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Beam dynamics and expected performance of Sweden’s new storage-ring light source: MAX IV
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MAX IV will be Sweden’s next-generation high-performance synchrotron radiation source. The project
has recently been granted funding and construction is scheduled to begin in 2010. User operation for a
broad and international user community should commence in 2015. The facility is comprised of two
storage rings optimized for different wavelength ranges, a linac-based short-pulse facility and a free-
electron laser for the production of coherent radiation. The main radiation source of MAX IV will be a
528 m ultralow emittance storage ring operated at 3 GeV for the generation of high-brightness hard x rays.
This storage ring was designed to meet the requirements of state-of-the-art insertion devices which will be
installed in nineteen 5 m long dispersion-free straight sections. The storage ring is based on a novel
multibend achromat design delivering an unprecedented horizontal bare lattice emittance of 0.33 nm rad
and a vertical emittance below the 8 pm rad diffraction limit for 1 A radiation. In this paper we present the
beam dynamics considerations behind this storage-ring design and detail its expected unique performance.
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I. INTRODUCTION

Several high-performance third-generation synchrotron
radiation sources like SLS [1], SOLEIL [2], and Diamond
Light Source [3] have gone into operation in the past
decade. As the technology of insertion devices (IDs) de-
velops, requirements for synchrotron sources increase.
This has sparked the design of advanced third-generation
sources which push even higher brightness, submicron
stability, and high constant stored current. Several such
sources are presently under construction around the world:
NSLS-II in the USA [4,5], PETRA III in Germany [6], and
MAX IV in Sweden [7].

The MAX IV approach accounts for the fact that the
different requirements of advanced synchrotron radiation
sources cannot be equally fulfilled by a single machine.
The required spectral range stretches from infrared to hard
x rays while the time structure is required to satisfy both
intense pulses in the fs domain as well as high average
brightness in long pulses. In addition to spontaneous ra-
diation, there is also an increasing demand for both tem-
porally and spatially coherent radiation. A global
optimization of the MAX IV facility based on this wide
range of challenging demands has resulted in a solution
with two separate storage rings and a linac-driven short-
pulse facility which in a second stage will be upgraded with
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a free-electron laser. The two storage rings are operated at
different energies to provide radiation of high brightness
over a broad spectral range. The 3 GeV linac serves as a
full-energy injector for the storage rings as well as the
driver of the short-pulse facility delivering intense x-ray
pulses below 100 fs at 100 Hz [8]. In the first stage this will
be spontaneous radiation with an upgrade to a coherent
free-electron laser source based on seeding and/or cascad-
ing expected in a second stage.

The UV and soft x-ray storage ring will be a new
1.5 GeV storage ring. It is similar to the existing MAX 11
storage ring [9] in size, but will feature a new vacuum
system, an upgraded lattice, and new magnets to provide
better performance for modern IDs, but also in order to
extend to lower energy beam lines. Thus present-day beam
lines at the 700 MeV MAX III storage ring [10] can be
moved to the new 1.5 GeV ring. By building a new 1.5 GeV
ring rather than relocating MAX IT and MAX III to the new
MAX 1V site, a “dark period” for UV users at MAX-lab
can be avoided.

An entirely new 3 GeV storage ring which has been
optimized for hard x rays will complete the MAX IV
facility. The lattice is based on the 20-fold seven-bend
achromat described in [11]. With its unprecedented hori-
zontal bare lattice emittance of 0.33 nm rad and a vertical
emittance adjusted to the diffraction limit of its IDs, it is
the most demanding storage ring at MAX-lab. Initial de-
sign studies [7,11-15] have been heavily revised and a
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FIG. 1. (Color) Schematic of one of the 20 achromats in the 3 GeV storage ring. Magnets indicated are gradient dipoles (blue),
focusing quadrupoles (red), sextupoles (green), and octupoles (brown).

detailed design is presently being completed [16].
Construction of the facility is scheduled to begin in 2010.
User operation should commence in 2015.

This paper will highlight the MAX IV 3 GeV storage-
ring lattice and the beam dynamics considerations of the
detailed design study. The following section presents the
lattice, nonlinear optimizations and damping wigglers.
Section IIT touches on related magnet, vacuum, and rf
technology issues. Finally, Sec. IV demonstrates the ex-
pected dynamic performance of the lattice but also of the
entire machine as a high-brightness source of synchrotron
radiation. A summary and conclusions are given in Sec. V.

II. LATTICE
A. Multibend achromat

The figure of merit of a modern synchrotron radiation
facility is a small emittance of the electron beam. The
magnet lattice defines the emittance as & = CE?/N3,
where E is the beam energy, N, is the number of dipole
magnets, and C is a constant given by the lattice. The bare
lattice emittance is then further reduced by strong IDs.
Minimizing C by appropriate choice of the lattice functions
is the theoretical minimum emittance design approach
[17]. This approach however is hampered by problems of
nonlinear optics design and high sensitivity to lattice im-
perfections resulting from overstrained optical functions.
Instead, the MAX IV 3 GeV storage ring is based on a very
simple but robust design approach: ultralow emittance is
achieved by increasing the number of dipoles N,. In order
to prevent the ring from becoming large and costly, the
number of magnets is increased by shortening the magnet
cells. However, shorter magnet cells require stronger fo-
cusing gradients to keep the electron optics optimized. The
strong gradients required for the MAX IV 3 GeV storage
ring are achieved by a reduction of the transverse dimen-
sions of the magnet elements (see Sec. III B for associated
vacuum issues).

The storage ring is composed of 20 achromats (super-
cells) which each contain seven magnet cells: five unit cells
plus two matching cells. The matching cells are separated
from the unit cells by a 1.3 m short straight section where rf
cavities can be installed [18]. The achromats are connected

by 5 m long straight sections. The matching cells closely
resemble the unit cell, but with only half a dipole (similar
to a missing magnet dispersion suppressor). A schematic of
one MAX IV 3 GeV achromat is given in Fig. 1. The unit
cells contain 3° bending magnets with a gradient for
vertical focusing. Focusing quadrupoles are interleaved
between the dipoles [19]. The matching cells contain short
1.5° gradient bends with a soft end (that is, a longitudinally
varying dipole field with field strength reducing towards
the long straight) to reduce synchrotron radiation heat load
on the downstream ID [20]. A quadrupole doublet in the
matching section allows matching of the achromat optics
to the ID in the long straight section.

