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Abstract 
The rapid growth in the light source community 

throughout the world has served to motivate innovation in 
the magnet technologies that serve as the foundations for 
both the storage ring lattice magnet systems and the 
primary radiation sources, the insertion devices. Here a 
sampling of  magnet system developments being pursued 
at diverse facilities are discussed, including combined-
function magnets that minimize space requirements and 
improve accelerator performance, high performance bend 
magnets that provide enhanced radiation characteristics, 
and novel and untested concepts for future lattice 
magnets.  Finally, we review developments in insertion 
devices that promise new performance characteristics to 
better serve the light source community. 

INTRODUCTION 
The rapid expansion in the number of light sources 

throughout the world has lead to a number of 
developments in magnet systems to address their needs. 
Here we will focus on a few examples of research that 
may play a critical role in future light sources and in 
improving the performance of existing sources. However, 
it should be noted that industry's role in reducing the cost 
and increasing the reliability and quality of traditional 
accelerator magnets for light sources has been vital in the 
expansion of theses sources.   

Here we discuss research advances in a small sampling 
of magnet systems that may have a large impact on 
performance of light sources. These include a) combined 
function magnets to minimize the space requirements of 
the accelerator system, b) new technologies to provide 
unique new performance parameters and/or dramatically 
reduce the operating costs of the accelerator systems, and 
c) new developments in advanced radiation sources, the 
wigglers and undulators. An excellent review of insertion- 
device developments was presented by P. Elleaume at 
EPAC [1]; we will therefore focus only on a few 
examples of active research.  Much of the ongoing 
insertion device research and developments was the focus 
of a recent workshop hosted by the Elettra light source 
[2]. 

COMBINED FUNCTION MAGNETS 
Combined function magnets have been incorporated in  

the lattice since the first synchrotrons were built. Recently 
there has been renewed interest in providing enhanced 
combined function performance to minimize the overall 
accelerator cost, improve system performance and to 
provide more space for the critical radiation sources, the 
insertion devices.  

A nice example of a combined function magnet for 
existing light sources is the ALS sextupoles [3]. Using 
perturbation theory developed by Klaus Halbach [4], the 
traditional sextupole magnet design was modified to 
incorporate additional trim coils to provide independent 
dipole and skew-quadrupole corrections.  Similar magnet 
systems are now commonplace on storage rings, 
providing correction capability without consuming vital 
longitudinal space (see for example [5]).  

More recent examples are the systems implemented 
and/or being considered by MaxLab [6].  Motivated by 
performance, space and cost considerations, novel 
combined function systems are being considered with 
innovative pole profiles to minimize machining tolerances 
and costs. The proposed magnet systems for the MaxIV 
complex include combining sextupoles, and possibly 
octupoles, in the quadrupoles, with small apertures to 
provide strong multipole fields; concepts such as these 
may serve as a template for the next series of 3rd 
generation light sources that will need to provide high 
performance while being cost-effective, with minimal 
performance and schedule risk. 

A more unique example of combined function magnet 
system is the ALS permanent-magnet chicane (see Fig. 1) 
[7].  Using the concept of a pure-permanent magnet 
corrector ring [8], these systems provide independent 
control of a variety of multipole fields without hysteresis 
and with negligible power requirements. A number of 
devices have been in use at the ALS since 2001, and they 
are now the system of choice for new chicanes at the 
ALS. Recent design improvements include reducing the 
gear-ratio of the drive system to provide more accurate 
positioning and minimize fluctuations at the few 
metastable positions encountered during operation.  

 
Figure 1: Model of the ALS chicane magnet, showing 
drive system and magnetic elements. Additional dipole 
correction coils are provided for higher frequency 
corrections. 
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Note that the underlying concept of the chicane system 
can be used to control arbitrary multipole content and/or 
to serve as the principle multipole lattice element, as the 
strength scales with length. Similar systems are under  
investigation at other light sources [9], and are being 
considered for use in free-electron lasers [10].   

