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Abstract—Low emittance machines require lattices with many
magnets of short length. Furthermore, successful lattices require
strong gradients with strong dipole fields. These lattices are popular
today, as MAX IV has demonstrated that a diffraction limited
synchrotron light source can be based on such a lattice. This paper
gives an overview of the various magnets used by the various
diffraction limited light sources – available, under construction or
designed. It compares the different magnet design and technology
used and presents the magnet parameters in a consistent fashion.

Index Terms—Conventional magnets, low emittance machines,
permanent magnets.

I. INTRODUCTION

L IGHT sources provide X-rays to their users by bending
electrons in magnetic fields: i.e. synchrotron radiation.

Originally applying X-rays of high energy physics accelerators
(as additional users), soon dedicated accelerators were built
providing synchrotron light to users. The brightness of X-rays
provided to the users could be increased by dedicated insertion
devices with magnets that locally wiggle the beam.

Soon the emittance of the accelerator turned out to be limiting
the flux. The designers of the MAX IV accelerator showed [1] a
light source could reduce the emittance limit by orders of mag-
nitude: the usage of sophisticated combined function magnets
lends to a more robust design [2], [3]. The MAX IV performance
optimization exploits the balance of the following effects to
achieve dynamic emittance equilibrium (see [4]), with a time
constant in the order of 10 ms:

1) The electrons emit light in their direction of motion, but are
only accelerated in the longitudinal direction. This process
reduces the emittance of the electron beam.

2) The magnets – in particular the dipoles – act similar
to “mass spectrometers”. When electrons radiate, their
energy changes, thus their path will be on a “chromatic
trajectory”. This increases the emittance of the beam.

Electrons dissipate energy and thus lose relativistic mass. The
dipoles work as “mass spectrometers” and thus the beam gets
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larger in the horizontal plane. Therefore the electron beam is
much wider in the horizontal plane than in the vertical plane. If
uniform identical dipoles are used the optimal emittance εx is
proportional to

εx ∝ E2

N3
b

(1)

with E the beam energy, Nb the number of dipoles [5].
Accelerators, however, need to correct chromatic aberrations,

i.e. that electrons with different energy have different trajecto-
ries. These effects are compensated with sextupoles in dispersive
regions (i.e. regions where the electrons most deviate from
the design orbit if their energy differs from the ideal energy).
When these are placed between short dipoles, electrons with
energy deviations will be less offset from the ideal orbit, thus
the sextupoles strength has to be increased.

Quadrupoles focus the electrons: those whose initial condi-
tions are slightly off axis or with an angle will be kept within
limits to the ideal orbit. The electrons maximum deviation (i.e.
the dispersion trajectory) from the ideal orbit is rather small for
low emittance accelerators. It can be shown that this offset is
proportional to

√
εx and hence the quadrupole gradients scale

with 1/εx.
As mentioned above: electrons scatter with each other inelas-

tic, thus momentum is transferred from one electron to an other.
If this transferred momentum is too large the electron will be lost.
The scattering is called Touschek scattering; electrons lost cause
the beam current to decrease: thus one commonly refers to this
effect as Touschek lifetime. The number of electrons lost per time
unit has to be limited due to radiation protection requirements.

Touschek lifetime scales roughly with the inverse of E3,
therefore this effect is more dominant for accelerators operated
at medium energy (∼3 GeV) than for the ones at high (∼6 GeV)
energy. Thus especially the magnet lattice of medium energy
rings has to be designed in such a manner that larger momentum
deviations can be accepted. This is typically achieved by higher
order achromats: i.e. electron trajectories will be independent of
deviations in position, angle or energy: at least within tolerances.

Point 2, however, can be influenced by proper magnet de-
sign and arranging them in a clever manner: by splitting up
magnets in many different pieces [1] or combining dipoles and
quadrupoles [3] together with introducing anti-bends into the
ring [2].
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TABLE I
STATUS, DESIGN CIRCUMFERENCE AND ENERGY OF THE DIFFERENT

ACCELERATORS C...MACHINE CIRCUMFERENCE, E...BEAM ENERGY

While damping rings (e.g. for CLIC [6]) solely require to
reduce beam’s emittance, light sources further require that the
beam is stable at each beam spot (i.e. the spot where the X-rays
are emitted to the user and thus act as source spot for the users
experiment). This is achieved by minimising the vibration of the
magnet system including its girders and support structure [7] or
actively compensate the impact of the vibrations on the electron
beam.

