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	  the	  SOLEIL	  example

O. Chubar, P. Elleaume, Proc. EPAC-98, 1177.
O. Chubar et. al., Proc. SPIE 4143 (2000) 48; SPIE 4769 (2002) 145.

Brilliance calculated with SRW2.75 GeV, emittance 3.7 nmrad, 500 mA
20-3 ps + femto-slicing project under way

A. Nadji et al., IPAC 2011, San Sebastian, Spain, 3002-3004

Medium energy storage rings : SOLEIL, DIAMOND, CLS, ALBA, TPS, Australian Synchrotron, 
NSLS II, MAX IV....
High energy storage rings : SPring-8, ESRF, APS, PETRA III, PEP-X
Towards USR

I- Introduction
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Free Electron Lasers 

I- Introduction

Medium energy linacs for soft X-ray FELs : FLASH, FERMI@ELETTRA ...
High energy linacs for hard X-ray FELs : LCLS, SACLA@SPring-8, E XFAL, Swiss FEL, Pohang FEL

COST, Advanced X-ray spatial and temporal metrology, Kick-off meeting, Paris, April 2013, 4-5

Overview of short wavelength FEL
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SCSSPohang FEL
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VUV- soft X ray

EFELMarie
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1-Introduction 

Stockholm FEL
MAX IV FEL
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I- Introduction

free electron Laser Using a New accelerator for the Exploitation of X-ray radiation of 5th generation
M.E. Couprie et al., IPAC 2011, Proced. 13th International Conference on X-ray Lasers, Paris, June 11-15, 2012 

0.4-‐1	  GeV,	  emi8ance	  1	  π	  nmrad,	  1	  ps	  -‐	  10	  fs

G. Stupakov., PRL 102, 074801 (2009)

!

400 MeV
 slice energy spread CLA : 0.02 %, LWFA : 0.1 %
1.5 π mm.mrad emittance : CLA : 1.5, LWFA 1
peak current : CLA : 400 A, LWFA : 10 kA, 50 pC
electron bunch length : CLA : 1 ps, LWFA : 2 fs

G. Lambert et al., Nature Physics Highlight, (2008) 296-300
T. Togashi et al., Optics Express, 1, 2011, 317-324
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 Towards the use of Laser Wakefield Accelerator 

4G+ : towards full temporal and transverse, 
short pulses,  multi-FEL lines  to be validated by,
5G: (Conventional Linac replaced by a LWFA), 
FEL being viewed as an qualifying LWFA 
application
pilot user experiments

40-4 nm, 20 fs and shorter

electron beam transport for FEL amplification

Also DESY,, OASIS (Berkeley), Stratclyde et al. 

A. R. Maier et al., Phys. Rev. X 2, 031019 (2012)
A. Loulergue et al. sub. to PRL
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Accelerator type issues for insertion devices 

Emittance E2 1/E

Beamsize (µm) 100 (H)-10 (V) 50-10 10-3

vacuum chamber H /V 
aperture 

flat
min gap: 5 mm

round (ex : bore 5 
mm), min gap : 3 mm round

charge high 1 nC 10 pC

Pulse duration 10 ps 100 fs 10 fs

impedance very critical critical critical

field integrals very critical very critical very critical

double field integrals very critical very critical very critical

phase error
very critical for 
high harmonics 

operation
critical critical

multipoles for beam lifetime and 
injection efficiency less critical not critical

storage ring linac / ERL LWFA
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Multipolar terms for storage rings 
Dipolar terms: field integral

FFWD tables
Fast/slow orbit feedback to keep to source 

position and divergence in 10% of the beam size
Dynamic field integral compensation

Quadrupolar terms: 
normal quadrupoles => tune shift => feedback on 

the tunes, or FFWD tables
Skew quadrupoles => coupling

Compensation : current sheet for APPLE-II devices
J. Bahrdt, et. al., “Active shimming of the dynamic multipoles of the BESSY 
UE112 Apple Undulator”, Proceedings of EPAC’08, p. 2222 (2008).

Sextupolar terms=> chromaticity
Magnetic field maps (RADIA; measurements) 
TRACY electron beam simulation (on and off 

momentum) for injection efficiency and lifetime study

J. Safranek et al, Phys. Rev. Special Topics (2002), Vol. 5, 010701
O. Marcoullé et al, IPAC 2011, 3236

I-Introduction

Bare machine 2nd order kick map from RADIA 
2nd order kick map from RADIA
+ magnetic measurement map 

SOLEIL  HU36 undulator located in a short straight section (betax = 17.8 m)
Measured lifetime :  bare machine, 19.4 h@400 mA => 14.3 h, RP configuration 7.8 h => 6.6 h

P. Brunelle, SOLEIL
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Undulator adjustment for FEL 

I-Introduction

K-value tuning in SACLA, the reason for which is ex-
plained in the following.

The photon flux of spontaneous UR is a function of
many parameters related to the electron beam quality and
observation condition, namely, it is expressed as

fð@!;K; L;!X;!Y; E;!e; x; y; x
0; y0;!x;!y;!x0 ;!y0Þ;

where @! is the photon energy, L is the distance from the
undulator to the slit located in front of the monochromator,
!X and !Y are the horizontal and vertical apertures of the
slit, E and !E are the average energy and energy spread of
the injected electron beam, x, x0, !x, !x0 are the horizontal
position, angle, beam size, and angular spread of the
electron beam, and similar notations in the vertical direc-
tion. In this manner, the UR spectrum depends on a huge
number of parameters.

Recalling the fact that the electron beam property in the
linear accelerator can fluctuate shot by shot, it is important
to reduce the number of parameters affecting the alignment
process. In addition, the fact that the photon flux is a
function of the slit conditions L, !x, and !y is also
troublesome when repeating the K-value tuning process
from segment to segment, because L is a function of the
segment number. We have to adjust the slit sizes!x and!y
according to the target segment number so that the angular
acceptance is kept constant.

Now let us consider the case when the slit aperture is
opened so that the angular acceptance is wider than the
angular spread of spontaneous UR and thus is effectively
equal to the whole solid angle. The photon flux then
becomes insensitive to the slit condition, L, !X, and !Y,
and to the electron beam quality in the four-dimensional
phase space, x, y, x0, y0, !x, !y, !x0 , and !y0 . The expres-
sion for the photon flux is now simplified to

fð@!;K; E;!eÞ;

which contains just four parameters. The K value can be
accurately determined through the spectral measurement
regardless of the segment number, beam emittance, Twiss
parameters, and injection conditions. The resolution and
accuracy depends on the energy spread and stability of the
beam energy. The drawback of adopting the wide aperture
is that the spectral bandwidth is broadened and a simple
peak-detection method does not work.

Figure 6(a) shows the variation in spectrum with hori-
zontal injection angle when the slit aperture is opened to
10 mm in both directions, which has been calculated with
the spontaneous synchrotron radiation calculation code
SPECTRA [11]. As expected from the above discussions,
the variation is found to be negligible. This means that we
will be able to get the same measurement results regardless
of the beam condition as long as the electron energy and
energy spread are kept constant. On the other hand, the
calculation results with the aperture size of 0.5 mm shown
in Fig. 6(b) suggests that the spectral shape and peak

position depend largely on the injection angle. In conclu-
sion, wider aperture is more reasonable in the process of
K-value tuning. It should be noted, however, that we have
to establish a procedure to specify the K value from the
step-function-like spectral profile as shown in Fig. 6(a), but
not from a simple Gaussian-like profile as in Fig. 6(b).
As mentioned in Sec. II B, the undulator should be well

aligned both in terms of the gap and height to finely tune
the K value. In the following sections, the detailed proce-
dures in respective alignment steps are presented.

1. Gap distance adjustment

In order to align the undulator gap, photon flux at a
specific photon energy is measured as a function of the
gap. The higher energy edge of the spectral profile (spec-
tral edge) that corresponds to the undulator fundamental
energy !1 is shifted from higher to lower energies when
the undulator gap is closed. The resultant measurement
data is similar to the spectral profile as in Fig. 6(a). The
result is then analyzed to determine the optimum gap that
corresponds to some specific K value. This optimization
process is repeated for all the undulator segments and
several different K values to calibrate the relation between

FIG. 6. Example of calculated spectra of spontaneous UR
emitted from the 1st segment for two different slit aperture sizes:
(a) 10 mm and (b) 0.5 mm.

TAKASHI TANAKA et al. Phys. Rev. ST Accel. Beams 15, 110701 (2012)

110701-6

the gap and K value. An example of the measurement
result is shown in Fig. 7, in which the electron energy
was fixed at 7.8 GeV and the monochromator energy was
fixed at 10 keV, and thus the K value was nearly 2.1.

