of milli-meter scale precision to avoid a higher than
.= design stress in tungsten bricks.
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At 5 MW proton beam power with nominal raster parame-
ters, the displacement damage in the MWPM made of SiC is
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5 dpa per year. A highest damage level in SiC wires for beam
profile monitoring is known to be deposited at Target Station
2 of ISIS, which is estimated to be 3 dpa and it continues
operating without failure. Based on this, the proton damage
lifetime of the MWPM is estimated to be 1 year at 5 MW
operation of proton beam at ESS.

NEUTRON YIELDS FOR DIFFERENT
BEAM ENERGIES

In order to assess the neutron yield from the target, a toy
FLUKA model consisting of a tungsten slab with dimension
180x80x400 mm? subject to a pencil beam is studied. Fig-
ure 5 shows the energy dependent spallation neutron flux
from the top and bottom surfaces of the tungsten slab per
MW beam power.

%10

Neutron Flux via Top and Bottom Surfaces of W-Slab

Flux [neutrons/cmzls/MVW

0.8 i} 1.2 1.4 1.6 1.8 2
Beam Energy [GeV]

Figure 5: The energy dependent spallation neutron flux from
the top and bottom surfaces of the tungsten slab per MW
beam power.

The flux of spallation neutron per unit power increases
with the beam energy, until it saturates at above 1.3 GeV. This
loss of spallation neutron flux at lower beam energies can be
compensated to a certain extent by optimising moderators
and reflectors [15].

CONCLUSIONS

The correlation between the beam parameters on the tar-
get and its implications on the operational conditions of
the beam intercepting devices are studied. The thermo-
mechanical loads on the BIDs could differ considerably with
a minor change of beam parameters, which shows the im-
portance of beam diagnostics with precision. The beam
parameters will be further fine-tuned from its baseline val-
ues, to gain higher reliability of the BIDs than is predicted
under nominal beam parameters.
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Abstract

The radiation damage calculation model in the Particle
3 and Heavy Ion Transport code System (PHITS) has been de-
+ veloped to calculate the displacement per atom (DPA) value
£ due to the target Primary Knock-on Atom (PKA) created
%6 by the projectile and the secondary particles which include
2 all particles created from the sequential nuclear reactions.
'é For the DPA value in the high-energy (E>100 MeV) proton
6 incident reactions, a target PKA created by the secondary
§ particles was more dominant than a target PKA created by
2 the projectile. To validate prediction of displacement cross
% sections in copper and aluminum irradiated by >100 MeV
2 protons, we developed a proton irradiation device with a
Z Gifford-McMahon (GM) cryocooler to cryogenically cool
& wire samples. By using this device, the defect-induced elec-
§ trical resistivity changes related to the displacement cross
@ section of copper were measured under irradiation with 125,
§ 200 MeV and 3 GeV protons and that of aluminum under
8 200 MeV protons at cryogenic temperature. A comparison
= of the experimental displacement cross sections with the
 calculated results indicates that the athermal recombination-
m corrected displacement cross section (arc-dpa) provides bet-
8 ter quantitative descriptions than the conventional displace-
£ ment cross section (NRT-dpa) used widely for radiation dam-
‘6 age estimation.

maintain attril

INTRODUCTION

As the power of proton and heavy-ion accelerators in-
creases, the prediction of the structural damage to materials
under irradiation is essential. Radiation damage of materials
is usually measured as a function of the average number of

isplaced atoms per all atoms in a material. DPA is related to
the number of Frenkel pairs, where a Frenkel pair is defined
< as a vacancy and a self-interstitial atom in the irradiated
£ material. For example, ten DPA means each atom in the ma-
-= terial has been displaced from its lattice site of the material
E an average of ten times. DPA serves as a quantitative mea-
sure of damage: DPA=0,¢. o is the displacement cross

may be used under the terms

or

S
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section; and ¢ is the irradiation fluence. The level of the radi-
ation damage in DPA units is used, for example, to estimate
radiation damage of those materials experiencing signifi-
cant irradiation by primary and "secondary particles" which
include all particles created from the sequential nuclear reac-
tions at high-energy (E>100 MeV), high intensity facilities
such as the Facility for Rare Isotope Beams (FRIB) [1], the
Japan Proton Accelerator Research Complex (J-PARC) [2],
European Spallation Source (ESS) [3], and others. The DPA
value is a useful measure in correlating results determined
by different particles and fluxes in an irradiation environ-
ment. It is however difficult to measure the DPA value in
high energy reactions and the relationships between DPA
and material property changes are at present unclear.