The optical functions for one achromat are displayed in
Fig. 2 and the main parameters of the 3 GeV storage ring
are given in Table 1. The strong gradient in the bending
magnets yields a very compact lattice (12.5 m horizontal
betatron wavelength). A summary of the dipole and quad-
rupole strengths is given in Table II. The optics in the
achromat have been tuned in such a way that the vertical
beam size in the straight section is below the diffraction
limit even for modest values of coupling. At a radiated
wavelength of A,y = 1 A, the photon diffraction limit is
€rad = Ara/47 = 8 pmrad. This is 2.4% of the horizontal
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FIG. 2. Beta functions B,, B, and dispersion 7, for one
achromat of the 3 GeV storage ring. The position of the dipoles,
quadrupoles, and sextupoles are indicated at the bottom.
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TABLE L.

Parameters for the MAX IV 3 GeV storage ring. Permanent-magnet damping

wigglers (PMDWs) are used to further reduce the storage-ring emittance (see Sec. I C).

Energy [GeV] 3.0
Main radio frequency [MHz] 99.931
Harmonic number 176
Circulating current [mA] 500
Circumference [m] 528
Number of achromats 20
Number of long straight sections available for IDs 19
Betatron tunes (horizontal/vertical) 42.20/14.28
Natural chromaticities (horizontal/vertical) —49.8/ — 43.9
Corrected chromaticities (horizontal/vertical) +1.0/ + 1.0
Momentum compaction factor 3.07 X 1074
Horizontal damping partition J, 1.86
Horizontal emittance (bare lattice) [nm rad] 0.326
Horizontal emittance (with four PMDWs) [nmrad] 0.263
Radiation losses per turn (bare lattice) [keV] 360.0
Radiation losses per turn (with four PMDWs) [keV] 572.1
Natural energy spread 0.077%
Energy spread (with four PMDWs) 0.096%
Required dynamic acceptance (horizontal/vertical) [mm mrad] 7.1/1.3
Required lattice momentum acceptance *4.5%

bare lattice emittance and corresponds to a vertical beam
size of 6 pum at the center of the straight section. However,
for longer wavelength beam lines, a larger vertical beam
size would be sufficient to meet the diffraction limit.
Because of intrabeam scattering and lifetime concerns
(see Sec. IVE), it is not advisable to choose a vertical
beam size below the diffraction limit. Therefore it is fore-
seen to include a set of geometric and chromatic skew
quadrupoles in the lattice in order to gain tight vertical
beam size control. Betatron coupling leading to spurious
vertical dispersion will be suppressed so the vertical beam
size meets the diffraction limit in the IDs delivering the
hardest radiation. The vertical beam size in the achromats
can then be increased in order to retain good lifetime by
local control of the vertical dispersion (/y9;) without
driving global linear coupling (%9190 and Agg10) [21].

TABLE II.

B. Nonlinear optics and higher-order correction

Although the overall optics are relaxed (considering the
ratio £,/v, = —1.2), the compact lattice is of strong fo-
cusing nature leading to a large negative natural chroma-
ticity. Chromatic sextupoles are required in order to reduce
this high natural chromaticity. The nonlinearities of the
lattice then have to be corrected to retain sufficient dy-
namic aperture. Because of the modest dispersion in the
achromat, the chromatic sextupoles are strong. It was
originally foreseen to integrate the focusing sextupole
into the focusing quadrupoles between the unit cell dipoles.
This idea was later dropped in order to retain full tuning
capability and reduce nonlinearities arising from the long
sextupole magnets. Instead, the focusing quadrupoles be-
tween the unit cell dipoles were split up and a short sextu-
pole inserted in the center (see Sec. III A). This puts the

Dipole field and quadrupole gradients for different magnet families in the MAX IV

3 GeV storage ring (bare lattice). For the dipoles, the length given corresponds to the iron length;
for the quadrupoles the hard-edge magnet length is specified. The quadrupole gradient of the
matching cell dipole specified here corresponds to the peak strength; the dipole gradient in the
soft-end dipole varies longitudinally in the same way as the dipole field.

Length Dipole Quadrupole
[m] peak field [T] gradient [T/m]
Dipole (unit cell) 0.974 0.524 —8.69
Soft-end dipole (matching cell) 0.554 0.524 —8.69
Focusing quadrupole (unit cell) 2X0.15 S 40.39
Focusing quadrupole (facing matching cell) 2 X 0.15 s 37.80
Final focusing quadrupole (matching cell) 0.25 cee 35.34
Final defocusing quadrupole (matching cell) 0.25 s —22.40
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TABLE III.

Sextupole and octupole gradients for different magnet families in the MAX IV

3 GeV storage ring (bare lattice). The specified length corresponds to the hard-edge field length.

Length Sextupole Octupole
[m] gradient [T/m?] gradient [T/m?]
Focusing sextupoles (unit cell) 0.1 2148/1700/1600
Defocusing sextupole (unit cell) 0.1 —1179
Defocusing sextupole (matching cell) 0.1 —1340 s
Focusing octupole (matching cell) 0.1 ce 21814
Defocusing octupoles (matching cell) 0.1 —13143/ — 6386

sextupoles at local dispersion maxima which relaxes mag-
net requirements.

In addition to these focusing sextupoles, defocusing
sextupoles have been installed in pairs flanking the unit
cell dipoles and on the high-field end of the matching cell
dipole. Because of the large number of installed sextupoles
and the small magnet apertures (25 mm diameter), the
sextupoles can be kept short. The OPA code [22] was
used to optimize the sextupole settings: in addition to
correcting the linear chromaticity to &,, = +1.0 [23] in
both planes (driven by terms /i 99; and hggq), two first-
order chromatic (h,999; and hgpg;) and five first-order
geometric terms (7121000, 7101105 7300005 7100205 10200) OF
the sextupole Hamiltonian were minimized along with the
quadratic chromaticities (5552) , §§?’ ) and amplitude-
dependent tune shifts (dv,/dJ,, dv,/dJ,, dv,/dJ, =
dvy/dJ,) [24,25]. Resulting amplitude-dependent tune
shifts and chromatic behavior were verified with TRACY-3
[26] for the bare lattice and the lattice with IDs.

