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Insertion devices as Synchrotron Radiation Sources

• The first storage rings were designed for high-energy 
physics

– As energy of electrons was increased, energy was observed to 
be lost in the form of radiation – synchrotron radiation

– Key limitation to modern HEP accelerators (one of the 
motivators for proton rings, and the need to switch to linear 
colliders for leptons…)

• “2nd generation” sources were rings devoted to SR 
generation, essentially using the bend magnets as 
sources (examples: NSLS, ANKA, Spear II, …)
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“…

“

“…

…“           

IEEE 1998

1943: Synchrotron invented by Oliphant 
1945: Vekslar, McMillen invent the synchrocyclotron and 
Betatron 
1947: synch. rad. observed at 70Mev GE synchrotron 
1949: Wilson et al. first stored beam in a synchrotron 
1952: Courant and Snyder develop strong focusing; 
 already patented by Christofilos! 
1959: CERN PS operational 
1960: Brookhaven AGS operational 
1972: Spear completed (leads to J/Psi discovery,…)

1990: SPEAR is used exclusively for SR production
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Dedicated SR sources
• “3rd generation” sources designed for use of special magnetic systems, “insertion 

devices”, (ID’s), into the straight sections of storage rings to generate specific 
radiation properties tailored to the beamline science needs. (Examples: ALS, Spear III, 
APS, ESRF,…)

– Accelerator physics: - ID’s should not impact the stored beam – want scalability, ability to 
exchange devices, etc

– Scientific users: - ID’s tailored to science need, e.g. flux or brightness over a given energy 
range, polarization control, etc.

Note: almost all 2nd generation rings now incorporate ID’s to enhance their 
science capabilities 

• “4th generation” sources are currently being built – FEL’s & ERL’s. (examples: LCLS, 
DESY XFEL,  Fermi at Elettra, 4GLS …)

– Electron bunch passage through “Insertion device” generates synchrotron radiation, which 
in turn modulates the electron bunch energy; cycle can be repeated down to a final ID 
section that “radiates” the resulting micro-bunched beam coherently
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ALS

Example: Fermi@Elettra workshop 2005: J. Corlett, G. De Ninno
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Example applications
• Synchrotron radiation sources for soft / hard x-rays

– Large number of lights sources worldwide (and quickly growing!)

– Number of free electron laser projects underway

– Figure of merit is typically brightness (ph./s/mm2/mr2/0.1%bw)
Higher performance yields higher brightness and/or increased spectral range, or access to 

higher energy photons

• Damping rings
– Emittance is reduced proportional to synchrotron radiation power

– Figure of merit is SR source power => wigglers 
Higher field yields higher power: P~B2

• Positron source for ILC
– Positrons generated from pair-production

– Polarized positrons from circular pol. radiation

– Figure of merit is photon flux
Higher performance yields higher positron production, shorter undulator length 
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Applications motivating the use of Superconducting insertion devices

• Modulators and radiators for FEL’s

– May serve to shorten length of FEL

– Access shorter wavelength radiation

– Main issues: 

• tight requirement on beam trajectory

• Long lengths overall

• Wigglers for damping rings

– CESR, ILC, …

• Undulator for ILC positron source
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CESR Wiggler 
2,1T peak field 
9cm horizontal uniform aperture 
40cm period 
7.62cm pole gap, 5cm vertical beam aperture 

Baseline wigglers for ILC damping ring 
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ILC Positron Source
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Undulator parameters (ideal)

References:  
1. Y. Ivanyushenkov et al., Proceedings of PAC 2005 
2. D. Scott et al, Proceedings of EPAC 2004

Magnet features & parameters: 
• Conductor: NbTi. 0.44 mm diam. 
• Groove size: 4x4 mm 
• Test: achieved 0.8 T on axis

First NbTi prototype, EUROTeV-heLiCal collaboration
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A look back in time, to the first FEL undulator…

• The first undulators were superconducting 
– 1975, undulator for FEL exp. at HEPL, Stanford
– 1979, undulator on ACO
– 1979, 3.5T wiggler for VEPP
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Rev. Sci. Instr., 1979Ancient history
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Basics of undulators
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Undulator and Wiggler characteristics:  
Field properties
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Brian Kincaid, JAP 1977;  
See R. Schlueter, Res. Memo 88-57, LLNL 1988 for wiggler 
field harmonics and focusing 

• These are magnetic devices generating fields transverse to the passing 
charged particles, usually designed to be inserted into a ring to generate 
synchrotron radiation

– Fields can be “planar”, helical, or variable

– Planar devices exhibit vertical focusing

⇒There is always some coupling of device to beam-physics
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• Fields are characterized by oscillation period and field strength 
– Strength parameter K distinguishes radiation properties 

Nomenclature:
“First integral”: x’(z) [angle]

“Second integral”: x(z) [displacement]
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Undulator and Wiggler characteristics: Radiation properties
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Continuous spectrum characterized by  
εc = critical energy 

εc(keV) = 0.665 B(T)E2(GeV)

Quasi-monochromatic spectrum with peaks at 
lower energy than a wiggler

ε1 (keV) =  
0.95 E2 [GeV]

K2 λu [cm] (1 +      )
2

2 2[ ] 0.633 [ ] [ ] [ ] [ ]P kW E GeV B T I A L M=

Higher field for same period results in larger spectral range, 
or performance can be leveraged to increase brightness

Higher field results in higher critical energy, 
more power

From David Attwood,  
Introduction to Synchrotron Radiation
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Distinguishing sources
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Beam energy, spectral range, and undulator performance

Linac-‐driven

Regime	  of	  interest

• For any given technology:
- At fixed gap, field increases with period

- At fixed period, field drops as gap increases

14

=>	  Choice	  of	  electron	  energy	  is	  closely	  coupled	  to	  undulator	  
technology,	  allowable	  vacuum	  aperture,	  and	  spectrum	  needed

Technology-‐driven
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Importance of undulator technology

• Undulator characteristics and beam 
energy yield photon wavelength

• Coupled problem: 
- Always want tunability

- Some9mes want polarization control

- Different FEL lines will focus on 
different spectral ranges, with different 
timing, synchronization etc. needs

• Cryogenics+linac and 
	  	  	  	  	  Undulator farms are dominant 
     cost drivers

15

Lei Zang, Cockcroft Institute presentation
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In-‐Vac-‐5In-‐Vac-‐5 NbTi-‐5In-‐Vac-‐5 NbTi-‐5 Nb3Sn-‐5

Limit
145	  m

PMU-‐5

Self	  
Seeded

λu ≈ 26	  mm,	  	  23	  mm,	  	  20,mm,	  	  18	  mm

7.
2	  
ke
V→

←
 4.
8	  
ke
V

Lower-‐limit	  photon	  energy	  =	  1.5	  keV	  (at	  4	  GeV)	  in	  all	  cases

e−	  energy 4.0 GeV

Emittance 0.4 µm

Energy	  spread 0.5 MeV

Peak	  current 1 kA

Bmax < 2.1	  T
• 5-‐mm	  vac.	  gap	  for	  all	  (7.3-‐mm	  mag.	  gap)	  
• In-‐Vac	  →	  same	  vac.	  gap	  (5.3-‐mm	  mag.	  gap)

5	  
ke
V→

SCU Motivation (Courtesy P. Emma)  
Und.	  Length	  (+20%)	  vs	  Upper-‐Limit	  Photon	  Energy	  (LCLS-‐II)
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Key Technologies
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A variety of technologies exist

• Pure and Hybrid Permanent magnet devices:
- “Out of vacuum”
- “In-vacuum”
- “Cryogenic in-vacuum”

• Pure variable polarizing undulators
- Apple-II
- Delta

• Electromagnet undulators

• Superconducting undulators

18

Permanent Magnet Undulator

Hybrid Pure Permanent Magnet

Magnet (NdFeB, Sm
2
Co

17
,...)

