10th Int. Particle Accelerator Conf.
ISBN: 978-3-95450-208-0

IPAC2019, Melbourne, Australia

JACoW Publishing
doi:10.18429/JACoW-IPAC2019-TUYPLM3

STATUS OF THE MAX IV ACCELERATORS

P. F. Tavares*, E.Al-Dmour,A.Andersson, J.Breunlin, F.Cullinan, E.Mansten, S.Molloy, D.Olsson,
D.K.Olsson, M.Sjostrom, S.Thorin
MAX IV Laboratory, Lund University, Lund, Sweden

Abstract

The MAX 1V facility in Lund, Sweden, consists of three
electron accelerators and their respective synchrotron radi-
ation beamlines: a 3 GeV ring, which is the first imple-
mentation worldwide of a multi-bend achromat Iattice, a
1.5 GeV ring optimized for soft X-Rays and UV radiation
production and a 3 GeV linear accelerator that acts as a full-
energy injector into both rings and provides electron pulses
as short as 100 fs that produce X-rays by spontaneous emis-
sion in the undulators of the short-pulse facility (SPF). In
this paper, we review the latest achieved accelerator per-
formance and operational results.

INTRODUCTION

The MAX IV facility [1] consists of three electron accel-
erators and their respective synchrotron radiation beam-
lines. Two electron storage rings operate at different ener-
gies (1.5 GeV and 3 GeV) in order to cover a wide photon
energy range in an optimized way with short-period inser-
tion devices, whereas a linear accelerator serves as a full-
energy injector into both rings and provides electron pulses
as short as 100 fs that produce X-rays by spontaneous emis-
sion in the undulators of the short-pulse facility (SPF).

The 3 GeV ring [2] is optimized for the production of
high-brightness X-rays and features a 20-fold seven-bend
achromat lattice reaching a bare lattice emittance of
330 pm rad. Achieving such a low emittance in only 528 m
of circumference requires a compact magnet design [3] and
corresponding narrow gap NEG-coated vacuum chambers
[4]. The reduced chamber dimensions lead in turn to an in-
creased risk of collective instabilities, e.g. transverse multi-
bunch instabilities driven by resistive wall impedance. Key
ingredients to deal with those issues are the use of a rela-
tively low main RF frequency (100 MHz) [5] and passively
operated third-harmonic cavities [6] which lengthen the
bunches, reduce the electron density and increase the inco-
herent synchrotron frequency spread, providing enhanced
damping of coherent instabilities.

Details of early 3 GeV ring commissioning are given in
[7,8] whereas initial optics commissioning is described in
[9] and first year commissioning results are reported in
[10]. Despite a number of somewhat unconventional fea-
tures of the design, such as the use of compact magnet
blocks, nearly fully NEG-coated small-aperture vacuum
chambers, a 100 MHz RF system and a single kicker injec-
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tion scheme with a full energy linac as injector, commis-
sioning of the ring did not uncover any show-stoppers on
the way to achieving baseline performance.

The nominal 500 mA stored current in multi-bunch mode
and 9 mA in single-bunch mode have been demonstrated
during machine studies. Routine delivery to beamlines is in
top-up mode at 250 mA (limited by available RF power)
with >90% injection efficiency using a multipole injection
kicker, closed undulator gaps and open beamline shutters.
The product of beam current and lifetime from gas scatter-
ing is larger than 20 A.h, confirming the excellent perfor-
mance of the NEG coated system. The nominal horizontal
electron beam emittance at low current has been demon-
strated and vertical emittances around 8 pmrad are rou-
tinely delivered. An excellent orbit stability has been
achieved with RMS motion (integrated from 0.1 up to
100 Hz) below 1.3% and 5.5 % of the RMS beam size in
the horizontal and vertical directions respectively.

The 1.5 GeV ring profits by the same compact magnet
design to achieve significantly lower emittance compared
to its predecessor (MAX II) with roughly the same circum-
ference. The nominal 500 mA stored beam current has been
demonstrated and five insertion devices have been in-
stalled.

The MAX IV linac [11] routinely delivers beam to both
storage rings for full energy injection and top-up with
closed undulator gaps and open front-ends. In-between
top-ups the mode is switched to high brightness mode for
the SPF [12]. Switching is done using a state machine that
keeps track of all setting for the different linac and ring
configurations. To meet exactly the energy required for
each ring and SPF, the fill-time to the energy doubling
SLED [30] units is adjusted.