The photon flux was found to drastically change around
the gap between 3.88 and 3.87 mm, roughly corresponding
to the K value of 2.1. In order to exactly specify the
optimum gap to give the K value of 2.1, we introduced
an empirical fitting function defined as

fðgÞ ¼ ða1 þ a2gÞerf
!
a3 % g

a4

"
þ a5; (1)

where erf is the Gauss error function and a1 & a5 are the
fitting parameters, among which a3 gives the central posi-
tion of the spectral edge and thus this can be regarded to be
the optimum gap. The red line in Fig. 7 indicates the fitting
function and the optimum gap in this example was found to
be 3.8736 mm. Repeating this process, all the undulator
segments can be precisely aligned to have the identical K
value within some tolerance. Note that the absolute accu-
racy of the K value determination with this method de-
pends on the calibration accuracy of the monochromator
and electron energy. Although the monochromator can be
calibrated very accurately by means of, e.g., x-ray absorp-
tion experiments, the electron energy measurement with an
accuracy of the order of 10%4 would be difficult and in fact
not necessary. What should be done in the undulator com-
missioning is to reduce the relative difference in K value
between the undulator segments but not to know the exact
number of the K value.

2. Height position adjustment

In order to align the undulator height and to eliminate
the vertical offset between the electron beam and magnetic

center of the undulator, the photon flux is measured as a
function of the undulator height as in the gap distance
adjustment. The K value depends almost quadratically on
the vertical offset under realistic conditions and thus the
spectral edge is shifted from higher to lower energies when
the offset increases. The photon flux is thus maximized
when the offset vanishes if the gap and monochromator are
set appropriately.
Figure 8 shows an example of the photon flux measured

as a function of the undulator height. In this example, the
undulator height was found to be misaligned by 0.1 mm,
which was corrected by a remotely controlled elevation
system attached to the undulator.

D. Phase matching

In order to satisfy the phase matching condition, spectral
characteristics specific to spontaneous UR emitted from
two adjacent undulator segments have been utilized.
Figure 9(a) shows the variation in spectra with the phase
slippage between the 1st and 2nd segments, which was
varied by changing the gap of the phase shifter installed in
between. The undulator gap values of the two segments
were set so that both the undulators had the identical K
value of 2.1. The spectral edge was found to become
steeper at the phase shifter gap of 30.4 mm than at
32.4 mm, meaning that this gap was closer to the optimum
condition for the phase matching. In other words, the
photon flux at 9.988 keV, as indicated by the dashed line
in Fig. 9(a), was supposed to be maximum when the phase
matching condition is satisfied. We have therefore mea-
sured the flux at that energy as a function of the phase
shifter gap, the result of which is shown in Fig. 9(b). The
phase slippage has been calculated from the magnetic
measurement of the phase shifter and indicated in the

FIG. 8. Photon flux of spontaneous UR from the 1st segment
measured at 10 keV as a function of the undulator height (black
square). The result of Gaussian fitting is also indicated (red line).

FIG. 7. Photon flux of spontaneous UR from the 1st segment
measured at 10 keV as a function of the gap (black circle). The
fitting curve is also indicated (red line).

UNDULATOR COMMISSIONING BY CHARACTERIZATION . . . Phys. Rev. ST Accel. Beams 15, 110701 (2012)

110701-7

Example of gap tuning of the different segments

T.  Tanaka et al., Undualtor commissioning by characterizaiton 
of radiation in x-ray free electron lasers, Phys. Rev. Spe. Topics 
AB 15, 110701 (2012)
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Impedance issue & e-beam induced heat load 
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Need to avoid discontinuity in vacuum chamber
=> transition for in-vacuum system
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(images : courtesy T. Hara)

T. Nakamura et al. PAC 2001, 1969
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In-vacuum undulators
Motivation : reach a higher field by placing directly the magnets inside the vacuum 

chamberHistorical steps :
• First  prototype at BESSY
W. Gudat et al. NIMA 246, 1986 50

• First In vac. undulator Installed on TRISTAN AR, Period : 40 mmX90, 
NdFeB (Br=1.2 T, iHc=21kOe), min gap 10 mm, B=0.82-0.36 T, NEG and 
sputter ion pumps, magnet stabilization at 125°C and vacuum 
commissioning at 115°C, S.  Yamamoto et al. Rev. Sci. Instr 63, 400 (1992)

• 30 m long in-vacuum undulator at SPring-8 (SLUS-1) : 
32 mm x 780, min gap = 12 mm (betaV = 15 m) B=0.59 T
5 segments without gaps, very fine adjustments of the gap segments 
for phase error (11°=> 3.6°)
H. Kitamura et al., NIMA 467 (2001) 110;  T. Tanaka et al. NIMA 467, (2001) 149

• Revolver in-vacuum undulator (INVRUM)  : 
6 mm x 133, 10 mmx100, 15 mmX66, 20mmx50; min gap = 3.2 mm, 
B=0.74, 1.07, 1.32, 1.44 T
T. Bizen et al. AIP 705, (2004), 175, 18th International Conference on 
Synchrotron Radiation Instrumentation, San Franscisco, 2003 417, H.S. Kang 
et al., EPAC 2006, 2771

Then, the gap discrepancy between segments, which gives
rise to a large phase error, was corrected. Finally, the whole
magnetic distribution has been obtained by combination of
the fields in five segments and in four junctions.

Figure 10: 25-m long IVU installed in the LSS in SPring-8.

After installation in the LSS, effects on the electron
beam were investigate with the gap closed down to 12 mm,
and no serious problems were found except a slight degra-
dation of the beam lifetime. After that the radiation spec-
trum was measured to estimate the performance of the 25-
m IVU as a SR light source and it was found that the band-
width was a little wider than expected. After investigation
of several factors, it was concluded that the geomagnetic
field would be the most probable source, because the direc-
tion of the undulator, in which the field corrections were
carried out, differed by 90◦ from the direction of installa-
tion in the storage ring. In order to correct it, a uniform
field was applied to cancel the geomagnetic field. As a re-
sult, the bandwidth was reduced to ideal one [17]. This fact
shows that the field measurement and correction carried out
for the 25-m IVU were very precise.

ADVANTAGES IN THE X-RAY FEL

IVUs installed in the storage ring have been described
so far. As a matter of course, the IVU can be utilized
as a driver for the FEL. In fact, the SCSS [18] and PAL-
XFEL [19] projects are going to adopt the IVU with pe-
riodic length shorter than 20 mm to realize an x-ray FEL
with less electron energy, smaller facility scale, and thus
lower cost.

Besides the advantage of reducing the electron energy,
the IVU has several advantages over the conventional out-
vacuum undulator when employed in the X-ray FEL facil-
ity where a very long undulator is required for saturation.

Alignment using Optical Laser

An alignment procedure using an optical laser beam is
proposed for the SCSS project in order to align the BPMs
installed in the undulator line [20]. The diffraction pattern

of the laser beam generated by an iris inserted in the BPM
positions is monitored with a CCD camera installed down-
stream. For this to be applicable, it is necessary to let the
optical laser pass through the entire undulator line, mean-
ing that a wide clearance for the optical path is required. It
is easy for the IVU to realize it because the vacuum gap is
variable unlike the out-vacuum undulators.

Commissioning

The variable vacuum gap is also useful for the initial
commissioning of the electron beam. The wide clearance
created by fully opening the gap will make it easier. In ad-
dition, it is also important for the “FEL commissioning”, or
the on-beam alignment of components installed in the un-
dulator line such as the BPMs, undulators, phase shifters,
and correction coils. It is to be carried out by monitoring
the spontaneous radiation emitted from one or two adja-
cent undulator segments. If the vacuum gap is narrow, then
the spontaneous radiation emitted near the entrance of the
undulator line may be disturbed by the undulator segment
near the exit.

R&DS UNDER PROGRESS

In SPring-8, a number of R&Ds are under progress for
future improvement of the IVU and related technology.
Two of them are introduced in the following sections.

Cryoundulator

As mentioned in the “Permanent Magnet” section, PMs
with high coercivity should be chosen for the IVU to
avoid irreversible demagnetization during the bakeout pro-
cess and due to radiation damage, which in turn limits the
achievable peak field because such PMs have relatively low
remanent field. For example, the remanent field and coer-
civity of NEOMAX35EH, which is the PM material nor-
mally used for the IVU, are 1.15T and 2000kA/m, respec-
tively.