Pole

(Steel)

III, 5/30 , P. Elleaume, CAS, Brunnen July 2-9,  2003.



A variety of technologies exist to produce undulating fields, 
with permanent magnet systems serving as the workhorse

19

The undulator hall Sunday, November 7th, 2010

27m In-Vacuum Undulator

SASE FEL Undulator

Undulator & wiggler (Japan)Superconducting bifilar,  
Stanford, circa 1977

PM hybrid, fixed gap, 
LCLS, Slac

PM EPU, 
Fermi, Trieste

IVID 
XFEL SPring8

PM hybrid, variable gap, 
LCLS-II, Slac
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Undulator evolution

20

ALS U50 (1993) 
Hybrid permanent 
magnet technology

superconducting 
undulators

Spring8  IVUN 
(2000)  
Small gap In-
vacuum device

ALS EPU50 (1998) 
Pure permanent 
magnet technology, 
Elliptically polarizing 
capability

\



Undulator technologies have evolved to 
enhance performance

• PM devices have evolved by…

✓ Reducing magnetic gap: in-vacuum device development

21

Kitamura, EPAC2004

✓ Improving PM remanence: materials development, use at 
cryogenic temperatures

• Alternative approach: revive superconducting 
undulators to leverage materials improvements over 
the last couple of decades

TAS 2007
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Performance comparison

• PM ⇒ PM Hybrid ⇒ IVID ⇒ CIVID ⇒ SCU

22

Nb3
Sn

PMU

NbTi

In-‐Vac.	  PMU

SCU	  →	  much	  higher	  field	  for	  given	  period	  and	  gap

LCLS-‐II	  PMU:	  
λu = 26 mm	  
Bpk = 1.0 T	  
gm = 7.3 mm

LCLS-‐II	  

Take advantage of 
Vanadium Permendur Reduce gap Use 

Br(T), Hc(T)
Use superconducting 

materials

Careful! 
Formulas/fits only appropriate under certain conditions: need to look at design 

closely to assure no demagnetization, saturation, etc. occurs
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Planar technologies

Technology Strengths Weaknesses R&D

Pure	  and	  hybrid	  PM,	  out	  of	  vacuum •Performance	  known	  
•Tolerances	  understood	  
•Measureable	  

Field	  strength	  
Gap	  motion+forces

•Gap	  control	  
•Cost	  reduction

Hybrid	  PM,	  in	  vacuum •Performance	  known	  
•Tolerances	  (somewhat)	  understood	  
•Measureable	  	  

•Vacuum	  considerations	  
•Image	  currents	  
•Gap	  motion+forces	  

•Gap	  control	  
•Image	  currents	  
•Cost	  reduction

Cryogenic	  in-‐vacuum	  (hybrid)	  
(CIVID)

Potential	  performance •Need	  to	  use	  high	  Br	  material	  –	  cannot	  bake	  
•Tolerances	  difficult	  to	  control	  (dT,	  motion,	  
etc)	  
•Measurements

•Improve	  vacuum	  
•Material	  developments	  
•Cold	  measurement	  system

NbTi	  superconducting •Potential	  performance	  (~CIVID)	  
•Well-‐established	  material	  
•No	  moving	  parts

•Low	  Tc	  (less	  margin)	  
•Jc	  not	  “the	  best”

•Cold	  measurement	  system	  
•Field	  correction	  
•Magnetization	  effects	  

Nb3Sn	  superconducting •Potential	  performance	  (best	  Ic,	  “high”	  T	  
margin)	  
•	  30-‐40%>NbTi,	  CIVID	  
•Well-‐established	  material	  
•No	  moving	  parts

•Extra	  “reaction”	  step	  
•Larger	  filaments	  in	  superconductor

•Cold	  measurement	  system	  
•Field	  correction	  
•Magnetization	  effects

23



Advances in PM field performance through 
technology and materials 
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the magnet by immersing it in the Dy–F solution and drying
the solvent. The weight of the adhesive fluorides was
0.1–0.2 wt % in comparison with that of the magnet. By
heating the magnet at 1070 K for 3 h, Dy and F atoms dif-
fused into the magnet along the grain boundaries. The de-
magnetization curves were measured with a vibrating sample
magnetometer after applying a pulse magnetic field of 4 T in
the anisotropic direction. The absolute value of magnetiza-
tion was compensated for by a standard sample of Ni with
the same three dimensions as those of the measuring mag-
nets. A demagnetizing factor with a magnitude of 0.04 was
applied to achieve the demagnetization curves. The compo-
sition around the grain boundaries was investigated by using
a scanning transmission electronic microscope !STEM"
equipped with an energy dispersive x-ray !EDX" analyzer.
An electron beam was squeezed into a diameter of 1 nm. The
atomic ratio of Nd to Dy was compensated for by the Cliff–
Lorimer method. The area observed was the distance of
10 !m from the surface of the magnet, which was cut out by
using a focused Ga ion beam under a vacuum of 6
"10−6 Pa. The observed sample was 100 nm thick.

Figure 1 plots the demagnetization curves of magnets
with Dy segregation and without treatment, measured at 298
K. While retaining inclination of demagnetization curves
over nucleation fields and remanence, the coercivity of the
magnet with Dy segregation increased by about 1.3 times
from 1.1 to 1.4 T, larger than that of a magnet without treat-
ment. This would demonstrate that the Dy fluoride diffuses
into the magnet enough to have a little concentration gradient
of Dy. Due to the Dy–F solution process, the dip around 0 T
shifted toward the magnetic field of #0.2 T. As the dip
around 0 T is thought to have been caused by damaged sur-
face grains with low coercivity, this might indicate that the
coercivity of the surface grains recovered as a result of the
heat treatment.

Figure 2 shows an image of the Dy concentration distri-
bution analyzed by using STEM-EDX. Dy was distributed
within about 250 nm around the grain boundaries. As the
grain boundary phase, which is called the Nd-rich phase, is
in a liquid state at 1070 K,8 the Dy and F atoms on the

surfaces were considered to have intruded into the magnet
along the grain boundaries and Dy spread into the matrix
phases by displacing Nd that occupied the matrix phase.