The high periodicity of the lattice reduces the number of
allowed resonances. Although the choice of working point
keeps the tunes clear of potentially limiting resonances, the
number of sextupole families used to minimize the above-
mentioned terms was insufficient. Amplitude-dependent
tune shifts remained too large leading to reduced dynamic
aperture. However, since amplitude-dependent tune shifts
are a second-order effect from the sextupole Hamiltonian,
it is clear that sextupoles are inefficient at fighting them.
Instead, three dedicated harmonic octupole families were
added to the matching cell at positions with optimum beta
function ratios [27,28].

These three octupole families were then used to effec-
tively fight the three Hamiltonian driving terms for
amplitude-dependent  tune  shift:  fy5000 — 9v,/0J,,
hoooao — dvy/aJ,, Rt = dve/dJ, = av,/dJ,.
Accordingly, the sextupoles could then be reoptimized to
fight only first-order sextupole terms and adjust chromatic
tune shifts. By properly tuning the cubic chromaticities
(&Y, &) and minimizing the quadratic chromaticities
(hy1000 — 55(2), hoor12 — §§2)), the chromatic tune shift
can be “wrapped up” around the working point keeping
the chromatic tune footprint very compact (cf. Fig. 13). A
summary of the sextupole and octupole parameters is given

in Table. III. An in-depth comparison of the MAX IV
3 GeV storage-ring lattice and its performance with and
without higher-order octupole correction is currently being
prepared for publication in [28].

Because of the large beta function ratios at the chosen
octupole locations, the required octupole strengths are low
and the magnets can be kept short and simple. With the
proper octupole tuning, the amplitude-dependent tune
shifts can be reduced to very small values within the
physical aperture (see Fig. 3). As a result of the sextupole
reoptimization, the chromatic tune footprint has been mini-
mized and the overall sextupole strength reduced (see
Fig. 4).
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FIG. 3. Amplitude-dependent tune shifts for the 3 GeV
storage-ring bare lattice. Sextupoles and octupoles have been
included in this calculation.
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FIG. 4. Chromaticity for the 3 GeV storage-ring bare lattice.
Sextupoles and octupoles have been included in this calculation.
The linear chromaticity has been corrected to +1.0 in both
planes.

The resulting nonlinear optics settings also ensure that
the two synchrobetatron terms /5o; and fggg; are kept as
small as possible. This is crucial for good longitudinal
acceptance (see Sec. IV B) because these terms drive the
momentum-dependent beat of the beta functions (dB,/d8,
dg, /d&). Dependence of the beta functions (at the center
of the long straight section) on momentum deviation is
shown in Fig. 5.

C. Damping wigglers

Damping wigglers will be used to further reduce the bare
lattice emittance and damping time. Two cases were
studied so far. The first option makes use of two super-
conducting damping wigglers installed in opposite straight
sections. Each of these devices is 1.5 m long and has a peak
magnetic field of 3.5 T. An alternative option foresees the
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FIG. 5. Dependence of the beta functions (at the center of the
long straight section) on momentum deviation for the bare
lattice. Sextupoles and octupoles have been included in this
calculation.

TABLE IV. Parameters of the permanent-magnet damping
wigglers.

Length [m] 2.0
Period length [mm] 80
Peak magnetic field strength [T] 222
Full gap height [mm] 4

Radiated energy per turn [keV] 53

installation of two or four normal-conducting permanent-
magnet damping wigglers (PMDWs) in several straight
sections. These devices will be 2 m long and have a peak
magnetic field of 2.22 T (see Table IV). If four of these
devices are installed in the MAX IV 3 GeV storage ring,
the horizontal emittance can be reduced from 0.33 to
0.26 nm rad. The radiated energy per turn is increased
from 360 to 572 keV while the damping time is reduced
by 24%.

Because of their strong vertical focusing effect, the
damping wigglers have to be compensated in order to
ensure optimum dynamic performance. This will be done
in two steps. First, the final quadrupoles in the matching
sections flanking the damping wigglers are adjusted to
reduce the vertical beta function in the straight section
making the beam less sensitive to the vertical focusing of
the wiggler. In principle, this local compensation could be
achieved in the opposite manner by reducing the vertical
focusing at the entry to the straight to compensate for the
additional vertical focusing of the wiggler. This however
has the drawback of increasing the vertical beam size
within the IDs. We therefore chose to compensate by
increasing the vertical focusing in the straight even though
this comes at the cost of a larger overall phase advance. In a
second step, the main focusing quadrupole family and the
defocusing pole strips in the dipoles are adjusted to restore
the global working point. Studies have shown that this
procedure does not necessarily require retuning the sextu-
pole and octupole optics [16].

It is currently under investigation if such compensation
should also be implemented in a feed-forward scheme for
strong in-vacuum undulators with variable gap settings.
The great advantage of such a combined local/global com-
pensation for IDs is that the optical functions and tunes in
the entire machine are kept as close as possible to their bare
lattice design values for which the nonlinear optics have
been optimized. The result is that dynamic performance
should remain high regardless of ID gap settings since the
working point is always restored and tune shifts away from
it are kept small.

III. TECHNOLOGY

A. Magnets

The magnets for the MAX IV 3 GeV storage ring are
required to be very compact. Together with the very low
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FIG. 6. (Color) Illustration of the unit cell dipole magnet block.
The common iron block integrates the unit cell dipole and the
two flanking defocusing sextupoles. Further integration of the
unit cell focusing quadrupoles and focusing sextupole is pres-
ently under consideration.

emittance of the beam, this calls for very strong multipole
magnets. The foreseen solution is to use magnets with very
small apertures and a narrow vacuum chamber. The dipoles
are C-type with a gradient; the gap therefore varies around
the center value of 28 mm. The quadrupole, sextupole, and
octupole magnets have full apertures of 25 mm. The good
field region (defined as the area where the main field
component is within =0.02% of the design field strength)
of these magnets extends to no less than =10 mm in the
horizontal plane.