SRIM [4] is one of the major codes used to estimate radia-
tion damage in the low-energy reaction region. SRIM treats
the transport of the projectile with its Coulomb scattering
and makes an approximation of cascade damage. As SRIM
does not treat nuclear reactions, the calculated damage is
that produced by the primary knock-on atom, PKA, because
damage created by the "secondary particles" produced in
nuclear reactions is not considered. On the other hands, the
nuclear reaction models in advanced Monte Carlo particle
transport code systems such as PHITS [5], MARSI15 [6],
FLUKA [7] and MCNPX [8] have been developed for the
calculation of the transport of particles, nuclear reactions be-
tween particles and materials, energy distribution of PKAs,
and DPA values [9, 10].

For validation of calculated DPA values, one possibil-
ity is to measure displacement cross-sections in relation to
changes in electrical resistivity at cryogenic temperature.
The number of surviving defects is related experimentally to
defect-induced changes in the electrical resistivity of metals
at around 4 K, where the recombination of Frenkel pairs by
thermal motion is well suppressed. The increase in elec-
trical resistivity due to incident high-energy protons can
be used to determine the experimental displacement cross
section. Recently, we developed a proton irradiation de-
vice with a Gifford-McMahon (GM) cryocooler to cryogeni-
cally cool wire samples. By using this device, we measured
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the defect-induced electrical resistivity changes related to
the displacement cross section of copper were measured
under irradiation with 125MeV [11], 200 MeV [12] and
3 GeV [13, 14] protons and that of aluminum under irradia-
tion with 200 MeV [12] protons at cryogenic temperature.

RADIATION DAMAGE MODEL IN PHITS

High-energy ions traveling through a target lose their en-
ergy in three ways: nuclear reactions, electron excitations,
and Coulomb scattering. The lower the projectile energy, the
higher is the energy transfer to the target atom via Coulomb
scattering. The target atom directly hit by the projectile usu-
ally has much lower energy than the projectile itself and,
therefore, has a larger cross-section for Coulomb scattering
with other target atoms. Thus, the target PKA creates local-
ized cascade damage where many target atoms are displaced
from their original lattice site, leav-ing the same number
of interstitials and vacancies. These point defects and their
clusters affect the macroscopic material properties, such as
hardness [15].

The conditions of various irradiations will be described
by using the damage energy to characterize the displacement
cascade. This is defined as the initial energy of target PKA,
corrected for the energy lost to electronic excitations by all
of the particles composing the cascade. There are mainly
two ways to produce the target PKA. One is the Coulomb
scattering due to PKA’s directly created by the projectile,
and the other is that due to PKA’s created by the secondary
particles. For the secondary particle production, the conser-
vation of energy and momentum is sustained in each event
using nuclear reactions for high energy particles.

To estimate the displacement cross sections, the “NRT”
formalism of Norgett, Robinson, and Torrens [16] is em-
ployed as a standard to determine the fraction of the energy
of the target PKA to produce damage, e.g., further nuclear
displacements. The displacement cross sections can be eval-
uated using the following expression:

t"lﬂ_x
ONRT = / dog./dt - Nygrdt (D

ta

where do./dt is a universal one-parameter differential scat-
tering cross section equation using the screening functions
£(t'/?) in reduced notation is expressed as:

dose/dt = mazg[2 - f(e')]1 ()
where arr is the screening distance and ¢ is a dimensionless
collision parameter defined by

t = €T [Tyax = €*sin*(6/2) 3)
where 6 is the center-of-mass (CM) scattering angle. One-
parameter “¢” in a function is convenient to integrate Eq. (1)
in the PHITS calculation. T is the transferred energy to the
target, and T}, is the maximum transferred energy as