Figure 3 shows !a" a bright-field image and !b" the Nd,
Dy, and F atomic ratios near the grain boundary. The grain
boundary between the matrix phases was about 5 nm or less
and the phase of the grain boundary had a crystalline struc-
ture of fluorides. In a region within 25 nm from the center of
the grain boundary, the atomic ratio of Nd to Dy was about 4
to 1. As interference fringes are continuously connected to-
ward the center of the grains and diffraction patterns are the
same as those in the Nd2Fe14B structure, the structure of the
region takes about !Nd0.8Dy0.2"2Fe14B neglecting Pr. Al-
though the magnetic anisotropy field of Dy segregated areas
could not be measured directly, we could calculate its mag-
nitude by using the composition of !Nd0.8Dy0.2"2Fe14B. As
the experimental results using single crystals with a solid
solution between Nd2Fe14B and Dy2Fe14B indicated a linear
relation between the magnitude of the magnetic anisotropy
field and the amount of substitution,1 the magnitude of the
magnetic anisotropy field on !Nd0.8Dy0.2"2Fe14B at 298 K is
estimated to be 8.36 T and 1.25 times that of Nd2Fe14B.

Figure 4 plots experimental data applying formula !1" to
magnets with Dy segregation and without treatment. The
data from measuring magnetic anisotropy fields Ha was used
as a function of temperature.9 The exchange length $B was
calculated with formula %#A /K, where exchange interaction
A was independent of temperature and magnetic anisotropy
energy K was dependent on temperature corresponding to the
composition of the magnets. As this model neglects the mag-
netic anisotropy fields over second orders and assumes coer-
civity as a nucleation mechanism, linear relations can apply
in a range of temperatures between 250 and 340 K.2,3 We
estimated from the slope that the r0 of the magnet without
treatment was 0.3 nm, which is similar to the past value.3 In
the magnet with Dy segregation, as the range of Dy distribu-
tion was far wider than that of the reduced area of the mag-
netic anisotropy field, this model could be applied to a mag-
net with Dy segregation assuming the matrix phase to be
!Nd0.8Dy0.2"2Fe14B. The r0 of the magnet with Dy segrega-

Magnet without treatment
Magnet with Dy segregation

0

0.5

1

1.5

-1.5 -1 -0.5 0 0.5

M
ag
ne
tiz
at
io
n

I[
T]

Magnetic fieldμ0H [T]

FIG. 1. Demagnetization curves of magnets with Dy segregation and with-
out treatment, measured at 298 K.

1μm

Matrix Phase

FIG. 2. !Color online" Image of Dy concentration distribution analyzed by
STEM-EDX. The solid white lines provided to guide the eyes indicate the
grain boundaries. The bright regions represent the relative ranges of large
amounts of Dy.

07A734-2 Suzuki, Satsu, and Komuro J. Appl. Phys. 105, 07A734 !2009"

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
131.243.223.44 On: Sun, 12 Apr 2015 16:20:08

Suzuki et al., JAP2009
Dy diffusion enhances coercivity
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Trajectory considerations

25



Office of 
Science

Beam steering considerations

• Ideal condition consists of…

- Beam arrival on axis 

✓ parallel to nominal path (NP), and with no offset

- Undulator entry results in electron transverse oscillation about NP

- Periodic section results in identical transverse oscillations

- Beam exit results in beam on NP (parallel, no offset)

26
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Entrance and exit kicks

• End design is critical to control trajectory

27

2δ

δ
+K

-‐K

Steering	  +	  Displacement

Displacement	  Only

Ideal

SCHLUETER et al.: ELLIPTICALLY POLARIZING UNDULATOR END DESIGNS 1583

Fig. 2. Schematic of the impact of a magnetic kick on the trajectory of a passing
electron. A kick results in net steering of a passing electron. The net effect down-
stream of multiple kicks is additive, centered on the total kick centroid.

Fig. 3. The field from a permanent magnet can be evaluated using the surface
charge model. Each surface charge results in an effective kick to the electron. For
a horizontally magnetized block there is no net steering, although the passing
electron is displaced.

Fig. 4. The steering produced by a vertically magnetized block can be negated
by a second block with opposite magnetization and equal length. The individual
kick strength is proportional to the block length. Net displacement is propor-
tional to block length and the spacing between the two blocks.

the charge sheet model [4], assuming for the perma-
nent magnet material. For magnetic material with constant

the kick imparted on the passing electrons is purely a
function of the geometry. We restrict ourselves to rectan-
gular blocks of Cartesian dimension , where

is parallel to the to the beam direction. For a horizontally
magnetized block the kicks , are
inherently steering free (see Fig. 2), and a passing electron
is displaced by . A vertically magnetized
block will steer an electron by an angle

. The diverse kick values can be computed
analytically (see [1], [4]), but are not explicitly required here.
The kick strength varies with the block location (i.e. gap), and
this variation scales differently for horizontally and vertically
magnetized blocks. The kicks associated with horizontally/ver-
tically magnetized blocks are conceptually outlined in Figs. 3
and 4, respectively. It should be noted that the kick from a
vertically polarized block is proportional to its longitudinal
extent, i.e. .

Using the analysis above it is clear that steering-free undula-
tors are guaranteed if

(2)

Fig. 5. Sketch of the end region of a planar undulator or APPLE-II EPU quad-
rant. The periodic section continues to the right.

An important result is that the precise relationship between K
and , and its dependence on gap, is not required to generate
steering-free ends.

Evaluation of the displacements of a series of blocks is also
straightforward. For example

(3)

where is the net x-displacement, is the Heaviside step
function and is the axial center of the ith block.

B. Ideal Undulator Terminations

The previous analysis implies that the periodic sections of
permanent magnet undulators are steering free and displace-
ment free, as expected. The ends will be steering free at all gaps
if the vertical blocks are of the same length and the x and y
block extents are identical. Fig. 5 provides a schematic of the
end region of an undulator (or APPLE-II EPU quadrant).

An electron will be displaced by as it progresses through
each half-period of the periodic section. Ideal ends should there-
fore displace the electron by , so that the transverse
displacements occur symmetrically about the nominal particle
trajectory. The kick strengths of the vertical and the horizontal
blocks do not have the same dependence on distance from the
electron, i.e. on the magnetic gap. It is therefore important to en-
force geometric constraints for displacement independently for
the two block types. Blocks d, e, f (see Fig. 5) are characteristic
of the periodic section. For the ends the constraint on horizontal
blocks to yield is then

(4)

Note that the horizontal blocks are inherently steering-free.
For vertical blocks the constraint to yield can be

written as

(5)

Authorized licensed use limited to: Lawrence Berkeley National Laboratory. Downloaded on December 16, 2009 at 20:25 from IEEE Xplore.  Restrictions apply. 