As already successfully demonstrated in MAX III [10],
several magnets will be machined into a common iron
block resulting in an integrated girder-magnet design.
This inexpensive design approach has the advantage that

alignment errors can be reduced to the level of machining
accuracy (on the order of 10 pm). For the MAX IV 3 GeV
storage ring it is foreseen to integrate the magnets in the
unit cells and the magnets in the matching cells. For the
unit cell this calls for integration of the two defocusing
sextupoles together with the 3° unit cell dipoles (displayed
in Fig. 6), possibly including the focusing quadrupoles and
focusing sextupoles between the unit cells. In the matching
cell all the magnets between the long straight and short
straight will be integrated: the 1.5° soft-end dipole, the
final focusing quadrupole doublet, three octupoles, and two
beam position monitor (BPM)/corrector pairs (see Fig. 7).

The dipole magnet blocks will be installed on massive
concrete supports at low height. In between these struc-
tures, quadrupole magnet blocks are installed on rigid
bridge girders attached on both sides to the massive con-
crete supports. Alignment of the integrated magnet blocks
on the concrete support will be done with adjustment
screws similar to MAX III; beam-based alignment of the
magnet cells will be performed using an established
scheme based on corrector magnet strengths for the cor-
rected orbit [10,29]. The benefit of using small and there-
fore light magnets on massive but low support blocks is
that the eigenfrequencies of the magnets are pushed be-
yond 100 Hz [16]. This is very important for the MAX IV
3 GeV storage ring since the tolerances for beam vibrations
are very tight given the ultralow beam size (a vertical beam
size on the order of 3 um at the ID center calls for a
vertical beam stability of =~ 300 nm in the straight
sections).

Pole face strips will be included in the dipoles to allow
for adjustments of the defocusing quadrupole strength. The
focusing sextupoles as well as the final defocusing sextu-
pole family are foreseen to carry additional windings so
that horizontal and vertical orbit correction can be inte-
grated (as done at SLS). In addition, there will be addi-
tional extra windings on the defocusing sextupoles for use

FIG. 7. (Color) Illustration of the matching cell magnet block. The common block integrates the 1.5° soft-end dipole, the final
focusing quadrupole doublet, three octupoles, and two BPM/corrector pairs.
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as either auxiliary sextupoles (since all regular sextupoles
are powered in families) or as skew quadrupoles.
Additional windings on the two octupole families installed
closest to the ID could be used as nondispersive skew
quads.

B. Vacuum system

The small magnet apertures require a narrow vacuum
chamber. Such vacuum systems are usually plagued by
poor vacuum conductance. This problem has been solved
for narrow-gap ID vacuum chambers by the introduction of
nonevaporable getter (NEG) coating [30]. For the MAX IV
3 GeV storage ring, it is foreseen to extend this technique
to the entire storage-ring vacuum chamber. First tests using
NEG-coated copper tubes as dipole vacuum chambers in
MAX 1II have shown promising results [31,32].

It has therefore been decided to use a circular NEG-
coated copper tube with an outer diameter of 24 mm within
the storage-ring achromats. In this way lumped absorbers
can be avoided as synchrotron radiation is distributed along
the tube yielding a lower power density. Small discrete ion
pumps will be installed to pump rest gas along with dedi-
cated roughing pumps. Short tapering sections in the
straights will make the transition from the circular beam
pipe to either the narrow-gap chamber or the ID chamber in
case of in-vacuum devices. Heating for bakeout and reac-
tivation of the NEG can take place in situ if baking tape is
applied around the outside of the chamber as has been
successfully demonstrated at SOLEIL [33].

C. rf system

Since the MAX IV facility has its own dedicated short-
pulse facility, the storage rings can be operated at low radio
frequencies with long bunches. Long electron bunches
have the advantage of a narrow power spectrum which
counteracts the resistive wall instability and thus reduces
the need to run at large positive chromaticities restricting
the energy acceptance.

It is therefore foreseen to use 100 MHz 1f cavities in the
MAXTV 3 GeV storage ring. There is a lot of experience at
MAX-lab with this cavity type [34]. Higher-order modes
are pushed to relatively high frequencies, where their
influence is diminished due to a poor form factor. Six
such cavities operated at 250 kV gap voltage will ensure
5.3% rf momentum acceptance for a machine with four
PMDWs and 4.0% rf momentum acceptance for a machine
with four PMDWs and ten in-vacuum undulators (IVUs)
[35].

The cavities are installed in the short straight sections
keeping all but one long straight section (injection straight)
free for IDs. Cavities are joined in pairs with 3 dB hybrids
and connected to four 50 kW tetrode amplifiers. This
scheme has the advantage that it reduces reflected power
to the amplifier without the need for expensive circulators.
At the same time, power regulation can be achieved by

phasing rather than by changing the power level of the
amplifier.

In addition to the main rf cavities, three passive third-
harmonic Landau cavities will be installed to further
lengthen the bunches and improve lifetime. With such a
double rf system the bunch length can be increased from
10 mm for the bare lattice (or 12 mm in the case of the
machine with four PMDWs and ten IVUs) by a factor 4-5
[16].

IV. LATTICE AND MACHINE PERFORMANCE

A. Dynamic aperture

Achieving sufficient dynamic aperture is crucial for
good Touschek lifetime and injection efficiency. We fore-
see injection with a localized four-kicker bump in the 5 m
long straight section. The stored beam is bumped 8 mm
toward the 2.5 mm thick Lambertson septum [16]. At the
septum, separation between the stored beam and the in-
jected beam is 5.5 mm. To this we add a safety margin and
set the horizontal dynamic aperture requirement at =8 mm
in the straight section (corresponding to a horizontal ac-
ceptance requirement of 7.1 mm mrad). In the vertical
plane dynamic aperture requirements of a modern synchro-
tron radiation source are modest due to successful opera-
tion of minigap in-vacuum IDs. With such half-gaps on the
order of 2 mm and typically 8, = 3 m at the end of the
IDs, a vertical acceptance requirement of 1.3 mm mrad
should be sufficient.