Now let us assume that the magnet arrays are cooled
down to be operated at a cryogenic temperature. Then,
outgassing from the PM blocks are reduced considerably;
rather, the magnet array may work as a cryopump, mean-
ing that the bakeout process is no more necessary. In ad-
dition, the PM characteristics are improved a lot because
both the remanent field and coercivity normally have a neg-
ative temperature coefficient. For example, the remanent
field and coercivity of NEOMAX50BH at a temperature of
140K, which has the highest remanent field among the PM
materials that are commercially available, are found to be
1.58T and 3000kA/m, respectively. Compared these values
to those of NEOMAX35EH, we can expect a 40% increase
in peak field and a higher resistance to radiation damage.
This is the concept of the cryogenic permanent magnet un-
dulator, or the cryoundulator [21].

From the experiments to investigate the temperature de-
pendence of PM material, it has been found that the rema-

Proceedings of the 27th International Free Electron Laser Conference

21-26 August 2005, Stanford, California, USA 375 JACoW / eConf C0508213

ION INSTABILITY OBSERVED IN PLS REVOLVER IN-VACUUM
UNDULATOR∗

H. S. Kang† , T. Y. Lee, M. G. Kim, C. D. Park, T. Y. Koo, J. Choi
Pohang Accelerator Laboratory, POSTECH, Pohang, Kyungbuk, 790-784 KOREA

Abstract
Revolver In-Vacuum X-ray Undulator which was de-

signed and fabricated at Spring-8 is under commissioning
at PLS. This planar undulator whose permanent magnet ar-
ray structure is a revolving type with 90-degree step pro-
vides 4 different undulator wavelengths of 10, 15, 20, and
24 mm. The minimum gap of the undulator is 5 mm. It was
observed that the trailing part of a long bunch-train was
scraped off due to ion instability when the undulator gap
was closed down below 6.4 mm. At that time the vacuum
pressure in the undulator, which is estimated to be several
times lower than that at the undulator gap, increased from
1.4×10−10 (gap 20 mm) to 7.9×10−10 Torr (gap 6 mm) at
the stored beam current of 100 mA. This high vacuum pres-
sure causes fast beam-ion instability: trailing part of a long
bunch-train oscillates vertically. It was also confirmed that
adjusting the orbit along the undulator has improved the
situation appreciably. The ion instability measured with a
pico-second streak camera and a one-turn BPM as well as
the result of orbit adjustment will be described in this paper.

INTRODUCTION
The in-vacuum undulator has become popular in the 3-

rd generation light sources because it provides a possibil-
ity of hard x-ray experiments in a medium-scale SR facili-
ties. Many SR facilities such as SLS, ESRF, KEK, SSRL,
SPring-8, NSLS, ALS, and PLS are using in-vacuum un-
dulators [1, 2, 3].
The stray synchrotron radiation should be blocked by ap-

propriately located photon stops in the storage ring to keep
the vacuum good because the outgassing from the cham-
ber surface irradiated by stray synchrotron radiation is very
huge. But the continuous irradiation of small amount of
stray synchrotron radiation can make the chamber surface
clean. Under the certain circumstances such as misguided
or badly set orbit, the chamber already cleaned before does
not cast an outgassing problem.
In the out-vacuum undulator the inner surface of the vac-

uum chamber is likely to be continuously cleaned by stray
synchrotron radiation so that the surface is very clean and
is not weak to beam wake and/or stray synchrotron radia-
tion. But, the permanent magnet array of in-vacuum un-
dulator which is covered with copper plate is exposed to
electron beam and stray synchrotron radiation. The clean-
ing by stray synchrotron radiation is only effective when
the gap is closed down enough to see the radiation. Thus,

∗Work supported by Korean Ministry of Science and Technology
† hskang@postech.ac.kr

the surface condition is not good because the cleaning is
intermittent depending on the position of the magnet array.
That is why the inner surface of the in-vacuum undulator is
weak to stray synchrotron radiation.
In PLS (Pohang Light Source) there are six insertion

devices in the ring: two out-vacuum undulators, two out-
vacuum wigglers, and one in-vacuum undulator. The
in-vacuum undulator is a revolver undulator (Revolver
In-Vacuum X-ray UNdulator) designed and fabricated at
Spring-8 [4]. The concept of a revolver undulator is to
mount a number of magnet arrays with different period
lengths on a rotary beam, which enables users to select an
appropriate one among them for their experiments. The
permanent magnet array structure of the revolver undulator
is a revolving type with 90-degree step, which provides 4
different undulator wavelengths of 10, 15, 20, and 24 mm.
The available radiation wavelengths are four times the con-
ventional in-vacuum undulator. Figure 1 shows the magnet
array structure. The magnet material is Nd2Fe14B. The
minimum gap of the revolver is 5 mm and its magnet length
is 1.2 meter.
We observed ion instability when the gap of the revolver

was closed down below 6.4 mm. The instability was caused
by vacuum degradation in the revolver. It was also found
that adjusting the orbit along the revolver has improved the
situation appreciably.

Figure 1: Permanent magnet array structure of the in-
vacuum revolver (RIVXUN).

ION INSTABILITY
When the gap size was above 7mm, there was no insta-

bility and no lifetime change at the beam current of 165
mA. However, below 6.4mm, transverse ion instability ap-
peared and then beam loss occurred. At that time the re-

Proceedings of EPAC 2006, Edinburgh, Scotland THOAFI02

05 Beam Dynamics and Electromagnetic Fields
D04 Instabilities - Processes, Impedances, Countermeasures

2771

Pure Permanent magnet configuration  to Hybrid technology K. Halbach, Jour. Physics, 44 (1983) 211

II- From In-vacuum to cryogenic undulators and in-vacuum wigglers
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II- From In-vacuum to cryogenic undulators and in-vacuum wigglers

Magnet choices

Sm2Co17 : Br ≤ 1.05T;  µHcj = 2.8 T; 
Nd2Fe14B : Br ≤ 1.4T (1.26T); µoHc = 1.4-1.6 (resp. 
2.4 T)

Br<1.26T to maintain sufficient coercivity to avoid 
demagnetisation (baking, irradiation (GeV electrons, 
high energy photons and gamma-rays, neutrons))

 + Machine protection for the IVU to avoid magnet 
degradation, cases ESRF, APS

Possible use of Dysprosium poles instead of Vanadium 
Permendur poles

•	  high	  remanence	  magnets

•	  cryogenic	  undulator

- increase of remanent field and coercivity at low 
temperature
- operation at liquid nitrogen temperature => 
manageable heat budget
- easy operation on synchrotron light sources

Prototype of Cryoundulator

Undulator period 15 mm

Type halbach ppm

Legnth ~ 0.6 m

Material NdFeB 50BH

Temperature control by heaters 

Cryocooler

Heaters

• Cryocooler installation with flexible Cu plate.

• Enforcement of thermal isolation at magnet beam supports. 

T. Hara, T.  Tanaka, H. Kitamura, T. Bizen, X. Maréchal, T. Seike, T. 
Kohda, Y. Matsuura, Phys. Rev. Spc. Topics 7, 050702 (2004)Cryogenic undulator with high Tc superconductors

T.  Tanaka et al. PRSTAB 7, 090794 (2004)
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Magnet choices

Spin Transition Reorientation
NdFeB strong Magneto-Crystalline Anisotropy 
(MCA) => orientation along [001] 
Magneto-cristalline orientation given by the 
energy : E(T) = K1sin2(θ)+ K2sin4(θ) , θ angle 
between the magnetisation and [001]
at room temperature : magnetisation // c
Fe MCA independant of T, Nd : K1 // [001] 
dominant at room T and K2//[110] at low T

PrFeB

Nd2Fe14B, Br=1.40 T/ Hcj=1.39 T

Nd2Fe14B, Br=1.39 T/ Hcj=1.63 T

Nd2Fe14B, Br=1.18 T/ Hcj=2.81 T

Nd2Fe14B, Br=1.37 T/ Hcj=1.63 T

Pr2Fe14B, Br=1.35 T/ Hcj=1.65 TTemperature coefficients :
∆Br= 0.11-0.13 % /°C
∆Hcj = 0.58-0.7%/°C

 C. Benabderrahmane et al, NIM A 669 (2012) 1-6
K. Uestuener et al., Sintered (Pt,Nd)FEB permanent magnets with (BH)max of 520 
kJ/m3 at 85 K for cryogenic applications, 20th Workshop on Rare Earth 
Permanent Magnets 2008, Crete

M. Sagawa et al. J. Magn. Magn. Mater. 70, 316 (1987)
T. Hara et al. APAC2004, Gyeongju, Korea, 216D. Givord et al. Solid State Comm. 51 (1984) 857

L. M. Garcia et al. Phys. Rev. Lett. 85 (2) 429
F. Bartolomé et al. Jour. Appl. Phys. 87, 9, 2000, 4762-4764

=> Variation of the susceptibility vs T
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Cryogenic undulator : cooling 

undulator technology, the performance of the magnetic
field can be drastically improved.