SCHLUETER et al.: ELLIPTICALLY POLARIZING UNDULATOR END DESIGNS 1583

Fig. 2. Schematic of the impact of a magnetic kick on the trajectory of a passing
electron. A kick results in net steering of a passing electron. The net effect down-
stream of multiple kicks is additive, centered on the total kick centroid.

Fig. 3. The field from a permanent magnet can be evaluated using the surface
charge model. Each surface charge results in an effective kick to the electron. For
a horizontally magnetized block there is no net steering, although the passing
electron is displaced.

Fig. 4. The steering produced by a vertically magnetized block can be negated
by a second block with opposite magnetization and equal length. The individual
kick strength is proportional to the block length. Net displacement is propor-
tional to block length and the spacing between the two blocks.

the charge sheet model [4], assuming for the perma-
nent magnet material. For magnetic material with constant

the kick imparted on the passing electrons is purely a
function of the geometry. We restrict ourselves to rectan-
gular blocks of Cartesian dimension , where

is parallel to the to the beam direction. For a horizontally
magnetized block the kicks , are
inherently steering free (see Fig. 2), and a passing electron
is displaced by . A vertically magnetized
block will steer an electron by an angle

. The diverse kick values can be computed
analytically (see [1], [4]), but are not explicitly required here.
The kick strength varies with the block location (i.e. gap), and
this variation scales differently for horizontally and vertically
magnetized blocks. The kicks associated with horizontally/ver-
tically magnetized blocks are conceptually outlined in Figs. 3
and 4, respectively. It should be noted that the kick from a
vertically polarized block is proportional to its longitudinal
extent, i.e. .

Using the analysis above it is clear that steering-free undula-
tors are guaranteed if

(2)

Fig. 5. Sketch of the end region of a planar undulator or APPLE-II EPU quad-
rant. The periodic section continues to the right.

An important result is that the precise relationship between K
and , and its dependence on gap, is not required to generate
steering-free ends.

Evaluation of the displacements of a series of blocks is also
straightforward. For example

(3)

where is the net x-displacement, is the Heaviside step
function and is the axial center of the ith block.

B. Ideal Undulator Terminations

The previous analysis implies that the periodic sections of
permanent magnet undulators are steering free and displace-
ment free, as expected. The ends will be steering free at all gaps
if the vertical blocks are of the same length and the x and y
block extents are identical. Fig. 5 provides a schematic of the
end region of an undulator (or APPLE-II EPU quadrant).

An electron will be displaced by as it progresses through
each half-period of the periodic section. Ideal ends should there-
fore displace the electron by , so that the transverse
displacements occur symmetrically about the nominal particle
trajectory. The kick strengths of the vertical and the horizontal
blocks do not have the same dependence on distance from the
electron, i.e. on the magnetic gap. It is therefore important to en-
force geometric constraints for displacement independently for
the two block types. Blocks d, e, f (see Fig. 5) are characteristic
of the periodic section. For the ends the constraint on horizontal
blocks to yield is then

(4)

Note that the horizontal blocks are inherently steering-free.
For vertical blocks the constraint to yield can be

written as

(5)

Authorized licensed use limited to: Lawrence Berkeley National Laboratory. Downloaded on December 16, 2009 at 20:25 from IEEE Xplore.  Restrictions apply. 

SCHLUETER et al.: ELLIPTICALLY POLARIZING UNDULATOR END DESIGNS 1583

Fig. 2. Schematic of the impact of a magnetic kick on the trajectory of a passing
electron. A kick results in net steering of a passing electron. The net effect down-
stream of multiple kicks is additive, centered on the total kick centroid.

Fig. 3. The field from a permanent magnet can be evaluated using the surface
charge model. Each surface charge results in an effective kick to the electron. For
a horizontally magnetized block there is no net steering, although the passing
electron is displaced.

Fig. 4. The steering produced by a vertically magnetized block can be negated
by a second block with opposite magnetization and equal length. The individual
kick strength is proportional to the block length. Net displacement is propor-
tional to block length and the spacing between the two blocks.

the charge sheet model [4], assuming for the perma-
nent magnet material. For magnetic material with constant

the kick imparted on the passing electrons is purely a
function of the geometry. We restrict ourselves to rectan-
gular blocks of Cartesian dimension , where

is parallel to the to the beam direction. For a horizontally
magnetized block the kicks , are
inherently steering free (see Fig. 2), and a passing electron
is displaced by . A vertically magnetized
block will steer an electron by an angle

. The diverse kick values can be computed
analytically (see [1], [4]), but are not explicitly required here.
The kick strength varies with the block location (i.e. gap), and
this variation scales differently for horizontally and vertically
magnetized blocks. The kicks associated with horizontally/ver-
tically magnetized blocks are conceptually outlined in Figs. 3
and 4, respectively. It should be noted that the kick from a
vertically polarized block is proportional to its longitudinal
extent, i.e. .

Using the analysis above it is clear that steering-free undula-
tors are guaranteed if

(2)

Fig. 5. Sketch of the end region of a planar undulator or APPLE-II EPU quad-
rant. The periodic section continues to the right.

An important result is that the precise relationship between K
and , and its dependence on gap, is not required to generate
steering-free ends.

Evaluation of the displacements of a series of blocks is also
straightforward. For example

(3)

where is the net x-displacement, is the Heaviside step
function and is the axial center of the ith block.

B. Ideal Undulator Terminations

The previous analysis implies that the periodic sections of
permanent magnet undulators are steering free and displace-
ment free, as expected. The ends will be steering free at all gaps
if the vertical blocks are of the same length and the x and y
block extents are identical. Fig. 5 provides a schematic of the
end region of an undulator (or APPLE-II EPU quadrant).

An electron will be displaced by as it progresses through
each half-period of the periodic section. Ideal ends should there-
fore displace the electron by , so that the transverse
displacements occur symmetrically about the nominal particle
trajectory. The kick strengths of the vertical and the horizontal
blocks do not have the same dependence on distance from the
electron, i.e. on the magnetic gap. It is therefore important to en-
force geometric constraints for displacement independently for
the two block types. Blocks d, e, f (see Fig. 5) are characteristic
of the periodic section. For the ends the constraint on horizontal
blocks to yield is then

(4)

Note that the horizontal blocks are inherently steering-free.
For vertical blocks the constraint to yield can be

written as

(5)

Authorized licensed use limited to: Lawrence Berkeley National Laboratory. Downloaded on December 16, 2009 at 20:25 from IEEE Xplore.  Restrictions apply. 