Dynamic aperture for the MAX IV 3 GeV storage ring
has been calculated with both OPA and TRACY-3. The
PMDWs have been modeled in TRACY-3 with both the
wiggler model as well as with kick maps generated by
RADIA [36]. Very good agreement was observed between
results obtained with the OPA undulator model, the TRACY-3
wiggler model, and kick maps inserted in TRACY-3. Results
for the center of the 5 m straight section indicate sufficient
dynamic aperture in both planes for on- and off-momentum
particles as shown in Fig. 8. If the physical boundaries are
included in the lattice file, the dynamic aperture extends to
these boundaries confirming that nonlinearities are very
small within the physical aperture.

Dynamic aperture was also calculated for a machine
with imperfections. In a first study, ignoring girder corre-
lations, quadrupole and sextupole magnets were assumed
misaligned by 50 wm in both the horizontal and the verti-
cal direction as well as rolled by 0.2 mrad (these are rms
misalignments with a cutoff at 2¢7). In addition, higher-
order multipole errors were added to all quadrupoles and
sextupoles. A tentative BPM/corrector layout with
10 BPMs and corrector pairs in each achromat was then
used to simulate orbit correction with TRACY-3 and to
obtain statistics (different random seeds). The resulting
maximum required corrector strength was below
0.2 mrad and maximum offsets for the closed orbit re-
mained below 70 pwm in both planes. For each error seed
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FIG. 8. Dynamic aperture at the center of the 5 m long straight
section for the 3 GeV storage ring with four PMDWs installed.
The data results from 6D tracking in TRACY-3 for one synchro-
tron period ( = 500 turns).

the dynamic aperture was calculated. An example showing
the result for 20 error seeds is given in Fig. 9; the applied
errors were again 50 um (horizontal and vertical rms
misalignment, 2-sigma cutoff) and 0.2 mrad (rms roll error,
2-sigma cutoff). The reduction of dynamic aperture is
clearly visible, however the requirements are still fulfilled.
It is known that the tolerances for the girder alignments can
be relaxed, if they are tight for the magnets on the girder
[25], so in a more realistic study it is expected that 100 wm
misalignments to girders and 30 wm misalignments of the
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FIG. 9. On-momentum dynamic aperture at the center of the
5 m long straight section for the 3 GeV storage ring with four
PMDWs installed. The crosses show dynamic aperture results
for 20 seeds with random error distributions (misalignments and
higher-order multipole errors assigned to quadrupoles and sextu-
poles) and applied orbit correction. While the dynamic aperture
is reduced when the errors are included, it still substantially
exceeds the requirements.

FIG. 10. (Color) Diffusion map (2000 turns) at the center of the
5 m long straight section for the 3 GeV storage ring with four
PMDWs installed. The scale is logarithmic in tune shift from low
(blue) to high (red).

magnets with respect to the girder will suffice. For magnets
that are machined into a common solid block of iron (see
Sec. I A), we expect the alignment of the individual
magnets within the same block to be on the order of only
10 pwm.

The dynamic aperture results are confirmed by diffusion
maps calculated in TRACY-3. Particles are tracked for a
certain number of turns (2048 here) and the final tunes
compared with the initial tunes. Diffusion can then be
defined as D = log\/(AVx)2 + (Avy)* and plotted [37]
for various initial transverse coordinates [38]. An example
for on-momentum particles taken at the center of the 5 m
long straight section is shown in Fig. 10. The dynamic
aperture is essentially the same as in Fig. 8. A stop band
(for Ax = =12 mm caused by the octupolar coupling
resonance 2v, — 2v, = 56) is noticed.

In addition to the diffusion map, frequency map analysis
also gives a tune footprint. An example is shown in Fig. 11
where the area within the required dynamic aperture has
been inspected for resonant particle loss. Tracking data was
gathered by sampling the transverse plane as shown in the
diffusion map in the top of Fig. 11. The same data was
plotted again in fractional tune space which is shown in the
bottom plot. The amplitude-dependent tune shift away
from the fractional working point 0.20/0.28 can be clearly
recognized. Highest diffusion (roughly 107%) is encoun-
tered as the tune is shifted onto 5v, = 211; this corre-
sponds to the bands seen in the top of Fig. 11 for
|Ax] =4 mm, |Ay|>1 mm. Frequency map analysis
demonstrates nicely how the amplitude-dependent tune
shifts have been adjusted to “wrap around” the working
point; tune shifts for betatron motion lead back to the
working point thus reducing the overall tune footprint
and staying clear of potentially limiting resonances. It
has been pointed out that folded regions of phase space
are potentially unstable [39]. However, for amplitude ex-
cursions within the physical aperture of the MAX IV
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FIG. 11. (Color) Diffusion map (top) and corresponding fre-
quency map (bottom) for on-momentum particles in the 3 GeV
storage ring with four PMDWs installed (2000 turns). The scale
is logarithmic in tune shift from low (blue) to high (red). Note
that compared to the diffusion map given in Fig. 10 the scale
here has been shifted to lower diffusion rates by an order of
magnitude.

3 GeV storage ring, the tune shifts have been minimized so
that expected tunes stay clear of the actual fold (see Fig. 3).
In order to verify that even in the presence of errors the fold
does not break down and lead to unstable motion, dynamic
aperture was studied when misalignments and multipole
errors had been included in the tracking. Although the
resulting dynamic aperture is reduced somewhat by these
errors (see Fig. 9), it always remains beyond the require-
ments and no evidence has so far been found that the fold
leads to any detrimental effects. The tune footprint con-
firms that the amplitude-dependent tune shifts in the MAX
IV 3 GeV storage ring are very small for on-energy parti-
cles (cf. the extremely small area occupied in tune space in
Fig. 11) and that there is no resonant particle loss for
particles within the dynamic aperture required for injection
and the stay-clear area in the straights.