NOVEL TECHNOLOGIES FOR LATTICE 
MAGNETS 

Although the primary purpose of the lattice magnets is 
to provide optimal beam quality, the bend magnets are 
invariably used as radiation sources as well. The ALS was 
the first 3rd generation light source to pursue 
superconducting technology for the bend magnets. In 
2001 the Superbend upgrade was successfully 
commissioned [11]. The magnet parameters [12] were 
chosen to provide enhanced spectral properties for the 
rapidly growing field of protein crystallography.  Since 
the lattice periodicity was fundamentally changed, the 
upgrade was a significant modification to the ALS both in 
terms of accelerator physics and in terms of spectral 
performance.  The Superbend performance since their 
installation has been exemplary, with a nearly perfect 
operational record.  

 As an alternative to the ALS superconducting 
Superbends, the Swiss Light Source (SLS) has 
implemented an enhanced warm-iron dipole design to 
provide a 2.9 T field,  a significant enhancement over the 
other 1.4T bend magnets [13].  Although not as 
aggressive as the Superbends, the magnets serve to 
illustrate the importance of maximizing bend magnet 
performance. 

Motivated in part by the success of the ALS Superbend 
project, other light sources are investigating 
superconducting technology for the bend magnets. 
Technical studies of the feasibility of using high-
temperature superconducting magnets for bend and 
multipole magnets are underway by researchers at 
Brookhaven [14]. The primary motivation is to minimize 
integrated operating costs over the system lifetime. The 
Brookhaven superconducting magnet group has been 
developing HTS react-and-wind technology for many 
years [15], and has demonstrated on prototype magnets 
that the performance requirements for such magnets are 
attainable. Uncertainties remain concerning the 
performance of such technologies in a real storage ring 
environment, and the long-term reliability of the systems.  

The trend among 3rd generation light sources is to 
migrate to full-energy injection, and in many cases Top-
Off mode, first implemented at the Swiss Light Source, 
the Advanced Photon Source, and at Spring8. Since Top-
Off mode does not require large field variations of the 
lattice magnets, non-traditional magnet systems can be 
considered. Permanent magnet systems can provide the 
field strengths needed for lattice magnets without 
incurring any significant operating (e.g. power and 
cooling) costs. The main uncertainty with the use of 
permanent magnets for lattice magnet application 

concerns radiation damage.  There is evidence to suggest 
that radiation damage is tantamount to thermally induced 
demagnetization. Improved resistance to demagnetization 
can be provided by selecting higher coercivity material or 
by cooling the material to cryogenic temperatures. More 
directly, it may be possible to design the system geometry 
to reduce or eliminate radiation load. It should be noted 
that some correction to multipole fields will always be 
required to control beam quality; the ALS chicanes serve 
as an example for such systems. Alternatively, small 
electrical correction magnets could continue to be used 
for this purpose. 

DEVELOPMENTS IN RADIATION 
SOURCES 

Developments in insertion devices are occurring on a 
number of fronts. For a wide variety of users the 
flexibility provided by variable polarization undulator 
devices (EPU’s) is particularly useful. Diverse 
permanent-magnet designs exist to provide such 
polarization control, although the most commonly 
implemented design is the APPLE II [16]. Such devices 
are becoming the dominant insertion device in facilities 
focussing on soft x-rays; example applications include 
magnetic linear and circular dichroism, angle-resolve 
photo-emission (ARPES), coherent scattering, lensless 
imaging, etc. [17]. 

For other applications, such as protein crystallography, 
maximum flux density at specific energies (e.g. 12.6 keV) 
is the dominant figure of merit. The motivation is then 
strong to reduce the period so as to access the hard x-ray 
region in low undulator harmonics with maximum flux. 
Much effort has been focussed on improving the 
attainable field/period length ratio; currently the most 
common technology for these applications is the in-
vacuum undulator [18]. Research is underway to improve 
the performance using cryogenic in-vacuum devices 
(CIVID) and superconducting technology (SCU).  