Until the past millenium’s end synchrotron light sources
were based on an arrangement of dipoles followed by a set of
quadrupole doublets or triplets, which provided well controlled
beam parameters for the following insertion devices. Sextupoles
were used to control the linear chromaticity of the beam. The
project MAX IV [1] split up the magnets in many different
pieces and miniaturised the aperture of these magnets so that the
required field strength of the used quadrupoles and sextupoles
could be provided by iron dominated magnets. This design
change reduced the emittance of this accelerator by an order
of magnitude compared to the emittance that a classical design
would achieve.

Successful commissioning of the MAX IV accelerator [1]
pushes other projects to pursue the concept of a small peri-
odic structure in the accelerator: ESRF-EBS [8], SIRIUS [9],
APS-U [10], HEPS [11], SKIF [12], ALS-U [13], Elettra 2 [14],
PETRA IV [15], SLS-2 [16] and Diamond II [17]. Furthermore
upgrades are planned for other accelerators e.g. Synchrotron
Soleil Upgrade [18], BESSY III [19] AfLS [20] or the Cana-
dian Light Source [21] (see also Table I and Table II). Sirius
and ESRF magnet designers started using permanent magnets
for their accelerator magnets [8], [22] for their compactness,
reliability and energy effectiveness: e.g ESRF reached in that
manner that the accelerator is built using identical hot swappable
power converters [8]: converters for magnets with dipole or
quadrupole components are swapped automatically while higher
order correctors can be swapped by the operator.

In this paper, the authors gather available literature material
concerning several magnet types from projects of Table I, with
a focus on magnets’ geometric parameters and performance.
In the following sections the available data are presented in a
consistent fashion.

The next session presents first an overview of the main field
strength of different small aperture accelerator magnets: these
are given for the different accelerators next to some information

TABLE II
MAGNETS APERTURES FOR THE DIFFERENT MACHINES: TYPE...MAGNET TYPE,

C...MACHINE CIRCUMFERENCE, rp MAGNET GAP OR POLE RADIUS, rref
REFERENCE RADIUS

on how these are being built. The different designs of the magnets
are mentioned in the text. Their field quality is presented for
a reference radius of rref = 10 mm. First the field quality is
presented if only the main coil winding is powered. As far as
available the field quality is then reported if added corrector
windings are powered.

The distance between the magnets is rather limited for low
emittance rings, thus cross talk is expected between them. Mea-
surements have been published. Their findings are summarised
in section III.

Magnets need to be aligned with respect to the foreseen ideal
orbit. Here different requirements are typically set to the align-
ment of one magnet to its neighbours, which are usually installed
on a common girder. More relaxed alignment requirements are
typically made for these girder alignments. Typical number are
presented in section IV.

In some accelerators a few arc dipoles are replaced with
versions that provide a similar beam deflection but a higher
magnetic flux. These magnets are called super bends. Such
magnets are reported in section V.

Quite a number of the magnets addressed here are curved: e.g.
longitudinal gradient bends or reverse bends. A concise descrip-
tion of the field quality should be based on a coordinate system
that follows this curvature. Possible solutions are addressed in
section VI.

Section VII covers shortly the performance that was reached
by permanent magnets.

The authors intention is that a magnet designer working for
the next small emittance ring can use this paper as a first stop
of information. It should give first insight which performance
magnets reached that have been built for such accelerators or
which operation parameters these magnets are being designed
for.

II. MAGNETS OVERVIEW

The magnet data presented here are based on results published
by the different projects (see Table I). The following projects are
completed and are now in operation
� MAX IV: presented data are based on [7].
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Fig. 1. Gradient and pole tip field for the main quadrupoles for the different
machines. The nominal gradients for the different quadrupoles are depicted by
blue circles while the pole tip field is indicated by green crosses.