B. Energy acceptance

In order to achieve the required Touschek lifetime on the
order of 10 h, it is crucial to confirm a momentum accep-
tance of *4.5%. The overall momentum acceptance is
given by the rf momentum acceptance and the lattice
momentum acceptance. While choosing a total cavity

gap voltage of 1.5 MV or greater is sufficient to achieve
*4.5% rf momentum acceptance in the storage ring with
IDs, it has to be verified that the lattice itself has a mo-
mentum acceptance no less than *4.5%. The small dis-
persion within the MAX IV 3 GeV achromat ensures that
dispersive orbits remain well within the limits of the physi-
cal aperture.

Tracking of off-momentum particles was done with
TRACY-3. Particles with a constant vertical offset of Ay =
+1 mm were given different momentum offsets and trans-
verse amplitudes. After tracking for 2000 turns (corre-
sponding to roughly a third of damping time) diffusion
was calculated. A first example is shown in Fig. 12 where
the lattice momentum acceptance can be clearly recog-
nized at +6% and —8%. Particles with energy deviations
beyond those limits will be lost regardless of the rf accep-
tance. Frequency map analysis shows that particle loss is
caused by the integer resonance v, = 14 for § > +6% and
by the half-integer resonance 2v, = 29 for 6 < —8%.

A more detailed view is given in Fig. 13 where horizon-
tal excursions have been limited to low values. This is of
interest because the Touschek scattering events leading to
large energy deviations take place at the core of the bunch
where particle density is greatest. The plot at the top of
Fig. 13 is a diffusion map for energy deviations of =7% at
the bunch core and the bottom plot shows the correspond-
ing frequency map in fractional tune space. Again the
“wrap up” of tune shifts around the working point can
be recognized: two tune shifts lead away from the frac-
tional working point at 0.20/0.28. Energies above design
ultimately lead to lower vertical tunes (covering less than
0.2 in vertical tune); their overall horizontal tune shift is
less than 0.03. The other branch in tune space, leading to
larger vertical and lower horizontal tunes, is for particles
below design energy; their overall tune variation is how-
ever less than 0.1 X 0.1. A stop band is recognized for 6 >
+6% which stems from tune shifts onto the integer reso-

Aplp [%]

FIG. 12. (Color) Diffusion map taken at the center of the long
straight section for off-momentum particles in the 3 GeV storage
ring with four PMDWs installed. The scale is logarithmic in tune
shift from low (blue) to high (red).
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FIG. 13. (Color) Diffusion map (top) and frequency map (bot-
tom) for off-momentum particles in the 3 GeV storage ring with
four PMDWs installed. The scale is logarithmic in tune shift
from low (blue) to high (red). The linear chromaticity has been
adjusted to +1.0 in both planes. The “wrap up’” of the chromatic
tune shift around the working point is clearly recognized.

nance v, = 14. Particles with energy above design en-
counter increased diffusion for 6 =~ +4.75% (4v, = 57)
and 0 = +5.5% (Sv, = 71). For energies below design
the main diffusion encountered is due to 6v, = 253 which
is seen in the area around 6§ = —2.75% as well as 6 =
—6% for |Ax| =2 mm. In the latter case diffusion is
further increased by 3v, = 43.

Frequency map analysis demonstrates that the chromatic
tune shifts in the MAX IV 3 GeV storage ring are very
small. Horizontal tune excursions remain well below 0.1
for all energies within the rf momentum acceptance; over-
all vertical excursions are less than 0.3. This shows that
even for extreme Touschek events no dangerous low-order
resonances will be encountered ensuring good Touschek
lifetime and large momentum acceptance.

Since all these considerations have been made for the
ideal lattice, the importance of a sophisticated correction
scheme has to be emphasized. As has been first demon-
strated at the ALS [40,41] and later at several other storage
rings, it is indeed possible to meet the design momentum
acceptance in the real machine and hence achieve the
theoretically predicted Touschek lifetime by careful mea-
surement and correction of the linear [42] and nonlinear
[43] optics. For example, meeting the design specifications

of the SLS storage ring required the following measures:
first, the orbit was corrected, including beam-based BPM
calibrations, and the beta functions were restored. Then,
small skew quadrupoles located in dispersive and nondis-
persive sections were employed for precise vertical beam
size control, control of vertical dispersion, and suppression
of betatron coupling [44,45]. Finally, the sextupole pattern
was symmetrized by means of small auxiliary sextupoles
[46].

C. Intrabeam scattering

Because the transverse emittance of the MAX IV 3 GeV
storage-ring lattice is so small, intrabeam scattering (IBS)
is expected to have a significant influence on the overall
equilibrium emittance. Emittance values given so far take
into account synchrotron radiation damping and quantum
emission fluctuations, but not IBS. In order to quantify the
effect of IBS on the equilibrium emittance, calculations
have been performed in ZAP [47] and compared with
TRACY-3 [48,49]. The ZAP results calculated for a total
stored current of 500 mA and a vertical emittance adjusted
to the 1 A diffraction limit g, = 8 pmrad are summarized
in Table V.

For very small lattice emittance values the influence of
IBS on equilibrium emittance is very strong. Hence, for the
MAX IV 3 GeV bare lattice, the total emittance is signifi-
cantly underestimated when IBS is not taken into account
(the inclusion of IBS leads to a 39% increase of the
equilibrium emittance). However, once the third-harmonic
Landau cavities and IDs are added, the additional radiation
damping and bunch lengthening strongly reduce the influ-
ence of IBS on equilibrium emittance ( < 15%).

D. Touschek lifetime

The lattice momentum acceptance has been calculated
by tracking with TRACY-3 in 6D including effects of the
nonlinear lattice [50]. An error-free machine with realistic
vacuum chamber dimensions (horizontal half-aperture
a, = 11 mm) was used for these calculations. The mo-
mentum acceptance for one achromat of the MAX IV

TABLE V. Equilibrium values for the horizontal emittance of
the MAX IV 3 GeV storage ring calculated with (right) and
without (left) IBS using ZAP. The influence of the third-harmonic
Landau cavities (LC) is also shown (with bunch lengthening to
o, = 50 mm assumed).