Toax = 4M\ M /(M + Ma)* - E,, 4
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where E, is the projectile or secondary energy. € is the
dimensionless energy as
€ = arpE (21 22€%) )
f(¢'/?) in Eq. (2) can be generalized to provide a one param-
eter universal differential scattering cross section equation
for interatomic potentials such as screened and unscreened
Coulomb potentials. The general form is
F@7?) = 2 27m L artmyay e ©6)
where A, m, and ¢ are fitting variables, with 1=1.309, m=1/3
and ¢=2/3 [9] for the Thomas-Fermi version of f(r'/?).
Nngrr in Eq. (1) is the number of defects produced in
irradiated material as shown in the following equation:

Nyrr = (0.8 - T4)/(2 - Eq) @)

The displacement threshold energy E, is typically in the
range between 10 and 90 eV for most metals [9]. The damage
energy, Ty, is the energy transferred to the lattice atoms and
is reduced by the losses from electronic stopping in the atom
displacement cascade and is given:

Ty =T/(1 + keascade * 8(6)) (8)

where T is the transferred energy to target atom given by Eq.
(3) as

©)
where €, is the dimensionless projectile energy given by Eq.

(4) and the projectile energy Ej,. The parameters kcqscades
and g(e) are as follows:

T = Tax - t/efy

Keascade = 0.13372)/%(Z5 A2)'/? (10)

g(e) = € +0.40244 - €¥/* +3.4008 - €'/°  (11)

The dimensionless transferred energy, €, is given by Egs. (5)
and (7).

In Eq. (1), tax, Which is dimensionless, is equal to €
from Eq. (3) when 6 = 7. f4 is the displacement threshold
energy, also dimensionless, given by Eq. (5).

DPA Distributions in Thick Targets

Based on the above formalism, we calculated DPA distri-
butions in thick copper and tungsten targets when irradiated
by 20, 200 and 800 MeV/u (MeV per atomic mass unit) pro-
ton, *He and *Ca ions using the PHITS and SRIM codes [4].

Figure 1 shows the depth dependence of the DPA per
beam fluence for 5 cm radius and 0.1 cm thick copper and
tungsten targets irradiated by 20 MeV/u beams. The DPA
value in a material is related to the energy deposition. The
ion ranges of proton, *He and “8Ca are less than the mean
free path for nuclear collisions with nuclear reactions, and
therefore most of the ions stop without undergoing collisions.
The energy dependence of the DPA value thus exhibits a
so-called Bragg peak. Because the production rate of the
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Figure 1: Depth dependence of DPA values per beam fluence
for a 5 cm radius and 0.1 cm thick copper and 0.06 cm thick
tungsten target irradiated by 20 MeV/u proton, *He and **Ca
beams.
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secondary particles” is small, SRIM results are in good
agreement with PHITS results .

In the cases of the 200 MeV/u proton and *He beams, nu-
clear collisions occur before the stopping range is reached,
and displacement cross section contributions produced by
E PKA created by the “secondary particles” increase the over-
5 all DPA value at target depths smaller than the range, as
- shown by the PHITS results in Fig. 2. SRIM results however
keep the shape of Bragg peak due to the lack of the nuclear
reaction model.
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In the case of the 800 MeV/u proton and *He beams as
shown in Fig. 3, the amount of production of the “secondary
particle” is larger than that for the 200 MeV/u proton and
3He beams, and the DPA values as a function of target depth
2 shows the characteristics of well-developed hadronic cas-
2 cade. Because many secondary protons are produced by
z»nuclear reactions, a Bragg peak of the projectile is not ap-
E peared in Fig. 3. DPA values for the 800 MeV/u *3Ca ion
S beam also exhibits an increase for target depths smaller than
« the ion beam range.