• For μ=1 material, “perfect” ends exist, for all gaps
• For μ>1 material, search solution minimizing end kicks
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Modular Magnetic Structure for LCLS-II: ends 
optimized to minimize end-kick variations with gap
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Module Array with Strongback, ~3.4m Long

2 End Modules

3 Periodic ModulesStrongback
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End design optimization for SCUs
• Odd poles/even coils

• Binomial expansion pattern
- Poles: 0, +1/4, -3/4, +1, -1,…  (scalar potentials)

- Coils: +1/8, -4/8, +7/8, -1, +1,…

• 7 x 8 turns/pocket:
- Turns/coil: 7, 28, 49, 56, 56,…

29

+1/8	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐1/2	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  +7/8	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  -‐1

Yoke

Poles Coils

• Example requirements: 
• I1 (end) < 40 μT•m 
• I2 (end) < 50 μT•m2

This expansion yields “perfect” beam trajectory (ideally)
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Permeability effects
• Non-ideal effects due to finite permeability and 

differential saturation of end poles

- End kick is dependent on the undulator field

- Dipole field is generated by unbalanced yoke field
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Second	  Field	  Integral

End	  Kick

Curvature	  due	  to	  
dipole	  field

End	  Kick

(A different type of signature occurs for even-pole scenario)
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End correctors for compensation:
Correction of distributed dipole

• Wound on top of the main coil in the remaining pocket on each end

• Adds both a dipole and end kicks
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End correctors for compensation:
Correction of end kicks

• Wound in a separate yoke on each end

• Decoupled from the main yoke 

- adds only end kicks

32
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Field correction - shimming
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Magnetic shims

Phase Shim

Phase Shim

III, 25/30 , P. Elleaume, CAS, Brunnen July 2-9,  2003.

Numerous techniques for shimming

• Pure PM devices:
- “Virtual shimming”: move a block!

• Hybrid PM:
- magnetic shims

- PM “rotors”

34

Vertical Pole Position

PM rotor

Key point: gap dependence of error sources must be 
reasonably matched by shimming techniques



Improvements in field quality from detailed 
understanding of error sources and optimized tuning

• Undulator field quality dictates electron trajectory wander and phase advance

• Evaluate all error sources:

✓ Amplitudes and distributions

✓ Dependence on field strength

• Identify reliable correction methodology
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Example of hybrid PM tuning improvements: 
LCLS-II undulators
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Arbelaez, BeMa, PSI 2014

DIFFUSION TREATED MAGNET 

POLE FLEXURE TUNER 

ROTOR TUNER 

BX SLUG 
TUNER 

MAGNET MODULE 
KEEPER 

Leitner, LCLS-II review 2015



Improved sorting of PM material results in 
significant reduction in tuning time
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Field correction
• PM systems use “virtual” or magnetic shims

• SCU correction methods:
- Trim “coils”: located on each/any poles

✓ Amplitude of correction (~1%) has been demonstrated (e.g. at LBL)

✓ Individual control is possible, but becomes complex

✓ Experience with PM devices suggests few “coils” can provide requisite correction => locations of corrections 
determined during undulator testing off-line

✓ Mechanism to direct current using superconducting switches has been tested

- Passive “shims” (ANKA): use closed SC loop to enforce half-period field integral

✓ Should significantly reduce RMS of errors

✓ Some residuals will still exist due to fabrication issues

✓ Possibility of hysteretic behavior from pinned flux – needs to be measured under various field cycling 
conditions
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j~Bj ¼ !0

4"
IR

Z 1

"1

dl

ðR2 þ l2Þ3=2
¼ !0

2"

I

R
: (17)

!0 ¼ 4"& 10"7 Vs
Am is the magnetic permeability in vac-

uum. The coordinate system is defined in Fig. 3.
With cos# ¼ z

R and the above definition of R, the y
component of the magnetic flux density at a point can be
calculated as

Byðy; zÞ ¼ j~Bj cos# ¼ !0I

2"

z

z2 þ y2
; (18)

where z and y are the distances from the center of the
conductor to point P. The conductor has the dimensions
wcc & hcc.

Treating this as a two-dimensional problem, the mag-
netic flux produced by the loop shown in Fig. 4 is

! ¼ 2
Z $u"ð3=2Þwcc

wcc=2
Byðz0Þdz0 ¼ 2
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2"

Z $u"ð3=2Þwcc

wcc=2
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dz0

¼ 2
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I
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ð$u " 3
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2 Þ2
"
¼ "LI: (19)

The mutual inductances Mij for i ! j and i, j ¼
1 . . . ð2N " 1Þ can be calculated with the help of Fig. 5.
Defining

ak ¼ LMi;j (20)

with k ¼ jj" ij and

%k ¼
#
1 if k is odd
0 if k is even;

ak is given by
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The integrals were solved analytically [25].
Equation (16) becomes
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with the symmetrical matrix
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L a1 a2 ) ) ) a2N"1

a1
. .
. ..

.

a2
. .
.
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..
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.
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CCCCCCCCCA
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The resulting magnetic field along the beam axis can be
written in the form

FIG. 4. One closed loop made out of two long straight wires.
FIG. 5. Two overlapping closed loops with induced currents I1
and I2.

e−

y

z

closed loop correction coils

FIG. 3. (Color) Cross section of an undulator with the main coils (green, iron; red, superconductive wire bundles) and overlapping
closed loops for correction (magenta) placed close to the main coils.

D. WOLLMANN et al. Phys. Rev. ST Accel. Beams 11, 100702 (2008)

100702-4

Wollman et al., PRSTAB 2008
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Tuning for internal trajectory and phase errors

• Concept of in-situ tuning of superconducting undulators 

- Selectable correction locations 

- Corrections at all locations have the same strength 

- Strength can be varied with a single power supply as a function of the undulator field 
strength

39

Once correction locations and current calibration 
are known, hardwire with final system
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Pole Errors
• Field error is maximum at the center of the pole (even function)

- Produces a net kick

- Displacement grows linearly with distance

- Pole height error scales as δh/g where g is the gap

- Pole length error scales as δl/l (very sensitive since l is the smallest 
dimension)
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Coil Errors

• Field error is zero at the center of the coil (odd function)

- Produces no net kick

- Displacement does not grow with distance

- Produces a phase error
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presented above allowed to estimate the average number of
correctors to 9.3 (for a total of 331 poles). Then an algorithm
is used to compute the corrector locations while fulfilling the
initial specification. The main idea is to cancel the exit angle,
while minimizing the trajectory walk-off, by adding necessary
kicks. The correctors used are line current pairs located at the
poles. This algorithm can be described by the following basic
steps:

1) The correctors are placed so as to minimize the tra-
jectory walk-off. If the local extremum is negative
(positive), correctors providing a positive (negative) kick
are placed.

2) Since the number of correctors is an integer, the exit
angle will not be exactly zero. However, it can be
canceled by adapting the current.

3) Once the correctors are glued at their fixed positions, the
current is tuned to cancel the exit kick at every operating
field.

Note that other algorithm methods could use less correctors,
but would result in higher exit angle and trajectory walk-
off. To test the algorithm, a random case is generated. It has
been chosen so as the errors are representative of the errors
computed with the Monte Carlo simulation. The first and
second integrals are respectively 0.13 T.mm and 257 T.mm2

at the exit. The RMS phase error is 0.8�. Only 11 correctors
are required to cancel the exit kick while keeping the second
integral within the specifications. Fig. 6 shows the corrected
trajectory. After correction, the exit kick is exactly zero for all
cases, the maximum walk-off is -15.8 T.mm2, and the RMS
phase error is only 0.4�. As a last step, the current is tuned to
cancel the exit kick at any operating field.