€, [nmrad]
Without With
IBS IBS
Bare lattice 0.326  0.453
Bare lattice with LC 0.326  0.372
Lattice with four PMDWs and LC 0.263  0.297
Lattice with four PMDWs, ten IVUs, and LC  0.201  0.231
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FIG. 14. Momentum acceptance for one achromat of the error-
free MAX IV 3 GeV storage ring calculated with TRACY-3 in 6D.
Three configurations of the storage ring are displayed: the bare
lattice (Vg = 1.5 MV — 6 = 6.2%), a lattice with four
PMDWs (V.,, = 1.5 MV — 6 = 5.3%), as well as a lattice
containing four PMDWs and ten IVUs (V,,, = 2.0 MV — 6 =
5.8%). The position of the dipoles, quadrupoles, and sextupoles
are indicated at the center.

3 GeV storage ring in different configurations is shown in
Fig. 14. As required by the design specifications, the
expected configurations of the MAX IV 3 GeV storage
ring always render a lattice momentum acceptance of 4.5%
or higher. For the following considerations on Touschek
lifetime we therefore assume an rf momentum acceptance
set to O, = 4.5% which should then dominate overall
momentum acceptance.

Touschek lifetime has been calculated with TRACY-3
[51]. We assumed 500 mA stored beam current in 176
bunches with a limiting rf acceptance set to 4.5% as de-
tailed above. A Touschek lifetime of 9.85 h is obtained with
four PMDWs installed and vertical emittance adjusted to
the 1 A diffraction limit (e, = 8 pmrad). For the case
where four PMDWs and ten IVUs are installed a
Touschek lifetime of 9.31 h is determined. In addition to
the main cavity, we also foresee installation of Landau
cavities operating at the third harmonic. The bunch length-
ening from the Landau cavities leads to an increase of
Touschek lifetime by a factor 4-5. Touschek lifetime for
various configurations of the MAX IV 3 GeV storage ring
as well as the influence of IBS is shown in Table VI.

It should be pointed out that concerning Touschek life-
time the MAX IV 3 GeV storage ring operates in an
atypical regime. As the emittance of the storage ring is
further reduced by adding additional IDs, the Touschek
lifetime actually improves. This is a unique property
among third-generation synchrotron radiation sources
and is ultimately a consequence of the ultralow emittance
of the MAX IV 3 GeV storage ring. An evaluation of the
Touschek function shows that there is a sharp change in

TABLE VI. Touschek lifetime for the MAX IV 3 GeV storage
ring calculated with (right) and without (left) IBS using ZAP. The
vertical emittance &, = 8 pmrad and rf acceptance 6,y = 4.5%
were kept constant. The influence of the Landau cavities (LC) is
also shown (with bunch lengthening to o, = 50 mm assumed).

TTouschek [h]

Without With

IBS IBS

Bare lattice 6.96 8.61
Bare lattice with LC 2898  29.02
Lattice with four PMDWs and LC 35.57 3452
Lattice with four PMDWs, ten IVUs, and LC  41.54  39.49

behavior once the transverse momenta in the bunch be-
come small compared to the momentum acceptance. The
physical explanation is that the transverse momenta in an
ultralow emittance bunch are insufficient to generate scat-
tering events which result in momentum deviations that
can no longer be contained by the longitudinal acceptance
of the machine. This leads to overall fewer Touschek losses
and hence increased lifetime at lower emittances. A plot
showing Touschek lifetime vs horizontal emittance for the
MAX IV 3 GeV storage ring is displayed in Fig. 15.
Clearly, further reducing the lattice emittance with addi-
tional damping wigglers and insertion devices has a bene-
ficial effect on Touschek lifetime.

55 I I I I T |
50

45
40
35
30
25

TTouschek [h]

O 05 1 15 2
g, [nm rad]

FIG. 15. The trend line shows Touschek lifetime for the bare
lattice (IBS neglected) if it were possible to vary the lattice
emittance while keeping the energy spread constant. Specific
configurations (bare lattice, four PMDWs, and four PMDWs plus
ten IVUs; all including LCs) are indicated by crosses and dots.
Crosses indicate IBS neglected, dots indicate IBS included. The
enlarged segment illustrates the effect of IBS for the bare lattice
configuration: while the IBS emittance growth ( + ¢,) leads to a
decrease of Touschek lifetime, the IBS energy spread growth
(+ o) leads to an increase of Touschek lifetime.
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FIG. 16. Touschek lifetime vs horizontal emittance for differ-
ent configurations of the MAX IV 3 GeV storage ring: bare
lattice, lattice with four PMDWs, lattice with four PMDWs and
ten IVUs. Where indicated, the effect of the Landau cavities
(LC) has been included (with bunch lengthening to oy = 50 mm
assumed). The vertical emittance &, = 8 pmrad and rf accep-
tance O, = 4.5% were kept constant. The effect of IBS is
indicated by arrows. Crosses indicate IBS neglected, dots in-
dicate IBS included.

TABLE VII. Contributions to the total MAX IV 3 GeV
storage-ring lifetime 7. The results have been calculated for a
“worst-case scenario”’: four PMDWs and ten IVUs are installed
in the storage ring while the total applied rf voltage is 1.5 MV
which corresponds to an rf acceptance of only 6,4 = 4.0%.

7 [h]
Elastic gas scattering 254
Inelastic gas scattering 53.1
Touschek scattering (with Landau cavities) 25.5
Total 10.3

With IBS taken into account, one cannot emphasize the
benefits of Landau cavities enough. By increasing the
bunch length and hence reducing the charge density in
the bunch, the Landau cavities not only increase
Touschek lifetime, they also reduce the horizontal emit-
tance blowup from IBS, which in the case of the MAX IV

TABLE VIII.

3 GeV storage ring increases the Touschek lifetime even
further. Figures 15 and 16 illustrate this situation.

E. Overall lifetime and top-up injection

For lifetime and injection considerations we define a
“worst-case” scenario. First, the configuration with four
PMDWs and ten IVUs ensures large radiated energy
losses. Second, we assume no extra rf stations are added;
six cavities will give a maximum total cavity voltage of
1.5 MV. This results in a low rf acceptance of 6,y = 4.0%.
The Touschek lifetime including Landau cavities is then
255 h.