We can conclude that damage calculations using only
PKA’s directly created by the projectile, such as within
SRIM, leads to severe underestimation when the projec-
tile energy is high enough to create nuclear reactions. For
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Figure 3: Depth dependence of DPA values per beam fluence
for a 5 cm radius and 45 cm thick copper and 25 cm thick

tungsten target irradiated by 800 MeV/u proton, *He and
48Ca beams.

proton and 3He beams, the DPA values near surface of the
target increase with the incident energy (E>200 MeV/u) of
ions [9].

BENCHMARKING EXPERIMENTS OF
DISPLACEMENT CROSS SECTIONS

For validation of the displacement cross section calcula-
tions, we have obtained experimental displacement cross
sections of copper in the case of 125, 200 MeV and 3 GeV
proton irradiation using the Fixed-Field Alternating Gradi-
ent (FFAG) [17] accelerator facility at Institute for Integrated
Radiation and Nuclear Science (KURNS) [11], the cyclotron
facility at Research Center for Nuclear Physics (RCNP), Os-
aka University [12] and J-PARC [13, 14]. The experimental
displacement cross section of aluminum was also obtained
at RCNP. In this section, we introduce measurements of
displacement cross sections of copper and aluminum under
200 MeV protons at RCNP.

Figure 4 shows a schematic of the cryogenic irradiation
chamber with the GM cryocooler (RDK-408D2, Sumito-mo
Heavy Industries, Ltd.) with a cooling capacity of 1 W at
4 K and the twin sample assembly connected to the 2nd stage
of the cold head. The GM cryocooler cooled the sample by
means of a conduction coolant via the aluminum plate and
the oxigen-free high thermal conductivity copper (OFHC)
block. The 1-mm-thick aluminum plates of the thermal ra-
diation shield connected to the 40 K stage of the refrigerator
covered the entire sample assembly to intercept any thermal
radiation from the ambient irradiation chamber.

A pre-calibrated electrical resistance thermometer (Cer-
nox thermometer, Lake Shore Cryotronics, Inc.) was at-
tached in the OFHC block and the aluminum nitride (AIN)
plate to confirm the cooling performance of the GM cry-
ocooler. To simultaneously measure the changes in electrical
resistivity of two samples under 200 MeV proton irradiation,
two aluminum plates with the aluminum and copper wire
samples were connected to the OFHC block by using bolts,
as shown in Fig. 4.

Table 1 lists the characteristics of the wire samples. Each
aluminum and copper wire with a 0.25-mm diameter, pur-
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Figure 4: Schematic of cryogenic irradiation chamber and
twin sample assembly with side view and view from beam
upstream.

chased from the Nilaco Corporation, was set on the AIN
plate in a serpentine-shaped line. The AIN plate was used
because of its excellent electrical insulation and high ther-
mal conductivity. Before irradiation, the aluminum wire and
the copper wire were annealed in vacuum for 1 h at 550 °C
(823 K) and 1100 °C (1273 K), respectively. The wire and
the CX1050-SD Cernox resistance thermometer were care-
fully sandwiched between the 1-mm-thick AIN plate and the
1.5-mm-thick AIN plate.

Table 1: Characteristics of Wire Samples in the RCNP Ex-
periment

Material Aluminum Copper
Diameter 0.25 mm 0.25 mm
Length 123 mm 134 mm
Electrical resistivity ~ 2.19x107%  1.47x1078
at room temperature QOm Qm
Electrical resistivity ~ 4.43x107!'"  2.02x107!!
at3 K QOm Qm