This algorithm is mainly dedicated to the correction of the
second integral (trajectory), but if the requirements were to be
more stringent (decrease the phase errors for instance), other
combinations of correctors presented in Fig. 5 could be used.

The example presented above has been generated with good
tolerances errors, and required few correctors. However, a
good machining tolerance might not be guaranteed in all
cases. The average number of correctors required to correct
the trajectory has been estimated for different error levels,
assuming 2.2 T operating field and a 50 A corrector current.
Fig 7 shows that the number of correctors is proportional to the
errors. The measured errors (0.8 to 2.9 µm) require to cover
only a few percent of the poles. Moreover, if a corrector is
placed on each pole (331), it is possible to correct 50 µm
errors.

V. CONCLUSION

Undulator tuning is an essential component for the good
operation of FELs. A field correction scheme, applicable to
superconducting undulators, has been presented. First, two
independent sets of corrector coils are used in the ends to
cancel both the exit slope and displacement created by end
effects. In addition, the yoke imperfections disrupt locally the
magnetic field. A model of the magnetic signature of these
errors have been established and can be used to predict the
field errors. Then, line current pairs are implemented to correct

Fig. 6. Trajectory and phase errors before and after correction. The location
of the correctors are symbolized with blue arrows.

Fig. 7. Normalized number of correctors versus the standard deviation of
errors.

the electron trajectory. Different combinations can be used to
correct kick, displacement, and phase errors. An algorithm is
used to determine the corrector locations. The locations are
fixed, but the current can be tuned to adapt to the undulator
operating field. Finally, with their respective power supply,
these three sets of correctors offer three degrees of freedom
to correct the end errors and the random local errors, at any
operating field. The method presented can be easily used
to correct the field errors in undulators: it is adaptable and
especially can save a lot of time during the tricky process of
tuning.
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Example implementation (simulation)
• Assumes 

- random errors based on measured σ from 0.5m prototype
- 3.3m device, yielding 331 poles
- period 20mm, magnetic gap 7.5mm
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Polarization control
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Polarization control adds science possibilities, 
but comes at a cost

• Cleanest: all undulators variable polarizing
✓ Suffers primarily from VPU strength limitation ⇒Delta undulator is a promising approach

• Less clean: crossed undulator
✓ superposition of radiation fields from different parts of the electron bunch

• Simplest: variable polarizing radiator
✓ Radiation contamination from upstream linear polarizing section
✓ Energy/tunability limited by VPU strength
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This requires for the Delta undulator that the transverse 
pole separations of opposing rows (gap) must remain 
constant to better than a few micrometers.  

Mechanical Reproducibility 
Mechanical stability of the 3.2-m-long Delta is a concern 
with respect to both gravitational and magnetic forces.  In 
order for the device to fit on an LCLS girder, the half 
height of the device needs to be less than 265 mm, which 
means that the device will have a large length-to-height 
ratio. The strong magnetic interaction of the closely 
spaced magnet blocks will vary over the full motion range 
as the four rows are shifted. In order to stabilize the 
transverse magnet block positions as much as possible, 
the design makes use of all available space as illustrated 
in Figure 1. 
 

 
Figure 1: Layout of the 3.2-m long LCLS Delta undulator.  

Vacuum Chamber 
One of the main differences between the LCLS Delta and 
the Cornell prototype is the requirement to install a 
vacuum chamber on the beam axis (see Figure 2). 

 
Figure 2: Arrangement of the Delta magnet blocks around 
the vacuum chamber, which has an ID of 5.08 mm and an 
OD of 6.4 mm, resulting in a 0.66 mm wall thickness. 

This can only be done after the magnetic measurements 
on the fully assembled device are completed. The 
alternative of combining the four row sections around the 
vacuum chamber would only be possible if the magnetic 
measurements could be performed inside the vacuum 
chamber. Due to concerns about contamination during the 

magnetic measurement process, those measurements will 
actually be performed in a substitute beam pipe with 
similar cross section. Inserting the latter after completion 
of the measurements requires in situ flange welding to the 
extruded Al beam pipe. 

Tuning and Magnetic Measurements 
The final measurements will need to include Hall probe 
scans of the on-axis magnetic field and moving-wire field 
integral measurements. This will need to be done at all 
operational phase settings to obtain a mapping of K values 
vs. row phase combinations. Before the final scans can be 
performed it will first be necessary to correct field errors 
by fine-adjusting the positions of individual magnet 
blocks (tuning). This cannot be done after the magnet is 
fully assembled because of the lack of access. Instead, 
tuning will be done on the four individual magnet arrays, 
separately from each other. For this, each array will be 
mounted on a tuning bench with pole tips pointing 
upward to provide best access to the Hall probe, which 
will be positioned at a distance from the blocks 
corresponding to the beam axis in the fully assembled 
version.  The magnetic on-axis fields of the full device 
can be predicted by numerically combining the 
measurements of the individual arrays.  Before assembly, 
the magnet blocks are sorted [6] to compensate for field 
errors. During the tuning process, field errors are reduced 
by shimming, i.e., mechanically repositioning the 
individual magnet blocks by changing the thickness of 
shimming plates, which are incorporated in the support of 
each block. The tuning tolerances are listed in Table 2. 

Table 2: LCLS Delta Main Tolerances 

Gap Reproducibility (rms) 2 µm 

∆K/K (rms)  2.5×10-4  

Phase Shake (rms) 3 degXray 

Magnetic Axis Straightness 50 µm 

First Field Integrals ±40 µTm 

Second Field Integrals ±50 µTm2 

MEASUREMENTS  
Once the undulator is fully assembled, final 
measurements will be performed with a combination of 
two 3-dimensional Hall probes, which are pulled through 
a copper pipe, with a diameter similar to that of the final 
vacuum chamber. The horizontal, vertical, and 
longitudinal position of the Hall probe assembly is 
monitored to high precision by a specially designed laser 
system. The horizontal and vertical position of the 
magnetic axis of the undulator is determined from a set of 
Hall probe measurements [7]. The block position 
repeatability measurements will be derived from magnetic 
field measurements over the full quadrant phase 
adjustment range. 

Nuhn, FEL2013 Prestemon, FEL2009
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to copper holders without demagnetization [8]. This tech-
nique was used in the construction.

It should be mentioned that the conceptual idea for such
a PPM undulator was presented in 2006 [9]. Encouraged by
interest from the Cornell x-ray users’ community, this idea
evolved into a detailed design and recently a prototype was
built and tested.