II. CRYOGENIC PERMANENT MAGNET
UNDULATORS

NdFeB magnets with high coercivity or Sm2Co17 mag-
nets are generally used in in-vacuum undulators because
of their resistance against demagnetization due to elec-
tron beam irradiation. In addition, when installed in a
storage ring, thermal stabilization and vacuum bakeout at
high temperatures around 420 K are necessary for the
magnets; high coercivity magnets are also favored to
minimize thermal demagnetization during these pro-
cesses [12]. However, if the undulator is operated at a
cryogenic temperature, the outgassing rate from the mag-
nets becomes very low or the magnets are even expected
to work as cryopumps, so that it is no more necessary to
expose the magnets to high temperatures. Supposing a
cryogenic temperature operation, NdFeB magnets with
high remanent fields, normally showing low coercivity at
room temperature, are expected to have sufficiently high
coercivity and resistivity against electron beam irradia-
tion. This gives us an opportunity to create a new undu-
lator concept called the cryogenic permanent magnet
undulators (CPMUs).

Since the magnet arrays of an in-vacuum undulator are
placed under good thermal isolation with vacuum, the
undulator operation at the cryogenic temperature of
liquid nitrogen or higher simply needs some additional
refrigerant channels or cryocoolers. Figure 1 shows two

examples of the CPMU design, both of which resemble
the ordinary in-vacuum undulator design [12] except
having refrigerant channels 1(a) or cryocoolers 1(b) at-
tached to the magnet beams.

The most important advantage of the CPMUs is to
allow a very high heat load of several hundred watts,
which can be covered by a compact cryocooler of a
Gifford McMahon type. In case of a 1.5 m CPMU, the
estimated amount of heat flowing in through the shafts of
the magnet beams is about 100 W and thermal radiation
from the inner surface of the vacuum chamber is about
15 W. The heat generated by the resistive wall effect and
synchrotron radiation from upstream bending magnets is
normally smaller, for instance about 10 W in the case of
the 203-bunch operation in SPring-8 at a 3 mm gap. These
heat loads can be covered by one cryocooler, for example,
the Suzuki Shokan RF90S having a cooling capacity
higher than 200 W at 80 K.

The CPMUs offer further advantages over SCUs, with
the saving of electricity and a stable operation without
any quench. In addition, all techniques of magnetic field
correction developed for permanent magnet undulators
can be applied to the CPMUs without any significant
modification.

III. CHARACTERISTICS OF NdFeB MAGNETS AT
CRYOGENIC TEMPERATURES

Sintered NdFeB magnets exhibit negative dependence
of remanent fields against temperature, typically
!0:1%=K around room temperature. According to this

FIG. 1. (Color) Design examples of a CPMU with refrigerant channels (a) or with cryocoolers (b).

PRST-AB 7 CRYOGENIC PERMANENT MAGNET UNDULATORS 050702 (2004)

050702-2 050702-2

Cryocoolers 
Cryo Cooler: 
Power  2000 W 
(<300 W), Liquid  
LN2, Pump :  30 
to 90 Hz (40 
Hz), Flow : 1 to 
30 l/mn (5 l/mn)   

SPring-8
T. Hara et al. Phys. Rev. Spc. 
Topics 7, 050702 (2004)

SOLEIL
C. Benabderrahmane et al 7, 
050702 (2004)

Cooling to He 
temperature at BNL
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Mini Cryogenic undulators

C. Benabderrahmane, P. Berteaud, M. Valléau, C. Kitegi, K. tavakoli, N. 
Béchu, A. Mary, J. M. Filhol, M. E. Couprie, Nucl. Instrum. Methods  A 
669 (2012) 1-6

U20-NdFeB

U9-PrFeB, fixed gap : 2.5 mm
20 periods, 11 K, 1.15 T

at SOLEIL
at NSLS-II at BESSY/ UCLA

 
Validation of magnetic model at low temperature

PRASEODEMIUM IRON BORON UNDULATOR 

Magnet Arrays and Measurement System 
The first room temperature (RT) IVU was developed at KEK in 19922.  Since then, RT-IVUs have become the 

de-facto standard for short period devices in synchrotron light sources around the world.  Various attempts to 
employ superconducting undulators (SCUs) have been made.  However, it appears that more R&D is needed before 
SCUs can be reliably used at user facilities.  The concept of a CPMU was proposed in 2004 to enhance the 
performance of a RT-IVU3. Since it is based on the fundamental characteristics of a NdFeB permanent magnet, it is 
considered a much more realistic option than SCUs to achieve higher performance from an ID.   Unfortunately, a 
NdFeB magnet starts to exhibit spin reorientation below 150K, which limits the maximum enhancement of its 
remanent field.   

The PrFeB, a “twin” of NdFeB, was originally developed for space applications. does not show such 
deterioration at lower temperature. Its remanence continues to increase monotonically all the way to 4°K.  Test 
arrays having eight full periods of 14.5mm period length have been constructed with PrFeB magnets (NEOMAX 
Type 53CR)4  and Vanadium Permendur poles.  No elaborate shimming was done except for trajectory optimization 
by magnet sorting. The test undulator was installed in the VTF5 at the NSLS for field measurement with either liquid 
nitrogen or liquid helium as cryogens.  The magnetic gap was set to 4.85mm which is determined by the thickness of 
the aluminum guide tube in which the Hall probes move.  Hall probe calibration in LHe was done in-situ with SC 
calibration coils.  Figure 1 shows the Radia model for the SC calibration coils, photographs of the PrFeB undulator 
arrays and the SC calibration coils enclosure. 
 

(a) (c) 
FIGURE 1.  (a) PrFeB arrays installed in the VTF; (b) Radia model of the calibration coils; (c) Photograph of the coil enclosure 
in the VTF. 

Measurement in LN2 Bath 
First, a number of measurements were conducted in liquid nitrogen.  The Hall probe elements were calibrated 

separately against an NMR probe in a conventional electromagnet dipole ,while they were immersed in a small LN2 
dewar.  Figure 2-(a) shows the comparisons between predicted field by Radia6 and measurement results at both room 
temperature and at 77K.  Br in the simulation was varied to achieve the closest fit to the measured peaks.  The fitted 
results indicate that the magnet’s Br increased from 1.37T at RT to 1.64T at 77K.  The discrepancy in the extremities 
is mainly due to the imperfection of the magnet machining.  Hall probe data show that the average period length has 
decreased from 14.503mm at RT to 14.489mm at 77K due to thermal contraction of the aluminum array holder.  
Linear expansion of 6061-T6 aluminum alloy is supposed to contract by approximately 4!10-3 from 293K to 77K 
which translates 0.8mm contraction for 20cm arrays.  It is known that NdFeB magnet has negative thermal 
expansion perpendicular to the magnetized direction.   More investigation is needed to understand the reason for 
smaller reduction of the period length.  Phase error plots for both cases are shown in Fig. 2-(c) for RT and Fig. 2-(d) 
for 77K.  No significant change in the pattern of phase errors have been observed, but the RMS phase error exhibits 

(b) 

T. Tanabe, et. al., AIP Conference Proceedings, 
Vol. 1234, p.29 (2010). 4.85 mm gap

Notice: This manuscript has been authored by Brookhaven Science Associates, LLC under Contract No. DE-AC02-98CH1-886 with the 
U.S. Department of Energy. The United States Government retains, and the publisher, by accepting the article for publication, 
acknowledges, a world-wide license to publish or reproduce the published form of this manuscript, or allow others to do so, for the United  
States Government  purposes. 

 
FIGURE 3.  (a) Hall probe element output voltage for two adjacent positive peaks at various temperatures.  The 
measurement started at 4.2K and data at higher temperatures were measured as the array temperature increased.  (b) 
Phase error plot in the full period region for a LHe temperature scan.  RMS phase error is 6.8 degrees.   

 OTHER OPTIONS 
The rare-earth metal dysprosium (Dy) has one of the largest magnetic moments.  In the ferromagnetic ordered 

state, it could exhibit the a saturation inductance of 3.8T at 4.2K.  Dy orders ferromagnetically at 90K, therefore, it 
could be used as pole material only in CPMU designs.  The peak field of U20 at a 5mm gap assuming Br=1.50T is 
found to increase from 1.29T with permendur to 1.36T with textured Dy poles.  The comparison was done with 
Radia using measured µH v.s. M data for crystallized Dy9.   