� ESRF-EBS: presented data are based on [8]. A quadrupole
using permanent magnets has been designed by the magnet
team of this project [23]. Similar designs are now being
pursued by SLS-2 or SOLEIL’s upgrade project teams.

SIRIUS is currently at the end of its commissioning phase.
Magnet data are available at [24]. The project APS-U is currently
under construction with many magnets already built; its magnet
parameters were extracted from [10]. Measurement data were
not available to the authors. The authors are convinced that these
will be published at a later stage.

Many projects are currently in their design phase. Different
model or prototype magnet were built:
� A reverse bend quadrupole magnet was built for ALS-

U [25]. Its magnetic field was measured [26], but no
published measurement results were found.

� A quadrupole has been built for the PETRA IV project
[15]. Published data were not found by the authors.

� A longitudinal gradient bend magnet was built for SLS-
2 [27].

Additionally to the data of the projects mentioned above
data are presented for CLIC or LINAC4 magnets. For both
projects prototype magnets were built and tested. LINAC4
built and tested quadrupoles based on permanent magnets [28],
[29]. CLIC built and tested quadrupoles with a pole radius of
5 mm [30], [31].

A. Main Field Strength

The field strength and the pole tip field is presented for
quadrupoles in Fig. 1. Different magnets of one machine are
depicted on one vertical line. MAX IV, ESRF-EBS and SIRIUS
magnets have been built and measured. One can see that rather
moderate gradients and pole tip fields were used for MAX IV
magnets. The required quadrupole design strength was increased
for the following projects (e.g. ESRF-EBS, APS-U and ALS-U).
ALS-U is using cobalt based pole shoes for achieving this field
strength [13], [26]. The impact of splitting quadrupole pole shoe
and return yoke in different pieces is analysed in [32]. Designs
with permanent magnets as gradient amplifiers were investigated

Fig. 2. Strength and pole tip field for the sextupoles for the different projects.

and evaluated [33]. Sirius quadrupoles are based on this design.
Strong gradient were reached by model magnets built and tested
for CLIC: 200 T/m were reached for a rather conventional
electromagnet design with 5 mm pole radius [30]. A prototype
of CLIC’s final focus quadrupole was built and tested [31]. It
achieved ≈ 550 T/m using a Halbach type quadrupole [34]
combined with a strong electromagnetic quadrupole. This value
is given to show which quadrupole strength could be reached
with rather conventional technology; it is assumed that the power
requirements of this electromagnet would not be compatible
with the energy requirement of a light-source. The values for
LINAC 4 quadrupoles were extracted from [35]; quadrupole pro-
totypes using permanent magnets were built and measured [28],
[29].

The strength of the different sextupoles is presented in Fig. 2.
All these sextupoles are based on conventional electromag-

nets. Some of these magnets provide additional windings, which
allow using these magnets as corrector magnets too (see also
section II-B2). Sextupole main field strength vary (see Fig. 2):
similar as for quadrupoles projects seem to build on the achieve-
ments demonstrated by already realized ones. MAX IV used
rather modest sextupoles strength to achieve design values re-
liably for their integrated block design [36], [37]. Following
projects increase the strength, with ALS-U again heading for
highest values.

Octupoles are not used by all light sources. Rather moderate
pole tip fields seem to be sufficient for octupoles (see Fig. 3).
Their strength is given on the left vertical axis (blue points) while
the pole tip field is presented on the right vertical axis (green ‘x’).
One can see that the requirements of the different machines vary
significantly.

Following the proposals of [3] low emittance machines in-
clude magnets that combine dipole and quadrupole components
within a single magnet. Dipole like – i.e. a gradient was added
to some dipole by tilting its pole shoes – were common practise
for first strong focusing machines (e.g. [38], [39]). Similar
combined function magnets were used for MAX IV and SIRIUS
(see Fig. 4). These are also foreseen for ALS-U and SLS-2. CLIC
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Fig. 3. Gradient and pole field for the octupoles of the different projects.

Fig. 4. Combined function magnets: dipole like. Blue circles indicate the
dipole field strength (left axis). Green crosses depict the quadrupole gradient
strength (right axis).

design values are given here to broaden the view. Please note
that many machines use longitudinal gradient bends: these are
dipoles with different gaps combined within a common yoke.
The dipole strength due to the different gaps is represented in
Fig. 4.