Elliptically polarizing undulator developments 
A variety of experiments benefit from control of the 

polarization of the radiation-field. Bend magnet radiation 
provides variation of the polarity by moving the 
experiment off the horizontal plane; planar undulators, on 
the other hand, provide only linear polarized radiation. To 
provide full polarization control, elliptically polarizing 
undulators were proposed [16]. The first EPU was 
installed on the SPEAR ring [19]; the first EPU to provide 
light at a 3rd generation ring was at the ALS [20]. The 
most common form of the devices, the APPLE II design, 
are becoming the predominant insertion device in low 
energy rings, and are growing in popularity at high energy 
rings as well.    Many groups now have the expertise to 
design, fabricate, measure and shim EPU devices. A 
number of industrial partners have developed the 
expertise as well, as the technology is now relatively 
mature. Issues that pose challenges in the fabrication of 
EPU’s include: 
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1. Stiff and well aligned structural backing beams 
and bearings between the backing beams and the 
magnetic carriages to minimize deformations. 

2. Good quality magnetic blocks, with small 
variance in magnetic remanance and in the field 
orientation. The most commonly used magnetic 
materials are Somarium Cobalt (Sm2Co17) and 
Neodymium-Iron-Boron (NdFeB). 

3. Well-designed ends that minimize changing 
integrated dipole fields with changing 
polarization, stemming from permeability effects 
[21, 22]. 

Ideally insertion devices have negligible impact on the 
beam dynamics. Interactions can be from a) static field 
harmonics, such as dipole and quadrupole (normal or 
skew) that can be measured on the bench and 
compensated for via passive shimming, e.g. “virtual” 
shims [23] or magnetic shims [24] or from b) “dynamic” 
multipoles, i.e. effective multipoles emanating from field 
variations due to the particles trajectory. The latter do not 
appear in magnetic measurements, but may generate a 
tune-shift with undulator phase-shift that can impact the 
dynamic aperture. Since the particle's transverse 
oscillations scale with field strength B and period, and the 
spatial field gradient is also proportional to field, dynamic 
effects scale with B2 and period . Planar undulators 
provide a dynamic vertical focusing effect that can easily 
be accommodated by corrector magnets on the ring. 
Unfortunately EPU’s are among the most “visible” of 
insertion devices due to a number of factors, including 
fast field roll-off intrinsic to the geometry and shift-
dependent multipoles that cannot be fully compensated 
for using static corrections.  

The recent trend among light-sources is to move 
towards top-off mode, where injection occurs quasi-
continuously. In traditional operating regimes the 
insertion devices are opened during injection, both to 
avoid any impact from the insertion devices on injection 
efficiency and to avoid potential safety issues associated 
with unintended transmission of electrons down a 
beamline. In top-off mode injection occurs while 
experiments are proceeding, with all insertion devices 
operating. During injection the dynamic aperture must be 
significantly larger than during normal operation; the 
nonlinear focussing effects of the EPU devices can 
therefore impact injection efficiency.  

A reasonable solution to this problem was developed 
by researchers at the ESRF [25]. Magnetic strips attached 
on appropriate blocks of the device generate a nonlinear 
horizontal kick distribution that linearizes and reduces the 
effective dynamic focus/defocus in most polarization 
modes, allowing correction from the existing corrector 
quadupole magnets. The technique has been demonstrated 
in detail at BESSY [26], and has been or will soon be 
implemented at many of the active 3rd generation light 
sources. The correction stems from magnetic material and 
is therefore independent of the beam; the correction 
therefore does not apply well to storage rings that operate 
in different energy modes, since the dynamic effect is 

proportional to 1/E2. The effect is therefore much more 
pronounced on low energy (soft X-ray) machines.  Other 
techniques are being investigated as well, including active 
electrical correction using line currents [27, 28]. 

A number of new design concepts have been proposed 
to generate variable polarization from superconducting 
magnet systems [29-31].  Analysis suggests that these 
designs do not provide dramatic improvements in field 
performance. The proposed ALS design [31] leverages 
the concept of period doubling / period halving to provide 
users access to a dramatically enlarged spectral range, 
without sacrificing brightness. A conceptual model of the 
system is shown in Fig. 2. Technical hurdles for all 
superconducting EPU designs include: 

1. AC losses associated with field ramping typical 
of EPU usage 

2. Superconductor hysteretic magnetization that 
may impact spectral quality, and  

3. Beam-based heat loads that are concern for any 
superconducting insertion device. 

 

 
Figure 2: Superconducting elliptically polarizing 
undulator concept. Top: a single quadrant, with each eight 
coils defining the periodic structure. Bottom: the 
complete four-quadrant system, including a cryogenic 
switchyard to provide period-halving and period-doubling 
capabilities (see [31]). 