Low temperature SCUs have been tested at several laboratories in the world.  Heat shield problems demand 
increased effective magnetic gap, which in turn diminishes the advantages of SCUs.  SCUs with high temperature 
superconductor tapes is another possibility for the future R&D.  However, further increase of maximum engineering 
current density is required to be compete with CPMU field performance. 

SUMMARY 
The magnetic field characteristics of PrFeB undulator arrays of 14.5mm period length have been measured at LN2 

and LHe temperature.  The operation at 77K was found to be very promising.  Not much performance gain was 
observed at 4.2K.  A combination of PrFeB magnets and textured Dy poles may give further performance gain compared to 
conventional CPMU consisting of NdFeB and permendur poles. 
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Cryogenic undulators in operation (3G)
II- From In-vacuum to cryogenic undulators and in-vacuum wigglers
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T15 Undulators and Wigglers

NdFeB, operation at 157 K, Non baked, B= 1.04 T@ 4 mm gap
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SOLEIL Cryo U18 PrFeB operation at 77 K, Non baked, B= 1.16 T @5.5 mm gap

Thermal gradient on the magnetic system < 1.2 K/m
Total temperature variation due to electron beam (500 mA) and gap variation < 2.5 K

currentMagnet temp.

C. Benabderrahmane et al. IPAC 2011

C. W. Ostenfeld et al. , Cryoegnic in vacuum unduator at Danfysik, IPAC2010, 3093
J. Schouten et al, Electron beam heating and operation of the cryogenic undulator and superconducting wigglers at DIAMOND, IPAC 2011, 3323

U18,  Br = 1.35 T 

Br = 1.31 T 

Cryogenic undulators in operation (3G)
II- From In-vacuum to cryogenic undulators and in-vacuum wigglers
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M. E. Couprie,  International Particle Accelerator Conference, ,Shanghai, China, May 13-17, 2013

Cryogenic undulators : Mechanical changes at low 
temperature 

• Gap opening due to thermal contraction 
of the supporting rods to be compensated

Measurement :
Capacitance type displacement monitors 

(Nantex Corp.) SPring-8
Wire resistivity : ESRF, SOLEIL

• Period reduction due to girder 
contraction, ex at SOLEIL 9 mm over 2 m, 

i.E. 38 µm / period)

• Phase error correction via rod shimming
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Figure 6. Reproducibility of the gap variation (top panel) and tapering (bottom
panel) at different temperatures.
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Figure 7. Peak field as a function of the temperature. The blue dot shows a theo-
retical value of the undulator peak field with the same periodic length (15 mm) and
gap (4 mm) but the remanence of 1.15 T (NEOMAX35EH, NEOMAX Co. Ltd.)

New Journal of Physics 8 (2006) 287 (http://www.njp.org/)

T. Tanaka et al., New Journal of Physics, Development of cryogenic 
permanent magnet undulaotrs operating around liquid nitrogen 
temperature, New Jour. Physics  6, 2011, 287
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- in situ magnetic measurements
ex : SAFALI (Self aligned field analyzer with laser instrumentation)

T.  Tanaka et al, FEL 2007, Novosibirsk, 468;
T. Tanaka et al. FEL 2008, Gyeonju, 371; 
T.  Tanaka,  et al., . Phys. Rev. Spec.Topics 12, 120702 (2009)

O-ring reciprocating seal

4axis-stage
(remote 2axis)

xy linear
guide

Top View

Side View

θz rotary
stage

θx,y stage

x,y stage

to TMP

to TMP

SUS pipe

Figure 4: Schematic illustration of the SAFALI system for
the CPMU prototype.

cating seals have been installed to insert the SUS tube to fix
the cantilever of the Hall probe, which is actuated by means
of pushing or pulling the end of the tube. The Hall probe
position feedback is performed by the multi-axis stage sup-
porting the vacuum duct including the O-ring seal. The
variation of the Hall probe position during actuation was
slightly worse than the system for IVU24 described in the
preceding section, however, the reproducibility was simi-
lar. For details, refer to [3].

RESULTS OF MEASUREMENT

IVU24
We measured the magnetic distribution at the gap values

of 6, 8, 10, 14, and 20 mm and compared the magnetic per-
formances with those measured by a conventional method
in July 2000, just after the field correction and before in-
stallation in the SLS ring. The results are shown in Fig. 5
in terms of the electron trajectory (2nd field integral) and
phase error distribution.

We find negligible difference between the two measure-
ments in terms of the electron trajectory, while a small dis-
crepancy in the phase error distribution suggests that the
magnetic field distribution has changed slightly. It should
be emphasized, however, that the variation is very small
and less than 0.5 degree in r.m.s. So we can conclude
that no significant demagnetization took place in the IVU24
during operation.

CPMU Prototype
We measured the field distribution of CPMU prototype

at different temperatures and found that the peak field be-
came maximum at a temperature of 130 K. During the mea-
surement, the gap was fixed at 5 mm by measuring directly
the distance between the top and bottom magnet arrays by
means of a laser scan micrometer. From the point of view
of field correction, what is important is the phase error vari-
ation due to temperature change. Figure 6 shows the mag-
netic performances measured at room temperature and 130
K in terms of the electron trajectory and phase error. We
find negligible difference between the performances at two
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Figure 5: Comparison of magnetic performances of IVU24
between July 2000 and March 2007. Note that measure-
ment in July 2000 was done by a conventional method.

different temperatures, suggesting that cooling the perma-
nent magnets did not induce a large change in the error
magnetic components that could affect the undulator per-
formance. This is a very encouraging result toward realiza-
tion of CPMUs.
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Figure 6: Variation of magnetic performances of CPMU
prototype at room temperature and 130 K.

SUMMARY

We have described the SAFALI system as a new scheme
of undulator field characterization and its practical appli-
cation. It should be also stressed that the SAFALI sys-
tem is portable: the magnetic performance of IVUs can be
checked at any time without moving to the laboratory or fa-
cility for the field measurement. Such a portability is very
important especially in X-ray FEL facilities where a num-
ber of undulators will be installed. The SAFALI system can
be used not only for the final check after assembly but also
to monitor the magnetic performance as the FEL driver. We
also note that most undulators nowadays have a C-shaped
frame, but not a O-shaped frame, in order to ensure open-
ings for field mapping with Hall probe scanning, whether
they are in-vacuum or out-vacuum. This imposes a severe
restriction on the undulator design, because C-shape frame

WEPPH052 Proceedings of FEL 2007, Novosibirsk, Russia
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Light Source (SLS) as a collaboration to aim at utilization
of angstrom x rays in the medium-sized SR facility. After
3-year operation, IVU24 has been replaced with another
IVU and returned to SPring-8. It is important to measure
the magnetic field of IVU24 and compare with the initial
state, and to check the variation of magnetic performances
from the point of view of demagnetization due to electron
irradiation during operation.

Top View

Side View

stepper
motor

laser diode

undulator magnet Hall probe
iris

2-axis stage
carriage

corner cube

rail

laser scale

PSD

Figure 1: Schematic illustration of the SAFALI system for
the CPMU prototype.

Figure 1 shows a schematic illustration of the SAFALI
system for IVU24. We have installed a rail and carriage to
actuate the Hall probe by means of a tensioned loop wire
driven by a stepper motor. The Hall probe cantilever was
attached to the carriage together with the cubic mirror to
reflect the laser beam of the laser scale to measure the lon-
gitudinal position of the Hall probe. In addition, two irises
are attached at the both ends of the Hall probe cantilever
with a diameter of 2 mm. In order to measure the transverse
Hall probe position during actuation, two laser beams were
introduced to irradiate the irises and create laser spots at
the opposite side. The positions of the laser spot were mea-
sured with position sensitive detectors (PSDs), the average
of which defines the position of the Hall probe.
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Figure 2: Variation of the Hall probe position with and
without feedback.

The feedback of the Hall probe position is done by mov-
ing the rail with the three sets of 2-axis stages supporting

the rail. Figure 2 shows the variation of the Hall probe po-
sition measured with and without the feedback procedure.
We can clearly find the effects due to the feedback. The
magnetic error due to the positional deviation of 5 µ is just
5×10−6 for an undulator with a magnetic period of 10 mm,
and smaller for a longer period.