ESRF-EBS required dipole components combined with
stronger gradients than MAX IV, thus they use a design with
4 poles [40], which is similar to a half quadrupole. Note that the
pole shoes are not straight but follow the beam’s curvature. Their
strength is reflected in Fig. 5. Again ALS-U design is striving
for rather strong values [25] using Cobalt-Iron based pole shoes.
A prototype magnet was built and measured [26] but data were
not yet available to the authors.

B. Field Quality

2D planar complex harmonics are used for describing the
magnetic field quality, which is called Beth’s representation [41]
(a more didactic introduction is found e.g. in [42]–[44]). It is

Fig. 5. Combined function magnets: quadrupole like.

given by

B(z) = By(x+ iy) + iBx(x+ iy) =

∞∑
n=1

Cn

(
z

rref

)n−1

.

(2)
for a 2D Cartesian field x, y, z = x+ iy with the 2D Cartesian
magnetic field components Bx, By . The complex coefficients
Cn are given by Cn = Bn + iAn. Bn are referred to as normal
components whileAn are called skew components. Furthermore
normalised harmonics bn + ian = cn = Cn/Cm are defined,
with m the main harmonic. rref is the reference radius, which is
typically chosen such that its associated circle covers the region
of interest and that the bn’s and an’s are small numbers. Please
note that the sum in (2) starts at n = 1, which is called “Eu-
ropean convention”. Except for Sirius and APS-U all machines
addressed here use this European convention.

In the following all multipole components are presented as
normalised harmonics (bn oran) for a reference radius of 10 mm,
thus all data were scaled to this radius using

cn = c′n

(
rref
r′ref

)n−m

, (3)

with c′n the harmonic for the original reference radius r′ref .
Please note that for ALS-U the harmonics had to be scaled from
r′ref = 5 mm to the larger rref of 10 mm (see Table I), which is
typically problematic.

1) Powered by Main Coil: For the different quadrupoles the
higher order harmonics are given in Fig. 6. For MAX IV and
ESRF-EBS, the variation of the harmonics due to production is
given in [7]. The mean value of each harmonics is represented by
the centre cross while its variation is indicated as error bar. For
the other machines only reference data were found. Similarly the
production variation of the expected harmonics of the sextupoles
were only available for MAX-IV (see Fig 7). In this figure, the
harmonics are presented when only the main coil is powered and
no current is applied to the corrector coil windings.

2) Corrector’s Induced Field Quality Deterioration: For
synchrotron light sources corrector magnets are typically imple-
mented as corrector windings, which are mounted as additional
coil packs on sextupoles or quadrupoles. SIRIUS and ALS-U
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Fig. 6. Higher order harmonics of the quadrupoles. Sirius: sys refers to the
allowed harmonics while bn to additional ones due to manufacturing tolerances.
The label ‘EBS’ refers to ESRF-EBS. EBS high refers to quadrupoles, which
are operated at roughly 90 T/m. .

Fig. 7. Higher order harmonics for the sextupoles when only the main coil is
powered (correctors off). Nominal multipoles are given for the sextupoles for all
machines except for MAX IV: For MAX IV the production variance is indicated
as error bar while the mean values are represented by the centre of the error bar.

published data of higher order multipoles as produced by the
corrector windings mounted on their quadrupoles (see Fig. 8).
and sextupoles (see Fig. 9). These projects published data for
more than one magnet type. Thus more than one marker can be
given for one harmonic. The higher order harmonics created by
the corrector coils are of similar magnitude as the harmonics
created by the magnet if the corrector coils are off (compare
Fig. 6 to Fig. 8 and compare Fig. 7 to Fig. 9).

The values of the harmonics seem to be rather large: but
these are presented for a reference radius of rref = 10 mm.
This covers a significant fraction of the mechanical aperture (see
Table II). Furthermore the electron beam diameters are typically
well below 50 μm (at 1 σ).

III. MAGNET CROSS TALK

A low emittance machine requires many magnets, therefore
these are assembled with a small gap between them (roughly

Fig. 8. ALS-U: higher order harmonics of the quadrupoles when the corrector
coil is powered.