II. MODEL DESCRIPTION

A. General information

A picture of the Delta undulator prototype is shown on
Fig. 1. The prototype is !30 cm long, !15 cm high, and
!15 cmwide. The magnetic structure consists of two pairs
of magnetic arrays as depicted in the computer generated
Fig. 2 with major components numbered. One pair pro-
vides vertical field and another horizontal. Magnet arrays
(1) are assembled on baseplates (2). To provide longitudi-

nal displacement for the field strength and polarization
control, these plates are mounted on miniature rails (3)
attached to the thick plates forming a rigid frame. In linear
polarization mode, the pairs will be in phase, so the re-
sulted field will be planar and will be

ffiffiffi
2

p
stronger than

from a single pair. In circular polarization mode, the pairs
will be shifted relative to each other by 1=4 period or 90",
so the resultant field will be helical. To change the field
strength, two arrays forming the pair should be shifted
longitudinal in opposite directions. The prototype has a
5 mm diameter bore. Gas conductance from the central
region is provided by four 0.5 mm wide slits between
magnetic arrays. From the following discussion it will be
seen that these slits have enough conductance to provide
satisfactory vacuum conditions on the beam axis. Note that
the picture on Fig. 1 shows the prototype without magnetic
array driving mechanisms. These mechanisms are de-
signed and are in the process of construction. They will
be added latter.

B. Magnetic field properties

A 3D model of one period of the Delta-type magnetic
structure used in the magnetic field calculation by code
VECTOR FIELDS is shown in Fig. 3. As a real structure the
model had 24 mm period, 5 mm diameter bore, and 0.5 mm
wide slits between magnetic arrays, permanent magnet
material characteristics of NdFeB (40SH) material (Br ¼
1:26 T) used in prototype construction. We calculated a
field distribution along the beam axis as well as a field
variation across the bore for both helical and planar modes.
Field distributions have been used for calculation of the
x-ray spectrum and the field variation will be used for
evaluation of the requirement on undulator alignment and
for beam dynamics study.
Plots on Fig. 4 characterize the helical mode. They

depict magnetic field components on beam axis versus
FIG. 1. (Color) Delta undulator prototype view.

FIG. 2. (Color) Computer generated view. Left plot—magnetic arrays providing vertical field. Here (1)—magnetic arrays, (2)—
baseplates, (3)—rails providing longitudinal motion, (4)—plates forming the rigid frame. Right plot—arrays providing horizontal
field.
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Polarization via crossed (linear polarizing) 
undulators has potential for FELs

• First proposed by Kwan-Je Kim (NIM 1984); put in context of FEL by 
Tanaka and Kitimura (SRI2004)

• Each undulator section must be (significantly) shorter than the 
coherence (Geloni et al., FEL2011) 

• Comments…
✓ Requires electron bunch coherence for high polarization (e.g. not storage rings)

✓ Polarization angle will fluctuate with micro bunch charge distribution  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slowly varying electric field at undulator distance z and
time t. We write

 E!z; t" #
Z !1d!!!!!!!!

2"
p E!!z"ei!!$!k1%ku"z&!1t'; (1)

where !1 # k1c is the fundamental resonant frequency
corresponding to the average beam energy (c is the speed
of light); ! # !=!1 and !! # !& 1 is the relative fre-
quency detuning, ku # 2"=#u with #u the undulator pe-
riod. Following Refs. [10,11], the 1D FEL interaction
starting from shot noise can be described by the coupled
Maxwell-Klimontovich equations. In the small signal re-
gime before FEL saturation, the equations can be linear-
ized and solved by the Laplace transformation:

 E!!z" #
I d$

2"i
!&i2%ku"e&i2%$kuzE!;$;

F!!z" #
I d$

2"i
e&i2%$kuz

&1E!;$dV=d'& F!!0"
!'=%&$" ;

(2)

where
 

E!;$ #
i

2%kuD!$"

"
E!!0" %

i&2n0

2%ku

Z
d'

F!!0"
'=%&$

#
;

D!$" # $&!!
2%
&
Z
d'

V!'"
!'=%&$"2 : (3)

Here E! and F! are, respectively, the Fourier components
of the electric field and of the Klimontovich distribution
function that describes the discrete electrons in longitudi-
nal phase space, with E!!0" and F!!0" the Fourier compo-
nents of the initial conditions; D!$" # 0 determines the
FEL dispersion relation where $ is the Laplace parameter.
In addition, parameter % is the dimensionless FEL Pierce
parameter [12], V!'" is the electron energy dis-
tribution with ' the relative energy deviation, n0 is the
electron volume density; &1 # eK$JJ'=!4(2

0mc
2", &2 #

eK$JJ'=!2)0(0", where K is the dimensionless undulator
strength parameter, the Bessel function factor [JJ] is equal
to $J0!*" & J1!*"'with * # K2=!4% 2K2", (0 is the initial
electron energy in units of mc2, and )0 is the vacuum
permittivity. Note that the contour integration of $ in
Eq. (2) must enclose all singularities in the complex $
plane. Based on this solution, we can calculate radiation
field components in the crossed undulator according to
their initial conditions.

A. Horizontal radiation field

The radiation field Ex in the first undulator develops
from electron shot noise, with the initial conditions

 Ex!!0" # 0;
Z
F1!!0"d' #

1

N#

XNe

j#1

ei!!1tj!0"; (4)

where N# is the number of electrons in one radiation
wavelength, and tj!0" is the random arrival time of the
jth electron at the entrance to the first undulator. We
assume the first undulator operates in the exponential
growth regime. In this regime, the dispersion relation has
a solution $0 with a positive imaginary part that gives rise
to an exponentially growing field amplitude. For a cold
beam with vanishing energy spread, we take V!'" # +!'"
in Eq. (2) and obtain

 Ex!!z" #
&i&2n0

2%kuN#3$0
e&i$02%kuz

XNe

j#1

ei!!1tj for z ( L1:

(5)

In this high-gain regime, the electron distribution from
Eq. (2) can be simplified as [6]

 F1!!z" #
i&1Ex!!z"dV=d'
2ku!&$0%% '"

for z ( L1: (6)

This electron distribution function will be used as an initial
condition for the calculation of the vertical radiation field
as follows.

B. Vertical radiation field

The radiation field Ey in the second undulator is gen-
erated by the prebunched electron beam in the first undu-
lator. To control the radiation polarization, the required
path length delay of the phase shifter chicane is on the
order of the FEL wavelength. Such a weak chicane does
not have significant dispersive effects that could affect
microbunching, such as can be found, for example, in an
optical klystron (see Ref. [13] and references therein).
Hence, the initial conditions at the entrance of the second
undulator is

 Ey!!0" # 0; F2!!0" # F1!!L1": (7)

Undulator-1 Undulator-2
Phase
Shifter 

z

x
y

Ex

Ey

FIG. 1. (Color) Schematic of the crossed undulator for polarization control.