As a field measurement system for undulators, the re-
producibility is the most important. We measured the mag-
netic field distribution of IVU24 four times under the same
condition to examine the reproducibility. The results are
shown in Fig. 3 in terms of the phase error as a function
of the pole number, where we find quite a good agreement
between the measurement results.
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Figure 3: Reproducibility of the field measurement in terms
of the phase error distribution.

As described above, the developed SAFALI system has
been found to have a performance good and reliable enough
to measure the magnetic field of IVU24.

SAFALI FOR CPMU PROTOTYPE

The CPMU is a novel undulator proposed at SPring-8
in 2004 [1]. The permanent magnets in the IVU is cooled
down to improve the magnetic property in terms of the re-
manence and coercivity. The operation temperature will be
around 100∼150K where the remanence becomes maxi-
mum, and much higher than liquid helium, so the operation
will be much more feasible than superconducting undula-
tors composed of NbTi wires. We have constructed a pro-
totype of CPMU with a magnetic length of 600 mm and a
magnetic period of 15 mm and made experiments to inves-
tigate the feasibility of CPMUs such as the cooling capa-
bility, variation of the magnetic gap and tapering during the
cooling process [2]. Although promising results have been
obtained in these experiments, we have to establish a field
measurement technique to be adapted to the CPMUs. So,
we have developed a system based on the SAFALI method
to measure accurately the magnetic performance at a cryo-
genic temperature [3].

Figure 4 shows a schematic illustration of the SAFALI
system for the CPMU prototype. A pair of O-ring recipro-

Proceedings of FEL 2007, Novosibirsk, Russia WEPPH052

FEL Technology II

469

SACLA undulators

T.  Tanabe,  et al., . Design concept for a modular in vacuum probe 
mapper for use with CPMU convertible in vacuum undulators of 
varying magnetic length, PAC 2011, 2534
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Cryogenic undulators Radiation  : measured spectra
Example of measured spectra at ESRF

Photon flux in 0.6 mm x 0.6 mm @ 30 m in ID11 (G. Vaughan, J. Wright)

Courtesy J. Chavanne

Robust consistency between magnetic design - field measurements - observation in beamline 
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Cryogenic undulators Radiation  : comparison with in-
vacuum undulator

Check CPMU performance wrt conventional Sm2Co17 hybrid IVU22 in ID11

Gain in photon flux ~ 2 @ 60 keV,  ~3 above 90 keV as expected

Photon flux in 0.6 mmx 0.6 mm @ 30 m, gap 6.4 mm

ID11 CPMU  expected to be operated with minimum gap 5 mm in 2014

Courtesy J. Chavanne
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Cryogenic undulators Radiation  : measured spectra

- gap ~ 4 mm

- period ~ 14

- Peak field ~ 1.3 T

- K ≥ 1.7

CPMUs  for new Ultra Low Emittance (150 pm) Storage Ring 

1 very short period CPMU   to be constructed in 2014
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Cryogenic undulators with high Tc superconductors

T.  Tanaka et al. PRSTAB 7, 090794 (2004)

remarkable enhancement of the achievable Bp as the
critical current density (Jc, the maximum current density
which can flow in the superconductor) increases. If the
superconductor has a Jc value higher than 1:1 kA=mm2,
Bp of CU plus is expected to exceed that of the recent
SCU [22] at the same gap.

It should be noted that the minimum gap of CU plus
can probably be made narrower than that of the SCU
operating around liquid helium temperature, because
the operating temperature, 40–80 K, of CU plus is
much higher than that of liquid helium, which ensures
a high cooling capacity of the state-of-the-art cryo-
coolers. In such a case, the performance of CU plus is
further improved as indicated by a chain curve for
gap ! 3 mm.

IV. EXPERIMENTS

We performed experiments to verify the principle of
CU plus with superconductor rings made from a commer-
cially available material, Gd-Ba-Cu-O.

First we investigated the performance of the supercon-
ductor ring itself by applying an external field using a
separated magnetic flux generator. The illustration and
dimensions of the superconductor ring are shown in
Fig. 3(a) and the results are in Fig. 3(b). The abscissa
shows the strength of the external field, while the ordinate
shows the field measured by a Hall probe at the center of
the superconductor ring. The measurement was per-
formed at the temperature of liquid nitrogen (77 K). We
can find a typical hysteresis curve brought by the diamag-
netism of the superconductor ring. From the experimental
results, Jc was roughly estimated at "200 A=mm2 by
comparison with a calculation of the magnetic field by a
current loop with the same shape and dimensions as the

superconductor ring. This value is indeed typical for a
copper-oxide SC material [15].

Then we performed experiments using the test magnet
assembly comprised of PMs and the superconductors, as
shown in Fig. 4(a). The PMs were made from NEOMAX
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FIG. 3. (Color) Determination of the critical current density
(Jc) of the superconductor ring used for the test magnet
assembly. (a) Illustration and dimensions of the superconductor
ring and (b) result of the field measurement for the supercon-
ductor ring at the temperature of 77 K.
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50BH (NEOMAX Co., Ltd.) and arranged according to
the pure Halbach configuration [23] except that the hor-
izontally magnetized blocks were shifted upward or
downward by 2 mm to insert the superconductors.
Before starting the field measurement, we fully closed
the gap at the temperature of 300 K, cooled the assembly
by pouring liquid nitrogen until the temperature went
down to 77 K, and opened the gap to 2 mm. After that
we inserted a Hall probe and held it at the center of the
gap to measure the gap dependence of the magnetic field.
In Fig. 4(b), the results of the measurements with and
without the superconductors are shown by solid and dot-
ted curves, respectively, which shows a clear enhance-
ment of the magnetic field by the superconductor. As
denoted by a chain curve, the current density in the
superconductor is estimated from the field enhancement.
As the gap was opened, the current density approached
the Jc value of 200 A=mm2 that has been determined in
the previous measurement. It should be noted, however,
that the current density decreased at the gap wider than
8 mm, which indicates that Jc was decreased during the

experiment. This performance degradation of the super-
conductor is probably due to a mechanical damage, i.e.,
increase in the amount of cracking.

V. DISCUSSION

The above experimental results strongly support the
principle of CU plus as a scheme to enhance the field of
the cryoundulator; however, there are two important per-
formances to be improved in the superconductors that we
used in the experiments. First, the mechanical stability
should be improved to ensure a good reproducibility of
the magnetic field, which is indispensable to a practical
use as an undulator. In fact, several solutions have already
been reported [16,17], which were not applied to our
superconductor samples because of lack of time.

Second, superconductors with higher Jc value are nec-
essary because the Jc value of the superconductor used in
the experiments, 200 A=mm2, is not enough to actively
adopt the principle of CU plus, as is found from Fig. 2(c).
It should be noted, however, that this is the value at the
temperature of liquid nitrogen, i.e., 77 K. It is well known
that Jc of a SC material has a strong dependence on the
temperature (T). In general, the relation between Jc and T
is roughly expressed as[24]

Jc!T" # J0

!
1$

"
T
Tc

#
2
$
m
;

where J0 is the critical current density at 0 K, Tc the
critical temperature, and the exponent m is a parameter
ranging from 1 to 3 which denotes a pinning mechanism
of the type II superconductor. As an example, let us
calculate Jc at two temperatures of 77 and 40 K for Gd-
Ba-Cu-O superconductor with Tc # 90 K and m # 2.
Then we find that Jc !40 K"=Jc !77 K" % 9. Accordingly,
we can expect Jc to be about 1:8 kA=mm2 at 40 K for the
superconductor used in the experiment. In such a case, Bp

of CU plus is expected to be 1.45 T at the gap of 5 mm,
slightly higher than the Bp value currently achieved in
the conventional SCU. In addition, we emphasize that the
performance of the copper-oxide SC material and related
technologies are being improved year by year [15–19]. It
is therefore expected that SC materials with enough Jc to
be used in CU plus will be, or have been already, devel-
oped. Thus, the concept of CU plus has a large possibility
toward shorter period undulator development.

[1] D. Attwood, K. Halbach, and K. J. Kim, Science 228,
1265 (1985).

[2] J. Chavanne, P. Elleaume, and P.V. Vaerenbergh, J.
Synchrotron Radiat. 5, 196 (1998).