In the following sections, we report on recent develop-
ment highlights in each of the MAX IV accelerators.

LINEAR ACCELERATOR
High Brightness Mode

The two magnetic double achromats used as bunch com-
pressors [13] in the MAX IV linac have a positive R56 un-
like the commonly used magnetic chicane which has a neg-
ative R56. The energy chirp needed for compression is
done by accelerating the electrons on the falling slope of
the RF voltage. The natural T566 of the compressors is pos-
itive and with the positive R56, this has a linearising effect
on the longitudinal phase space. We can thus choose the
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g optical parameters in the achromat to achieve linearisation
E:without needing a harmonic cavity for this purpose. A sex-
Z tupole is used in the centre of each achromat to minimize
g the second order dispersion at the end of the linac. These
o sextupoles are also used to tweak the linearisation through
g g the bunch compressor. The R56 of the achromats is fixed
0 and the compression is varied using the RF phase in the
% linac.

Q
= Bunch Length Measurements

\2 Bunch length measurements have been performed while
_8 compressing only in bunch compressor 1 (BC1) and using
ﬁ bunch compressor 2 (BC2) as a streak camera. We then go
£ off-crest in the main linac to create a correlated energy
= spread and look at the beam in a dispersive section in BC2.
§ S Using this method, a bunch length of 16 fs RMS was rec-
2 orded (Figure 1). We did not have the resolution to measure
f: anything shorter. Using the same method we have also
= been able to test the effectiveness of the sextupole lineari-
;: £ zation of longitudinal phase space (Figure 2). In [29], a

E measurement of the caustic nature of electron trajectories
% in the MAX IV bunch compressors is presented
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Figure 1: Bunch length measurement.
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= Figure 2: Bunch length as a function of sextupole strength
2 in bunch compressor.

Q

2. An alternative method to characterize electron bunch
g length, develop at the Cockroft Institute, based on THz im-
< aging of coherent transition radiation has also been tested
3 and after BC2 [31].

In order to improve both resolution and accuracy of the
£ longitudinal bunch measurements a transverse deflecting
<= cavity (TDC) is needed. Placing this TDC after the second
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compressor will ensure that we can measure the longitudi-
nal phase space after both compressors (Figure 3).

TDC RF and Mechanical Design

Despite the fact that X and C-band structures offer higher
deflecting gradients, the MAX IV TDC structures will op-
erate at S-band (2.9985 GHz). This makes it possible to
feed the structures with the same type of modulator and
37 MW Kklystrons as in the main MAX 1V linac. By using
a single RF station with a SLED system and two 3-m long
TDC structures, a total integrated deflecting voltage of ap-
proximately 120 MV can be achieved.

The RF design [14] of the structures aims at maximum
integrated deflecting voltage, while keeping surface fields
and currents at a minimum. Each structure consists of two
coupler cells and 89 regular cells, with a cell-to-cell phase
advance of -2m/3. In order to change the polarization of
the deflecting fields, the coupler cells are fed with two
waveguides, as illustrated in Figure 4. To verify the RF
concept, a 9-cell prototype was constructed and success-
fully tested in early 2019.

The coupler cells are brazed, while the regular cells are
clamped together. The vacuum seal between the regular
cells is achieved by using copper gaskets, as described in
[15]. Installation of the structure is planned for autumn
2019-Spring 2020.
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Figure 3: The TDC setup is installed in the SPF, following
a new branch in BC2. The new BC2 branch can be turned
on and off to either send the electron beam towards the
TDC (new BC2 branch on) or towards the Femtomax
beamline. The upper part shows the beta function along the
set-up, horizontal in blue and vertical in red.

Figure 4: Electric field amplitude in the coupler cell when
deflecting the beam in the horizontal plane (left), and in the
vertical plane (right). ¢ is the relative phase of the incom-
ing RF signal.
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1.5 GeV RING

ID Compensation

Early during the project phase it was expected that only
global compensation of ID gap and phase changes, i.c. re-
storing the machine working point, would be required. Lo-
cal matching of the optics was deemed not needed given
what was known regarding the planned insertion devices
[1], which led to all gradient magnets being connected in
series within their respective families. Optics studies were
done for local compensation though, as a strong device was
expected to be installed at the identical SOLARIS machine
[16].