Fig. 9. Higher order harmonics of the sextupole when the corrector coil is
powered.

four times the aperture). Therefore cross talk between these
magnets is expected (e.g. APS [45], ESS [46]). ESRF-EBS
published measurement data [47]. These data show that cross
talk is changing the main field component by up to ≈ 2%.
Calculations were conducted which show that cross talks can
be predicted fairly precisely to ≈ 0.03%. So future projects are
well advised to use appropriate simulation tools for predicting
the effect of cross talk. Furthermore these calculations should
be qualified by appropriate measurements.

IV. ASSEMBLY AND ALIGNMENT

The small magnets size requires precise machining of the
individual pieces the magnets are made of. Here overall tol-
erances are listed that the different projects require for either
manufacturing or alignment tolerances of the different magnets
or magnet systems. These should not be confused with the
mechanical tolerances for a single magnet subcomponent: e.g.
a pole shoe.

The authors refrained to compare the different values within
a table, as each project has a slightly different convention. Thus
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they considered such a table as misleading. The values listed
below are intended to give an overview of typical target values
for the different assembly and alignment tasks.

A. Magnet Assembly

MAX IV designed magnets as block assemblies to minimize
the impact of mechanical vibrations on the beam and to ag-
gregate components within a single unit [36], [37]. Different
papers report that its magnets surfaces were made with an
accuracy of ±20μm [36], [48], [49]. The magnetic axis of the
different magnets was measured with a rotating coil probe. These
measurements showed that the axis would vary by less than
< 10μm (root mean square error).

For ESRF-EBS a manufacturing tolerance of ± 20μm is
reported for the prototype, which was released to ± 40μm for
series production [50], [51].

1) Magnet Alignment: The values listed here apply to trans-
verse alignment. The longitudinal requirements are typically
relaxed by an order of magnitude. For magnet alignment ESRF-
EBS specified fiducialisation errors to ± 50 μm. Magnet centres
were positioned within ± 50 μm by mechanical shims. The roll
angle of the magnets was initially set to ± 50 μrad; this value
was relaxed to ± 130 μrad for production (see [52], which also
gives a good overview over magnet production).

Petra IV lists targets of 20 - 30 μm for magnet to magnet
and magnet to girder alignment while girder to girder alignment
is specified to 100 μm [15]. The ALS-U project demands a
challenging alignment accuracy of ± 20μm [26].

When comparing alignment of different machines, one should
take into account that MAX IV assembled the different magnets
within a common block. Thus the tolerances listed for MAX IV
in section IV-A should be compared to the tolerances other
projects specify for aligning magnets on a common girder.

V. SUPERBENDS

Superbends allow providing users with synchrotron radiation
at a higher peak than the average dipole provides: e.g. ALS
operated such magnets [53], [54] and BESSY II built and tested
a 9 Tesla superbend [55].

Today low emittance machines integrate superbends based
on permanent magnets e.g. SIRUS [56], which provides a field
of ≈ 3.2 T. For SLS-2 4 - 6 T superbends are being looked
into [57], [58], which are using superconducting coils. Design
evaluations were made for superbends based on pole shoes made
of Holmium, which are driven by a superconducting coil [59].

VI. ON CURVATURE

Accelerator magnets are typically modelled as thin lenses.
Following Beth’s approach [60], their field is typically described
using 2D complex multipoles (see e.g. [43]).

Within dipoles, longitudinal gradient bends and reverse bends
the particle’s trajectory is following a circle segment. Thus
these magnets are typically curved to minimise their sagitta with
respect to the ideal orbit (e.g. [40]).

Typically the aspect ratio ε = rref/RC allows distinguishing
between the different methods. RC is the osculating circle to the

beam trajectory within a dipole. If ε is small (for accelerators
typically in the order of a per mille or less) local toroidal
coordinates allow describing the field [44]. For all aspect ratios
global toroidal coordinates allow describing the magnetic field
in a manner that follows the curvature of the field e.g. [61]–[64].
Please note, that the expansion is then not necessarily around
the magnet’s centre. A further option is to develop the field
using cylindrical coordinates centred on the “vertical revolution
axis,” thus using more or less the centre of the ring as reference
point (e.g. [65]–[67]). It is expected that these multipoles are
correlated, therefore regularisation could be required for a more
robust set of coefficients (e.g. [68]–[71]).