YUANTAO DING AND ZHIRONG HUANG Phys. Rev. ST Accel. Beams 11, 030702 (2008)
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Ding and Huang, PRSTAB 2008
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Future directions: 
Tailoring undulator characteristics to the science application

• Optimal tapering to maximize FEL power output
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• Improve efficiency for industrial applications
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tabletop FELs
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M.	  Fuchs,	  MPQ	  –	  λ=5mm(?)	  	  
Also	  Shea	  et	  al.	  PRSTAB	  2010	  (λ=9mm)	  

• Current at edges largely cancels layer-to-
layer; result is “clean” transverse current flow

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

PRESTEMON et al.: DEVELOPMENT AND ANALYSIS OF HTS-UNDULATOR COMPONENTS FOR FEL APPLICATIONS 3

Fig. 4. Prototype mask allowing for deposition of photoresist on 10 simulta-
neous tapes.

Fig. 5. CAD model of the support structure for the tape undulator. Note that
the lead-in, lead-out, and top-to-bottom current transfer legs must make complex
bends so as to remain in a near stress-free state.

A variant of the latter, consisting of adding thermoplastic poly-
imide (TPI) material to provide adhesive surfaces, is under in-
vestigation. The TPI would be set through a combination of
pressure and heat treatment; ideally the temperature could be
matched to the solder melt temperature, resulting in a single
processing step and a more uniform, well controlled multi-layer
build. Furthermore, the resulting system would be less sensitive
to mechanical perturbations.

3) Lead-In and Lead-Out Joints: Making all leads of the
same HTS material would allow pre-commissioning tests, e.g.
basic transport current and field measurements, at 77 K. A fix-
ture is being designed to provide continual support of a tape be-
tween the upper and lower HTS tape stacks, while avoiding the
beam axis. The complex surface is measured on a prototype fix-
ture using the real tape conductor; a cloud of coordinate points
are then measured on the tape surface using a linear laser co-
ordinate-measurement system. The cloud is then converted to a
CAD surface that can be used to design a machinable compo-
nent (see Fig. 5).

Since all major commissioning must be done at 4.5 K, all
leads could also be made with traditional LTS (e.g. NbTi) ma-
terial, providing more flexibility in defining the lead paths.

C. Performance Characteristics

Undulator performance is characterized by peak on-axis field
as a function of magnetic gap and undulator period . Cal-
culations for periods and have
been previously reported [5], together with the analysis method-
ology, and will not be repeated here. A dominant considera-
tion for any short-period, narrow-gap undulator technology is
the ability to minimize fabrication errors, as tolerances must de-
crease along with the reduction in length scales.

Two critical functions associated with undulator fields are the
first and second field integrals , related to beam deflection,
and , related to beam displacement; these are defined by

(1)

(2)

A single line current transverse to the beam provides an anti-
symmetric on axis field, resulting in zero net deflection but finite
beam displacement : in the absence of
magnetic materials line currents are intrinsically steering-free
over long distances. Here we provide a preliminary analysis of
the impact of fabrication errors.

1) Influence of Fabrication Tolerances: Vertical Position
Error: Field errors play an important role in FEL performance
characteristics, and a systematic analysis of tolerances and their
mitigation is essential for an undulator technology. For hybrid
PM undulators such an analysis has been pursued in [1]. We
consider the simplified scenario in which the current sheets
associated with the current path in the YBCO is replaced by a
single line current of amplitude . A line current of length
and current nominally at location but displaced vertically
(i.e. in ) by a distance (with ) results in an effective
error field given by a pair of line currents of length and
located at and , but with opposite signs of
current. The “error” field produced by such a line-pair is

(3)

with

Fig. 6 shows the error field on the beam axis for the case
, , for various vertical displacement errors

of the line current closest to the beam .

Bu are given as λu ¼ λ=ð1þλ=λgÞ and Bu ¼ 1
2ðB⊥þE⊥=cÞ,

where c is the speed of light, λ is the free-space wavelength,
λg is the guide wavelength, and B⊥ and E⊥ are the peak
standing-wave amplitudes of the transverse magnetic and
electric fields, respectively.
For the same K parameter and λu, the hybrid-balanced

HE11 mode requires less power and exhibits much higher
quality factor and smaller surface fields compared to the
fundamental TE11 mode. This unique merit of HE1n modes
makes it possible to operate thewaveguide at extremely high
fields at the center without suffering from fatigue due to the
surface magnetic fields [18] or breakdown due to the surface
electric fields [19]. This also opens the door for the use of
superconducting surfaces, as the surface field on the wave-
guidewall can always be reduced below the quenching limit.
For the HE11 mode, the optimal radius aopt, which

minimizes the required rf power, is given by

aopt ≈ 0.646N1=3
u λu; (1)

where Nu is the number of undulator periods. For
Nu ¼ 100, aopt ¼ 3λu, which is a much larger aperture
than could be realized in any static undulator (SU). For
the copper [conductivity: 5:8 × 107ðΩmÞ−1] cavity with
a ¼ aopt and Nu ≫ 1, we can derive following scaling laws
for the required power P and filling-time tf from the
expressions [20] of the HE11 mode:

PðMWÞ ≈ 2.46K2N2=3
u λ−1=2u ≈ 2.15B2

uN
2=3
u λ3=2u (2)

tfðnsÞ ≈ 32:8Nuλ
3=2
u ; (3)

where λu is measured in centimeters.
Figure 1(a) shows a cutaway viewof ourMU that operates

at 11.424 GHz. The structure of corrugated guiding walls
was optimized using a computer program based on mode-
matching technique [21]. The depth and period of corruga-
tion are 6.9 and 11.2 mm, respectively. To reduce the filling
time, as required by the available rf source, we chose a radius
less than aopt so that with an effective undulator length of
1 m, the aperture size was 2.8λu. The ends of the undulator
were designed to have suitable field tapering tominimize net
transverse drift of the electron beam as it travels through
the undulator [22,23]. Without appropriate field tapering,
the drift could only be reduced for linear polarization by
choosing the right rf phase for the injection of the beam
[23,24]. The curved surface is shaped to properly reflect
back the diffracted wave to preserve the HE11 mode within
the overmoded, corrugated waveguide. This design was
fabricated as an ultra-high-vacuum device using oxygen-
free high-conductivity copper. Using an automated version
of quality-factor (Q) measurement from the S parameters
[25], theQ of this cavity was measured to be 91 000, which
is an order of magnitude higher than that of a typical copper
cavity operating at this frequency. To achieveweak coupling
without reducing the aperture of the feeding waveguide, we
positioned the coupling aperture where the surface electric
field exhibits an odd symmetry [Fig. 1(b)] that could only
weakly couple to the even symmetry of the fundamental
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FIG. 1 (color). Design of the undulator with simulated and measured field profiles. (a) Cut-away view of the undulator cavity. (b) Field
distribution near a coupling port (simulation with HFSS®, a commercial electromagnetic solver by Ansoft). (c) Implementation of two
orthogonal coupling ports. (d) Measured and simulated profiles of the on-axis fields. The inset shows the density plot of the magnitude
of the electric field.
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Lots more to talk about…

• Analysis methods…

• Materials…

• Radiation damage…

• Beam focussing…

• Magnetic measurements…

• Mechanical systems…

• Etc!
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