[3] E. Gluskin, J. Synchrotron Radiat. 5, 189 (1998).
[4] H. Kitamura, T. Bizen, T. Hara, X. Maréchal, T. Seike,

and T. Tanaka, Nucl. Instrum. Methods Phys. Res.,
Sect. A 467–468, 110 (2001).
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FIG. 4. (Color) Verification of the principle of cryoundulator
plus. (a) Experimental setup of the test magnet assembly. The
permanent magnets made from NdFeB were arranged accord-
ing to the Halbach configuration and the superconductor rings
were put on the permanent magnets. (b) Magnetic fields with
and without the superconductors measured at the gap center as
a function of the gap width. The chain curve shows the
estimated current density in the superconductor.
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Choice of an in vacuum wiggler rather than a superconducting wiggler
In vacuum wiggler

performance magnet (remanent field 1.17T, coer-
cive force 12 kOe) compatible with the high
temperature bake-out process required for ultra-
high vacuum operation.

The wiggler has just been delivered to the
SPring-8 insertion device magnetic measurement
laboratory, and is now being characterized (field,
field integrals). Fig. 2 shows the variation of the
vertical peak magnetic field measured as a function
of the gap. At 7mm, the vertical peak magnetic
field is 1.95 T (corresponding to a critical energy
ec=83 keV for the 8GeV SPring-8 electron beam).
At 5mm, the minimum gap set for the operation of
in-vacuum undulators, the peak field increases up
to 2.3 T (ec=98 keV). The uniformity of the
vertical magnetic field in the orbit plane has also
been measured (Fig. 3). In a ! 5mm range
around the wiggler axis (i.e., around the main axis
of the electron trajectory), the vertical field varies
by less than 0.2% for gaps between 5 and 20mm.
In a ! 2mm range around the wiggler axis, the
roll-off is below 0.06% (0.03% at gap 7mm).

Field integrals and their transverse distributions,
which characterize the transparency of an inser-
tion device to the electron beam (i.e. the ID must
not generate any beam losses or any significant
modification of the ring optic), are now being
measured and corrected. The results of the field
corrections will be presented in a future paper.

3. Effective parameters and performances

The well-know formulas (see Ref. [3] for
example) using the value of the peak field to
calculate the deflection parameter, the total power
PT and the power density Pd are not valid
anymore: they assume a pure sinusoidal field,
while high field wigglers, such as the in-vacuum

Fig. 1. The in-vacuum wiggler during magnetic field measure-
ments and correction.

Table 1
In-vacuum wiggler main parameters

Period length 90mm
Number of period 10
Peak field @ 7mm 1.95T
Transverse roll-off ! 5mm @ 7mm 0.17%
Magnet H"W"L 30" 80" 19mm3

Pole H"W"L 25" 60" 7mm3

Fig. 3. Transversal homogeneity of the magnetic field at gaps 5,
7, 15, 20 and 40mm.

Fig. 2. Peak magnetic field as a function of the gap.

X.-M. Maréchal et al. / Nuclear Instruments and Methods in Physics Research A 467–468 (2001) 138–140 139

SPring-8 : 1.95T, gap=7 mm, 10x90 mm

SOLEIL : 2.1T, gap=5.5 mm, 
10x150 mm

X.M. Marechal et al, NIMA 4676-468 (2001) 138-140

O. Marcouillé et al., SRI 09
O. Marcouillé et al., to appear in PRSTAB 2013
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Spectral Flux per Unit Horizontal Angle (Far-Field Estimation)

In vacuum wiggler

O. Chubar
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Historical steps

III- Superconducting undulator

C. Bazin, Y. Farge, M. Lemonnier, J. Perot, Y. Petroff Design of 
an undulator for ACO and its possible use as FEL, NIM 172 
(1980) 61-65
 C. Bazin, M. Billardon, D. Deacon, Y. Farge, J. M. Ortéga, J. 
Pérot, Y. Petroff, Y. Farge, M. Velghe, First results of a 
superconucting undualtor on the ACO storage ring, J 
Physique-LETTERS 41 (1980) L-547-L-550

L. M. Barkov, V. B. Baryshev, G. N. Kulipanov, N. A. Mezentsev, 
V. E. Pindyurin, A. N. Skrinsky, V. M. Khorev, A proposal to 
install a superconducting wiggler magnet on the storage ring 
VEPP3 for generation of the synchrotron radiation, NIM 152 
(1978) 23-29
 A. S. Artamonov et al., First reuslts of the work with a 
superconducting «snake» at the VEPP-3 storage ring, NIM 
177 (1980) 239-246

240 A.S. Artamonov et al. / A  superconducting "snake" 

Fig. 1. A general view of the snake for the storage ring VEPP- 
3; 1 -  liquid helium supply pipe, 2 -  current leads, 3 -  
dewar, 4 - liquid nitrogen, 5 - liquid helium, 6 - supercon- 
ducting magnets, 7 - vacuum container, 8 - storage ring vac- 
uum chamber. 

The number of  quenches required in order to 
reach the plateau was approximately proportional to 
the general number of SCMs connected in series and 
was equal to 3 - 4  quenches per magnet. 

The threshold showed that during tile training pro- 
cess each of  the SCMs is quenched occasionally, 
approximately the same number of  times, except for 
the edge magnets where the number of  quenches was 
1.5 times higher. 

In the complete block the number of  windings in 
the edge magnets was decreased by 30%, that enabled 
us to partly compensate for the horizontal angle 
acquired by the beam at the snake exit and also to 

increase the SCM stability. Apparently, the training 
process can be explained by reference to the mechan- 
ical seal of  the SCM winding in the direction of the 
forces acting on the current carrying windings. In this 
case, the interwinding filter (fiberglass tissue impreg- 
nated with epoxide compound) is a sufficiently 
dense, inelastic medium which is capable of  "remem- 
bering" the training result. The training results are 
also conserved after the uniform heating of the SCM 
up to room temperature with subsequent cooling. As 
a rule, additional training with far fewer cycles is 
needed after the disassembly and reassembly of  the 
magnetic system. 

For preliminary tests the snake was assembled on 
the "bench".  The maximum current supplied to the 
SCMs on the bench was 220 A, which corresponds to 
a field of  36 kG on the snake axis. Helium consump- 
tion in the field-off regime was 3.6 1/h. The measured 
shift of  the SCMs with respect to the horizontal plane 
during cooling from room temperature to 4.2 K did 
not exceed 0.3 mm. 

After the bench tests the snake was installed in the 
straight section of  the VEPP-3 storage ring. The snake 
design made it possible to mount it around the VEPP- 
3 vacuum chamber without deterioration of  the vac- 
uum in the storage ring. 

During the first switching-on of the snake, the 
SCM training was conducted once more. After five 
cycles the cntical current in the SCM increased from 
146 up to 190 A. The last figure corresponds to a 
field ofBo = 31 kG on the snake axis. A further train- 
ing of  the SCM will be carried out during the forth- 
coming work on the snake. The measured helium con- 
sumption with the field on was ~4 1/h. 

3. Insertion of the electron beam into the snake with 
superconducting field off  

Insertion of  the "damped" electron beam into the 
snake vacuum chamber is performed by four special 
correction magnets of  rectangular shape placed in the 
experimental straight section. In addition, a special 
magnetic straight-section structure was chosen to 
facilitate orbit distortion, arrangement of  the snake 
and correction magnets. The structual alterations 
were such that, on the one hand, a straight section 
could be supplied with a unit transport matrix in 
both directions and, on the other hand, to make 
effective use of  the lens magnetic fields in the case of  
orbit distortion. 
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AI, then the radiation spectrum differs slightly from 
the usual spectrum of  synchrotron radiation. 

In another limiting case, the length of  the usual 
synchrotron radiation formation p /7  a is much larger 
than the snake period. For  a weak magnetic field in 
the snake (a0 ~ 1/7) the radiation field value is sinu- 
soidal with a period Al of  length NAl .  Due to the 
finite length of  the snake, the amplitude of  the spec- 
tral constituent of  the radiation with the wave num- 
ber K is described by an apparatus function of the 
form: 

K sin(Ng AI/2) 
EK ~ (2rr/A/.)2 _ K2 • 

For  the main maximum we can write down the fol- 
lowing relation: 

(+ X = 2b + . 

The latter gives a representation of  the dependence 
between the correlation X-O and the energy. The 
form of  the apparatus function makes it possible to 
determine the dependence of  subsidiary maxima at a 
given K on the angle 0 and on the energy as well. At 
the angle 0 = 0 in case of  a weak field in the snake the 
radiation maximum is attained at the wavelength X = 
b/72. For the VEPP-3 snake this corresponds to a 
920 A vacuum ultraviolet region at an energy of  350 
MeV. 