Changing plans at MAX IV Laboratory led to the first
insertion devices for the 1.5 GeV ring to be relatively
strong devices, the epu95.2 for the FinEstBeaMS beamline
and the epu84 for the BLOCH beamline. Optics studies
[17] showed local compensation would now be required, in
particular for epu95.2. An upgrade project is now ongoing,
with the aim of breaking up the global circuits to cope with
a significant number of insertion devices [18] enabling the
correction scheme described in [17]. The SQFO combined
sextupole-quadrupole magnets flanking an ID straight will
be connected in series but with their own unique power
supply. The SXCOSKW skew quadrupole magnets (imple-
mented as trim coils in sextupole magnets), as well as the
DIPC pole-face strips, will be broken up in a similar fash-
ion, providing the required knobs to match the beta func-
tions locally, including coupling.

The originally envisioned global compensation has in
the meantime been implemented via a TANGO-based tune
feedback. The transverse Bunch-By-Bunch (BBB) feed-
back system provides online tune readings, based on which
adjustments of the global SQFO and DIPC gradient circuits
can be calculated. Hence it is a 2x2 Multiple-Input-Multi-
ple-Output (MIMO) system that should be controlled,
which is done with a P-controller along with a linear plant
model consisting of a tune response matrix valid at the
nominal working point. The feedback operates at 0.33 Hz,
preventing the working point from drifting, although, as
shown in Figure 5, it is not capable of preventing transient
tune shifts of 0.01 when epu95.2 moves while close to min-
imum gap. At the current working point of v, = 0.285, v,,
= 0.125 and with the current gap and phase movement
speed this does not constitute an issue.

Non-Linear Dynamics - TRIBS

The use of Transverse Resonance Island Buckets
(TRIBs) has been proposed and successfully implemented
at BESSY [19] as a means to provide pseudo-single bunch
operation. Following successful first tests of TRIBs optics
performed on the MAX IV 3 GeV storage ring in collabo-
ration with the BESSY accelerator physics team, the im-
plementation of TRIBs was also tested in the 1.5 GeV ring
for which there is a specific demand from the science com-
munity for timing modes.

TRIBs were generated (Figure 6) by operating the ma-
chine at zero horizontal chromaticity and near the horizon-
tal third-order resonance. In order to populate the islands
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for one selected RF bucket, the beam was excited at the
central tune frequency (0.3343,) with the bunch-by-bunch
feedback system. When the bunch-by-bunch drive was
turned off, the charge in the islands slowly diffused back to
the core of the beam, with a time constant of approximately
10 minutes. By exciting the beam at the island tune, the
island bunch could be depopulated without any loss of
beam current. The experiments were performed at 3 mA
beam current with no loss of beam lifetime or injection ef-
ficiency.
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Figure 5: Residual transverse tune variations in thel.5 GeV
ring as a result of closing of undulator gaps with global
tune feedback ON.
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Figure 6: Horizontal TRIBs as observed at the MAX IV 1.5
GeV storage ring diagnostic beamline. The light from the
islands is a projection of the phase space density distribu-
tion onto the horizontal axis.

3.0 GeV RING

Fast Orbit Feedback

The FOFB design in the 3 GeV ring calls for two sets of
corrector magnets. This resulted from a vacuum system
largely made of Cu which severely restricts the bandwidth
of the 380 standard iron-core corrector magnets. An extra
set of weak but fast window-frame magnets thus had to be
installed over the few available stainless steel sections. The
intent is to periodically off-load the fast corrector magnets
using the stronger, slower, and more numerous standard
correctors. The scheme is described in [20] and is based on
what has been implemented at Synchrotron SOLEIL [21].

While the FOFB system for the 3 GeV ring was planned
for already during the MAX IV project design phase [20],
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g due to the very low ambient noise level [10] it has not so
5 far been required for managing the orbit noise. Further-
Z more the insertion device orbit distortions have been man-
%ageable via a combination of dedicated ID orbit corrector
_E“coils in a feed-forward correction scheme, the Slow Orbit
g Feedback working at a relatively high rate of 3 Hz, and re-
2 duction of ID gap and phase movement speed to match the
% monochromator. As more hardware and insertion devices
2 have been and are scheduled to be installed, the potential
sources of orbit distortions are increasing, as is the sensi-
;:thlty of the beamlines raising the priority of the FOFB.
£ All FOFB system hardware has been, with the sole ex-
3 ceptlon of the final fast corrector power supplies, installed.
2 A test setup with 8 prototype power supply units was in-
- S stalled in late December 2018 around the NanoMAX
S beamline ID. This test setup is currently being used for sys-
2 tem tests of the FOFB installation and validating the power
f: supply specifications ahead of procurement of the full sys-
ﬂ tem. The Global Data Exchange (GDX) and FOFB appli-
;: cation [22] are currently being tested.