The elastic gas scattering lifetime is given by the rest gas
composition and the physical acceptance of the machine. A
rest gas equivalent of 2 pbar of CO has been assumed. The
vertical acceptance limitation comes from in-vacuum IDs
(*2 mm gap, B, = 3 mat the end of the ID), whereas the
horizontal acceptance is given by the maximum of the
horizontal beta function (B n.x = 10 m, chamber inner
radius =11 mm). This gives an elastic scattering lifetime
of 25.4 h. The inelastic gas scattering lifetime also depends
weakly on momentum acceptance. Assuming the same rest
gas pressure, the inelastic gas scattering lifetime is calcu-
lated as 53.1 h for an energy acceptance of 4.0%. These
lifetime contributions are summarized for the “worst-
case” scenario in Table VII. When the MAX IV 3 GeV
storage ring is operated with IDs and Landau cavities, as a
consequence of the long Touschek lifetime, overall beam
lifetime will no longer be Touschek dominated.

It is foreseen to have top-up injection into the MAX IV
3 GeV storage ring. Assuming a maximum current varia-
tion of 0.2% is tolerated and taking into account the
calculated “worst-case” total lifetime of 10.3 h, an injec-
tion of 1.8 nC will be required every 74 sec. The MAX IV
3 GeV injector linac will be capable of delivering up to
10 nC in a 100 ns shot. Therefore the required top-up
injection into the storage ring can be performed with a
single shot. If we require five damping times for the
residual kicker bump excitation of the stored beam to
damp down, this yields a user dead time of 0.06%. A
variable multishot injection at reduced charge is presently
being considered in order to implement a filling pattern
feedback. This would however come at the expense of
more frequent top-up injections or a longer injection
dead time (dominated by the repetition rate of the injector
rather than the damping time) [16].

Insertion devices for the MAX IV 3 GeV storage ring. The peak magnetic field

B, device length L, and period length A are given.

B [T] A [mm] L [m]
Permanent-magnet damping wiggler (PMDW) 222 80 2.0
In-vacuum permanent-magnet undulator (PMU) 1.28 19.0 3.0
Cryogenically cooled in-vacuum undulator (CPMU) 1.38 17.5 3.0
Superconducting undulator (SCU) 1.70 14.0 3.0
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F. Brightness

The IDs for the MAX IV 3 GeV storage ring will be
tailored to the specific needs of the beam lines.
Conventional planar undulators as well as elliptically po-
larizing undulators will be installed in addition to the
previously mentioned damping wigglers. The most de-
manding undulators are the flat field undulators for the
production of undulator radiation at the highest possible
photon energy, where the undulators combine shortest
possible period length with highest possible magnetic
peak field. The combination of short period length and
high magnetic peak field points towards narrow-gap in-
vacuum undulators of hybrid type, where blocks of
permanent-magnet material are combined with soft mag-
netic materials. The peak field of an in-vacuum undulator
can be increased by lowering the temperature of the mag-
netic material and recently cryogenically cooled in-
vacuum undulators have been developed [52,53].

Superconducting undulators would, provided that the
technical problems of building superconducting undulators
can be overcome, outperform undulators based on
permanent-magnet technology. The MAX IV 3 GeV stor-
age ring is well suited for the installation of superconduct-
ing undulators because of the long bunch length and soft
ends of the dipoles flanking the straight section, which give
a moderate heat load to the cryostat of a superconducting
undulator. Table VIII shows different types of IDs under
consideration for the MAX IV 3 GeV storage ring. The
undulators have been optimized for short period length
while retaining overlap between first and third harmonic
and have a maximum K value of =~ 2.2.

Figure 17 shows the expected brilliance at peak energy
of the undulators in Table VIII installed at the MAX IV
3 GeV storage ring. The brilliance has been calculated with
the code SPECTRA [54] using a horizontal emittance of
0.26 nm rad, a vertical emittance of 8 pm rad, and an rms
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FIG. 17. (Color) Brilliance limit for the MAX IV 3 GeV storage
ring for in-vacuum permanent-magnet undulators (PMU), cry-
ogenically cooled in-vacuum undulators (CPMU), and super-
conducting undulators (SCU). The undulator parameters are
given in Table VIIL

energy spread of 0.1%. As a comparison, the brilliance of
the PMU installed in the “ultimate source” (zero horizon-
tal and vertical emittance, but with the same energy spread)
has been included in Fig. 17. The plotted values are bril-
liance at peak energy and not maximum brilliance, which
is found at slightly lower photon energy.

V. CONCLUSIONS AND OUTLOOK

The MAX IV 3 GeV storage ring has been shown to be a
feasible concept to generate high-brightness x-ray radia-
tion. The unprecedented ultralow emittance is made pos-
sible by a novel lattice design approach using compact
multibend achromats with gradient dipole magnets. This
low emittance is then further reduced by the introduction of
strong damping wigglers and in-vacuum undulators. The
required strong focusing, however, puts high demands on
magnet design and vacuum system. Problems associated
with vacuum pressure and transverse instability are miti-
gated by the use of NEG coating and a 100 MHz main rf
system. If construction proceeds as expected, the MAX IV
3 GeV storage ring should go into operation in 2015.
With a constant stored current of 500 mA and a hori-
zontal emittance below 0.3 nm rad, it will become the
brightest storage ring-based synchrotron radiation source
worldwide.

Emphasis is now being put on several remaining issues.
Full 6D tracking for a lattice with realistic multipole field
errors and magnet misalignments should give a better
understanding of the dynamic behavior in the real machine.
The orbit correction scheme is also under investigation: it
is foreseen to implement correctors as additional windings
in the sextupole magnets and install the BPMs between
these sextupoles and the adjacent quadrupoles. We plan to
verify that a fast orbit correction scheme with this correc-
tor/BPM layout fulfills the tight beam stability require-
ments (due to the ultralow beam emittance an RMS beam
stability in the long straight section on the order of 300 nm
is required). Vibration studies with the foreseen low-height
massive concrete support system are under way. Finally,
the design of IDs and tailoring of IDs to specific beam line
requirements is an ongoing activity.
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