All of these issues are addressed by the cryogenic 
system design and appropriate choice of conductor.  
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Cryogenic in-vacuum undulator research 
In-vacuum undulators, first developed at Spring8, have 

quickly become the high-performance option for short-
period, high brightness photon production at most 
operating light sources. Recently the concept of 
cryogenically cooling permanent magnet devices to 
enhance their performance was proposed by [32]. The 
performance improvement, estimated to be as much as 
30%, stems from two fronts: 

1. Cooling permanent magnets to ~150K results in 
an increase in Br by ~12%, depending on the 
material.   

2. Cooling also increases the magnetic coercivity, 
potentially allowing the use of higher Br 
magnetic material that cannot otherwise be used 
due to low room-temperature coercivity resulting 
in risk of demagnetization.  

A number of labs have developed CIVID prototypes to 
determine feasibility [33]. Key areas of concern include:  

• Sufficient temperature control to avoid impact 
on phase errors due to temperature gradients 

• Shimming of the device, i.e. does room 
temperature shimming provide acceptable 
spectral properties upon cooldown 

• Development of sufficiently accurate cryogenic 
measurement facilities 

Recent data at SpRING8 suggests that room temperature 
phase-error correction may be sufficient for CIVID 
devices. Similar studies are ongoing at the ESRF; if 
validated, the result will eliminate a significant 
complication in CIVID fabrication.  
 Perhaps a more critical concern is that it will not be 
possible to bake out the device prior to installation if 
higher remanance material is chosen, due to thermally-
induced demagnetization of the materials stemming from 
the lower coercivity.  If this concern is validated, the 
performance advantage of CIVID devices will be 
restricted to ~12%. In some cases, however, such 
performance may be secondary to a more useful feature: 
enhanced radiation hardness [34].  

Superconducting undulators 
The rapid development of permanent magnet insertion 

devices slowed the development pace for superconducting 
insertion devices. Permanent magnet technology has 
matured to the point where performance improvements 
are expected to be slower.  The potential for 
superconducting devices in certain gap and period 
regimes is now under active research, stimulated in part 
by significant improvements in superconducting 
materials.  

Since the review of superconducting insertion devices 
presented in [1], progress has been made on a number of 
issues associated with superconducting insertion devices. 
An SCU device fabricated by ACCEL for ANKA has 
been operating since 2005 [35]. Recent results of beam-
based heating and operational and spectral characteristics 
were presented in [36]. An EU funded project is 

underway to investigate 1) beam-based heating and 
appropriate cryogenic designs and 2) cryogenic 
measurement systems commensurate with undulator 
phase error determination [37].   

The highest performance superconducting insertion 
devices use Nb3Sn superconductors, capable of 2-3 times 
higher current density than NbTi superconductors in the 
field range typical of short (10-30mm) period undulators. 
Recent results at LBL have demonstrated that the 
technology is viable, having achieved the measured short-
sample limit on a prototype device [38]. The LBL 
progress has stimulated other labs to investigate Nb3Sn as 
well, including the APS (in collaboration with the 
National High Magnetic Field Laboratory) [39] and 
ANKA [37]. 

Outstanding issues with superconducting undulators 
include  

• Thermal loads, in particular quantification of 
beam-induced heat loads in the case of cold-bore 
operation; a transportable calorimeter designed 
to be installable on a variety of storage rings 
would provide critical information on these 
loads and their ring parameter dependence, and 
could be funded, designed, and built via a light 
source collaboration  

• Shimming for phase error correction of higher 
harmonics. Although preliminary concepts of 
active shimming have been tested [40, 41], 
research is needed to develop a complete system 
compatible with user operation.  

The research and development of these devices has 
progressed to make them viable candidates for a variety 
of light source applications in the near future. 
Applications of CIVID and SCU devices on a variety of 
rings will provide a useful set of data to determine long-
term viability of the technologies. 
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