2 Off-Energy Orbit Response Matrix

g The derivative of the beta functions with respect to mo-
% mentum are linear with respect to sextupole field compo-
Enent [23,24]. The orbit response to a dipole kick at an off-
- nominal energy is approximately linearly dependent on the
g sextupole fields in the lattice so that the chromatic changes
S of measured orbit response matrix can be used to derive
2 estimated sextupole strengths in a similar way to the fitting
Z of quadrupole strengths through the well-known LOCO al-
2 gorithm [25]. In order to test this method s resolution, a set
£ of five sextupole errors were introduced to the MAX IV 3
52 GeV storage ring, by reducing the current in the coils of
S S five sextupole family circuits by 20%,10%, 5%, and 2%
Q respectlvely By analysing the measured off-Energy Orbit
3 s Response Matrix (OEORM) before and after introducing
= the errors it was possible to resolve all but the 2% error.
= Next by iteratively applying corrections from the meas-
< ured OEORM the chromaticity of the ring was corrected to
% the nominal value (+1/+1). The new sextupole settings
U found using this procedure are currently in use as the pro-
° < duction optics in the MAX IV 3 GeV storage ring. They
= have resulted in an increase of injection rate at design tunes
2 (0.2000/0.2800) from ~3 mA/min to ~18 mA/min. No
= loss of beam lifetime has been observed at the new settings

the term

£ Effective Impedance Measurements

The broadband impedance of the MAX IV 3 GeV ring
has been measured and is documented in [10], where the
% only component that is not estimated is the imaginary part

8 of the longitudinal impedance. This was because it was not
g p0551ble to separate the contributions of intrabeam scatter-

1ng (IBS) and potential-well distortion (PWD) to the
g lengthening of bunches with current. With the completion
= of two diagnostic beamlines, a measurement of the energy-
= spread, which is not directly influenced by PWD, is now
S available.

The estimated normalised effective impedance
E(Z"/ Nn)c, based on the impedance model of the 3 GeV
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ring, is 0.16 Q. This includes the geometric contribution,
which accounts for 46% of the total, estimated using
GdfidL [27] and the resistive-wall impedance of the NEG-
coated copper chamber estimated using Impedance-
Wake2D [28]. The estimated effect of the NEG coating is
an increase in the total normalised effective impedance of
48%. Using the above estimate, along with zero-current
values of 330 pm rad and 6 pm rad for the horizontal and
vertical emittances respectively and 40 ps for the natural
bunch length, a self-consistent IBS calculation using ZAP
gives a value of 0.93x10-3 for the energy spread of a 4 mA
bunch. This is a significant increase from the natural en-
ergy spread of 0.79x10-3.
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Figure 7: Measured energy spread as a function of single
bunch current.

Figure 7 shows the normalised energy spread measured
over a range of single-bunch currents using the aforemen-
tioned beamlines. For the points below 2.5 mA, four
bunches of equal charge were injected into the ring to ob-
tain sufficient image intensity. Above a threshold of 6 mA,
a sextupole head-tail instability develops, resulting in an
increase in energy spread. The energy spread at 4 mA
bunch current is in good agreement with the prediction, alt-
hough a full quantitative analysis to obtain more precise
estimates and to fully explain the trend, including the de-
crease in energy spread above 5 mA bunch current, is un-
derway.
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Figure 8: Bunch length as a function of current, with and
without scaling by the measured energy spreads shown in
Figure 7.

Figure 8 shows the bunch length measured using an op-
tical sampling oscilloscope (OSO) as a function of bunch
current before and after scaling by the energy spread meas-
ured at the same current. Such a scaling is employed to iso-
late the effect of PWD. A Zotter curve [26] is fitted to the
scaled results up to a single-bunch current of 5 mA. This
point was chosen since this is where the energy spread
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starts to decrease and a departure from the expected trend
is seen. From the fit, the normalised effective impedance
can be estimated. Due to hitherto unidentified systematic
errors, the value obtained varies a lot between measure-
ments carried out on different days. However, it is clear that
the effect of IBS is very significant, leading to a reduction
in the estimate from a value in the range of 0.7-1.0 Q to
one in the range of 0.2-0.5 Q. Possible sources of system-
atic uncertainty include the different timescales over which
the various instruments average and thermal drifts in the
optical beamline.