For synchrotron light sources local toroidal multipoles could
be a good start, even if this is an obviously biased opinion [44].

VII. PERMANENT MAGNETS: ACHIEVABLE PERFORMANCE

Permanent magnets allowed reducing the size of electri-
cal machinery (e.g. [72]) and have been used for undulators
(e.g. [73], [74]) and accelerator magnets (e.g. [75], [76]). Tem-
perature compensation was already addressed then (e.g. [77]–
[79]). Long term drifts in the range of 0.04 % were reported
[80].

ESRF-EBS is using permanent magnets for the longitudinal
gradient bends [50] and has looked into a high gradient magnet
based on permanent magnets [23].

Halbach arranged permanent magnets in sectors to amplify
the reachable field strength [34]. His ideas have lead to differ-
ent designs e.g. [81]. Based on this Halbach design different
demonstrators have been built. For an aperture of 2 mm a dipole
field above 5 T was achieved [82]. Similarly a quadrupole was
built with an aperture of 7 mm radius that achieved a gradient
of ≈ 300 T/m at [83].

The field quality of such Halbach arrays can be limited by
the “block design” due to the permanent magnet blocks. CESR
showed that the field quality can be significantly improved by
shimming the magnets with an insert containing ferromagnetic
rods [84].

Permanent magnets are considered to allow minimising the
magnets themselves next to the gaps between them and thus
minimising the emittance of synchrotron light sources [85] e.g.
as no coil packs are required. Overviews are given for permanent
magnets e.g. in [86] and for quadrupoles in [87].

VIII. CONCLUSION

Low emittance machines are nowadays the basis of recently
commissioned, currently being constructed or designed syn-
chrotron light sources. The design of the lattice next to their
magnets allows reducing the beam emittance of these machines
to small values.

This paper compared the field strength and field quality for
the different magnets. Dipole fields of 0.8 - 1.8 T are typically
used; these are provided by combined function magnets (see
Figs. 4 and 5). Quadrupole gradients are in the range from 20 -
100 T/m with pole tip fields in the range of ≈ 0.4 - 1.2 T (see
Fig. 1). Sextupoles values range from less than 1000 to more
than 5000 T/m2 with a pole tip field up to ≈ ˜0.8 T (see Fig. 2).



SCHNIZER AND BENGTSSON: MAGNETS FOR LOW-EMITTANCE STORAGE RINGS AN OVERVIEW 4005808

Multipoles are typically reported as 2D planar relative har-
monics following the “European” convention (see (2)). These
relative harmonics are typically given in units (1 unit =
100 ppm). Reference radii of 5 to 13 mm are common practise for
the listed machines (see Table II). The multipoles of the magnets
of the different machines were rescaled to a reference radius of
rref = 10 mm. One can see that the multipoles are in the order of
a few units (see Fig. 6 and Fig. 7). Correctors mounted on sex-
tupoles (for ALS-U also on quadrupoles) produce not-allowed
harmonics of similar strength as the allowed ones of the main
magnet (see Figs. 8 and 9).

Accelerator magnets were based on permanent magnets since
Fermilab’s recycler [75]. ESRF-EBS uses permanent magnets
for longitudinal gradient bends. For quadrupole magnets dif-
ferent designs were made which are using permanent magnets
instead of coils or permanent magnets are used as gradient
amplifiers additionally to conventional coil packs. These designs
uses partly pole shoes made of CoFe material. Highest gradients
were achieved for apertures of a few millimetres with magnets
based on Halbach arrays. The CESR project achieved accelerator
grade field quality for Halbach array based magnets using a
shimming method based on small ferromagnetic rods.

Two light sources based on the multibend achromat design
were built with many others being under construction or being
designed. The key performance parameters of their accelerator
magnets were reported here. Future will show in which direc-
tion the magnet design will evolve for storage ring based light
sources.
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