The electrical resistance of the wire was measured using
an apparatus combining a current source (model 6221, Keith-
ley Instruments, Inc.) and a nano-voltmeter (model 2182A,
Keithley Instrument, Inc.). This apparatus is based on the
current-reversal method (four-point technique) in the delta
mode, which works by sourcing pulses with opposite polarity
and taking one measurement during each pulse. A current
of +100 mA was fed into the copper wire with the polarity
changing at a frequency of (10 Hz). The precision of this re-
sistance measurement at 3 K was +0.001 uQ corresponding
to an electrical resistivity of £0.67 fQm for aluminum and
+0.60 fQm for copper, where the electrical resistivity of the
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sample p is expressed as follows:

p=RA/L (12)

where R is the measured electrical resistance, L is the length
between two potential points, and A is the area of the sam-
ple. The temperature of the Cernox resistance thermometer
was measured using a temperature controller (model 335,
Lake Shore Cryotronics, Inc.). According to the manual
of the temperature controller, the accuracy of temperature
measurement using the Cernox thermometer is 7.1 mK at
4.2K.

The number of protons during irradiation was measured
at the beam relative monitor in situ by counting the num-
ber of events produced by neutron-proton scattering at the
2.2 mg/cm? thick polyethylene in front of the cryogenic ir-
radiation chamber [12]. Because the 200 MeV proton beam
lost energy in the sample holder to materials such as AIN
and aluminum plates in the beam line, the proton energies in-
cident on the samples were estimated to be 185.3 + 0.9 MeV
for the aluminum wire and 195.5 + 0.5 MeV for the copper
wire, as determined using the PHITS code

The temperature increase due to beam heating was 1.2 K,
1.5K, and 2.0K in the cases of the 1.35nA, 2.0nA, and
3.0 nA currents, respectively, and the temperature was main-
tained below 5 K during beam irradiation. The electrical
resistances of the aluminum and copper samples increased
during beam irradiation owing to the production of defects
in the wires. The total beam fluence on the sample was
3.89 x 10'8 protons/m?. The total increase in resistance was
0.76 uQ for aluminum wire and 2.34 uQ for copper wire.
The damage rates of the aluminum and copper wires did not
change considerably under proton irradiation with currents
between 1.35 and 3.0 nA.

The displacement cross section can be related easily to the
measured increase in resistivity and the calculated damage

energy in the metal. The experimental displacement cross- :

section o, was obtained using the measured damage rate,
which is the ratio of the change in resistivity of metal Apesar
at around 5 K to the beam average fluence ¢ [12]:

13)

where ppp is the change in resistivity per Frenkel-pair den-
sity for a particular metal (experimental data on ppp were
summarized and discussed in [18,19]). In this work, prp was
set to 3.9 £0.6 pQm for aluminum [20] and 2.2 + 0.5 uQm
for copper [21], and the same values were used for estimat-
ing the displacement cross section of the 125-MeV-proton-
irradiation experiments [11], the 1.1- and 1.94-GeV-proton-
irradiation experiments [22], the 3-GeV-proton-irradiation
experiments [13, 14] and the Jung data [23] for the sake of
comparison with our experimental data.

Figure 5 shows the experimental displacement cross-
section data of aluminum and copper obtained in FFAG
data [11], RCNP data [12], J-PARC data [13, 14], BNL
data [22] and Jung data [23]. It is assumed that the increase
in resistivity is the sum of resistivity-per-Frenkel-pair values.

TUP2WE03
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o Figure 5: Displacement cross-sections for proton irradiation
§ of aluminum (left) and copper (right): FFAG data [11] (black
E triangle), RCNP data [12] (black circles), BNL data [22]
E (open circles), J-PARC data [13, 14] (black square), Jung
g data [23] (open squares), NRT-dpa cross-section (blue line),
§ the arc-dpa cross section (red line) and SRIM results (dashed
g line). The displacement energy is 27 eV for aluminum and
% 30¢eV for copper.