Vacuum System

The vacuum performance can be measured by the aver-
age pressure reduction and by the increase of the total beam
lifetime with the accumulated beam dose (Figure 9). After
each shutdown, there is an increase in the normalized av-
erage pressure followed by a fast recovery with further vac-
uum conditioning of around 18-30 Ah depending on the
scale of the interventions performed. The increase in the
normalized beam lifetime 1.t vs. accumulated beam dose
(Figure 9) is an indication of the beam cleaning effect and
vacuum conditioning. Typical beam lifetime during deliv-
ery at 250 mA is 12-15 h.

3 GeV ring: Normalized lifetime vs accumulated dose
It [mA-h] vs Dose [A-h]
100000 -

10000 +

1000 +

It [mA-h]

100 =

T(NEON venitng)

10 +

1st shutdown @ 22 AR

4th shutdown @ 774 Ah.

1000 10000

Dose [A-h]
Figure 9: Normalized beam lifetime (mAh) vs accumulated
beam dose (Ah).

A neon venting procedure first developed at CERN for
activated NEG coated vacuum chambers was successfully
tested at the MAX IV in June 2018. The procedure avoids
saturating the NEG coating, thus eliminating the need of
baking and re-activation of the film. The normalized aver-
age pressure rise before the intervention (venting of two
achromats for chamber replacement) was 9.3-10-13
mbar/mA, just after the intervention (after 1 Ah) this value
increased to 2.4-10-11 mbar/mA, and after 18 Ah of beam
conditioning this normalized average pressure rise reduced
significantly to 1.2-10-12 mbar/mA. The lifetime before
the intervention was ranging between 3-5 Ah, just after the
intervention (after 1 Ah) this value reduced to 1.2 Ah, and
after 18 Ah of beam conditioning the lifetime increased sig-
nificantly back to the original value from before interven-
tion (3.8 Ah). The implementation of neon venting as the
procedure to be followed for vacuum interventions that in-
volve replacing vacuum chambers or components in the
3 GeV ring reduced significantly needed time and risks.
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ACCELERATOR OPERATIONS

Throughout 2018, the MAX-IV accelerators showed a
strong shift from the commissioning phase of the project
lifecycle towards the delivery stage. Operator coverage
has increased from 16 hours per day at the end of 2017, to
full, three-shift, 24/7 staffing. A standard week consists of
142 hours of delivery to beamlines, leaving a 26 hour pe-
riod for maintenance and start-up activities. Operational
statistics for 2018, the second year of regular user opera-
tions, are shown in Table 1.

At present, both the 3 GeV and 1.5 GeV rings have a
nominal stored current of 250 mA, with top-up injections
every 30 minutes. These top-up shots briefly interrupt
beam to the Short Pulse Facility (SPF), which typically de-
livers compressed bunches of ~100 pC at 2 Hz for user ex-
periments. In total, as of April 2019, 10 beamlines are
served by the MAX-IV accelerators — 5 in the 3 GeV ring,
4 in the 1.5 GeV ring, and 1 in the SPF.

Table 1: 2018 Delivery Figures of Merit for the MAX-IV
Accelerators

3 GeV 1.5 GeV SPF
Ring Ring
Delivery [hr] 4068 2953 2467
Avail. [%] 96.2 96.7 95.4
MTRBEF [hr] 345 59.6 32.7
MTTR [hr] 1.3 1.9 1.5
CONCLUSIONS

The MAX 1V facility is now in full operation providing
reliable high brightness beams to the Swedish, Nordic and
international scientific communities. As the first example
of a multi-bend achromat, ultra-low emittance machine, the
MAX IV 3 GeV ring in particular also serves as a relevant
benchmark for a number of design strategies that are com-
mon to several new projects aiming at even higher bright-
ness and that are currently under way all over the globe.
Future perspectives at MAX 1V include a soft X-Ray Free-
electron laser based driven by the 3 GeV injector linac.
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