Moreover, Fig. 5 shows results calculated by SRIM code,
PHITS code with the NRT-dpa in Eq. (1) and the athermal-
recombination-corrected displacement damage (arc-dpa)
cross sections, which includes the results of the Molecu-
lar Dynamics simulation method (MD) for more accurate
estimation of the actual damage production [24]. Because
SRIM cannot calculate nuclear reactions, SRIM results are
much smaller than others in high-energy region. The arc-dpa
cross section was calculated using the efficiency function

{ [24].

tmaX
Oarc—dpa = / doc/dt - Nygr - {dt (14)
1

d

1 - Carc—dpa bzm?fdpu

- (2Ed/0'8)barc—dpu d

The arc-dpa displacement parameter is based on two tab-
ulated parameters: bure_dpa, and Care—gpa. To obtain these
« parameters, the results of MD modelling were taken for alu-
2 minum from Almazouzi et al. [25] and copper from Nord-
& lund et al. [24]. These parameters are listed in [12]. In terms
2 of the cross sections of aluminum and copper in the exper-
g imental data and those determined using arc-dpa, PHITS
£ with the efficiency function shows better agreement with
g the experimental data than with the NRT-dpa cross section,
= which has been widely used for radiation damage estimation.
' Further studies on measuring other metals under the low
£ radiation damage are in progress, which will allow us to
% study the basic physics of point defects in the high-energy
£ jon irradiation region.

é, + Carc—dpa (15)
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CONCLUSION

The radiation damage calculation model in the PHITS
cde has been developed to calculate the DPA value due to
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the target PKA created by the projectile and the secondary
particles which include all particles created from the sequen-
tial nuclear reactions. For the DPA value in the high-energy
(E>100 MeV) proton incident reactions, a target PKA cre-
ated by the secondary particles was more dominant than a
target PKA created by the projectile.

To validate predictions of displacement cross sections in
copper and aluminum irradiated by >100 MeV protons, we
developed a proton irradiation device with a GM cryocooler
to cryogenically cool wire samples. By using this device, the
defect-induced electrical resistivity changes related to the
displacement cross section of copper were measured under
irradiation with 125, 200 MeV and 3 GeV protons and that of
aluminum under 200 MeV protons at cryogenic temperature.
It is concluded that the experimental displacement cross
sections agree better with calculated arc-dpa cross sections
than with calculated NRT-dpa cross sections.
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Abstract

The High Luminosity Large Hadron Collider (HL-LHC)

o Project at CERN calls for increasing beam brightness and
o intensity. In this scenario, most equipment has to be re-
g designed and rebuilt. In particular, beam intercepting de-
'S vices (such as dumps, collimators, absorbers and scrapers)
’}% have to withstand impact or scraping of the new intense
§ HL-LHC beams without failure. Furthermore, minimizing
§ the electromagnetic beam-device interactions is also a key
'S design driver since they can lead to beam instabilities and
+ excessive thermo-mechanical loading of devices. In this con-
£ text, the present study assesses the conceptual design quality
:‘5 of the new LHC injection protection absorber, the Target
& Dump Injection Segmented (TDIS), from an electromag-
'é netic and thermo-mechanical perspective. This contribution
3 analyzes the thermo-mechanical response of the device con-
§ sidering two cases: an accidental beam impact scenario and
28 another accidental scenario with complete failure of the RF-
Z contacts. In addition, this paper presents the preliminary
2 results from the simulation of the energy deposited by the
Z two counter-rotating beams circulating in the device.

uthor(s)

INTRODUCTION

The CERN accelerator complex has been undergoing up-
grades to improve its performance. In the framework of the
LIU (LHC Injection Upgrade) [1] and HL-LHC (High Lumi-
> nosity LHC) [2] projects, an increase of the beam brightness
and intensity is foreseen [1]. Several systems have to be
o redesigned and rebuilt to survive the new demanding sit-
% uation. This is particularly true for the beam intercepting
f devices (BIDs), such as dumps, collimators, absorbers and
© scrapers [3], since they have to deal with two main beam
£ intensity related phenomena:

BY 3.0 licence (© 2018)

* Nuclei-Matter Interactions (NMI). BIDs are usually re-
sponsible for absorbing a large part of the beam energy
(beam dumping) or for the beam scraping, i.e. the re-
moval of the unstable peripheral beam particles (beam
halos). Thus, they are directly exposed to beam impacts
and particle irradiation. It is well known that the inci-
dence of the proton beam on the device material results
in an energy deposition in the material itself and that
this e