The transverse motion becomes relativistic on 
increasing the snake field, and the shape of  radiation 
field amplitude differs from the sinusoidal one, this 
leads to the appearance of harmonics in the radiation. 
The condition for the maximum of  the nth  harmonic 
can be written as follows: 

nX = 2b + 4 + m 

An increase in ao results in increasing the wave- 
length of  the first harmonic at zero angle. So, for 
example, the radiation of red light at this angle and 
for an energy of 350 MeV corresponds to a field of  
about 4 kG. For  a snake with a finite number of 
periods N the above relation holds in a certain range 
of  wavelengths ~xX/X = 1]nN at a fixed 0. 

In fig. 5 there are the pictures of  the intensity dis- 
tr ibution of  the 1st, 2nd, 3rd and 4th harmonics of  
radiation from the snake on a screen placed behind 
the red-light-filter at a fixed energy of  350 MeV and 
different values of  the snake magnetic field. 

The light from the snake passes through a special 
Fig. 5. Intensity distribution of the 1st, 2nd, 3rd and 4th har- 
monics of radiation from the snake. 
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Fig. 2. Transverse view of the undulator. 

the advantage of  avoiding any perturbat ion of  the 
ring when the undulator  is not  working. The length 
of  the straight section is 1.5 m, but  a large space will 
be taken up by  high vacuum valves to isolate the 
vacuum of  the undulator from the vacuum of  the 
ring and by  bellows for the vertical displacement of  
the undulator.  The total  length of  the undulator  will 
then be only 1 m. 

Magnet  parameters: The gap of  the vacuum cham- 
ber has been chosen to be 12 mm which gives a value 

of  22 mm for the magnet gap and a period of  40 mm. 
A more detailed study [7] shows that it is extremely 
difficult to reduce Xo below this value because the 
induction on a pole increases like 1/Xo 2 which causes 
rapid saturation as Xo becomes less than 40 mm. 

Coils are made according to fig. 3 with multi- 
filament wire of  0.3 mm diameter. Each wire con- 
sists of  60 25 #m-diameter filaments of  n i o b i u m -  
ti tanium. Each coil is made of  500 single turns to give 
10 000 A • t per pole. This number o f  ampere - tu rns  is 

II. WIGGLERS, UNDULATORS 

B=0.5 T
Period  : 40 mm x 23

280 A : mm2
vacuum chamber gap : 12 mm

magnetic gap : 22 mm
NbTi coils

B=0.36 T
Period  : 9 

cm
helium 

consumption 
<4 l/h

L. Elias et al. Observation of stimulated 
emission of radiation by relativistc 
electrons in spatially periodic 
transverse magnetic field, PRL 36 (5) 
1976, 717- 720
 D.A.G. Deacon et al. First Operation of 
a FEL, PRL 38 (16) (1977) 892-894

VOLUME 36, NUMBER 13 PHYSICAL REVIEW LETTERS 29 MARcH 1976

Observation of Stimulated Emission of Radiation by Relativistic Electrons
in a Spatially Periodic Transverse Magnetic Field~

Luis R. Elias, William M. Fairbank, John M. J. Madey, H. Alan Schwettman, and Todd I. Smith
Department of Physics and High Energy Physics Laboratory, Stanford University, Stanford, California 94805

I', Received 15 December 1975)
Gain has been observed for optical radiation at 10.6 pm due to stimulated radiation by

a relativistic electron beam in a constant spatially periodic transverse magnetic field.
A gain of 7~/0 per pass was obtained at an electron current of 70 mh. The experiments in-
dicate the possibility of a new class of tunable high-power free-electron lasers.

We have observed the amplification of infrared
radiation by relativistic free electrons in a con-
stant, spatially periodic, transverse magnetic
field. The experiment was conducted in the W. W.
Hansen High Energy Physics Laboratory using an
electron beam from the superconducting linear
accelerator. The experiment was performed by
sending the electron beam through the periodic
field and measuring the gain and absorption coef-
ficients for 10.6-pm radiation sent through the
field parallel to the electron beam axis.
Radiation emitted within the periodic field is

properly termed magnetic bremsstrahlung. Radi-
ation can also be absorbed via the process of in-
verse bremsstrahlung. The physical effect which
makes amplification possible is the difference in
wavelength between emission and absorption. The
wavelength for emission is slightly longer than
the wavelength for absorption. While the differ-
ence in wavelength is small, the rates for stimu-
lated emission and absorption are large and net
useful gain is predicted at wavelengths to below
1000 A.
The stimulated emission of bremsstrahlung in

a spatially periodic magnetic field was analyzed
by Madey and co-workers. '~ The physics is re-
lated to the problem of stimulated Compton scat-
tering' which has been analyzed by Driecer, ' Pan-
tell, Soncini, and Puthoff, ' Sukhatme and Wolff, '
and Kroll. ' Qther free-electron amplifiers have
also been proposed. Hirshfield, Bernstein, and
Wachtel' proposed and developed the cyclotron
maser in which a relativistic electron beam
moved through a uniform axial field, and Qranat-
stein and co-workers"' at the Naval Research
Laboratory have exploited stimulated magneto-
Raman scattering to generate high-power submil-
limeter radiation.
The theory for stimulated bremsstrahlung pre-

dicts a correlation between the line shape for
spontaneous radiation and the gain. Measure-
ments were therefore made of both the spontane-

HE L IGAL MAGNET
(3.2 cm PERIOD) 24 MeV BUNCHED

ELECTRON
MIRROR I BEAM

5 2m

MODULATED I0.6p,
RADIATION TO
Cu.'Ge DETECTOR

AND
MONOCHROMATOR

MOLEC 7RON
T-250

COp LASER

FIG. l. Experimental setup, The electron beam was
magnetically deflected around the optical components
on the axis of the helical magnet.

ous radiation and the gain. The experimental ap-
paratus is shown schematically in Fig. 1. The
periodic magnetic field was generated by a super-
conducting right-hand double helix with a 3.2-cm
period and a length of 5.2 m. The helix was
wound around a 10.2-mm-i. d. evacuated copper
tube which enclosed the interaction region. The
field due to the helix was transverse and rotated
in the plane normal to the axis with the period of
winding. A 1-koe axial guide field was generated
by a solenoid wound over the helical magnet.
The electron beam and the infrared radiation

were steered to pass through the magnet on the
axis. Radiation from a pulsed transverse-excita-
tion-atmospheric CO, laser was focused to a 3.3-
mm waist at the entrance to the interaction region
to excite the EH» wave-guide mode of the 10.2-
mm copper tube. Calculations indicate that this
configuration couples 98@ of the energy in the in-
cident Gaussian beam to the EH» mode. "
Radiation emerging from the tube was focused

on a fast Santa Barbara Research Corporation
copper-doped germanium detector. The electron
beam from the superconducting accelerator was
bunched and the interaction between the electrons
and optical radiation modulated the radiation at
the 1300-MHz accelerator operating frequency.
The fractional modulation is equal to the gain per
pass. The amplitude and phase of the 1300-MHz
modulation were recovered by mixing the detec-

717

B=0.5 T
Period  : 3,2 cm
length : 5.2 m

superconducting double helix

MARK III VEPP3 ACO
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Present achievements with NbTi coils

III- Superconducting undulator

ANKA	  /	  Babcok	  Nolle	  :	  
• SCU15Demo (NbTi) :
period 15 mm, operating magnetic gap : 8 mm, beam gap : 7 mm, 
0.69 T, design beam heat load : 4 W, acheived phase error 7.4 ° 
rms
- Tests at 4K have shown bending of the coils by ~0.25 mm per 
side, Achieved 7.6 deg phase error on 0.8 m - Adjustable-gap 
beam vacuum chamber: manufactured and successfully passed 
the vacuum test  reaching P < 3 x 10-10 mbar in cold conditions

•Short prototypes with 15 mm and 20 mm period 
length 
 manufactured and tested in the test facility CASPER I 
 to qualify the wire and different winding schemes for new 
SCIDs.

C. Boffo et al., to be presented at MT23
S. Casalbuoni et al., to be presented at MT23

Courtesy	  S.	  CasalbuoniDaresbury	  :	  
Undulator	  based	  source	  polarized	  electrons,	  
short	  model	  period	  14	  mm,	  0.81	  T,	  free	  beam	  aperture	  :	  4	  mm
1.74	  m	  devices,	  period	  11.5	  mm,	  vessel	  aperture	  :	  5.85	  mm,	  winding	  bore	  :	  6.35	  mm,	  field	  :	  
1.15	  T

D. J. Scott et al. Phys. Rev. Lett.  107, 174803,  2011
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Present achievements with NbTi coils

III- Superconducting undulator

First	  superconduc.ng	  undulators	  at	  the	  Advanced	  Photon	  Source	  (APS)

Test	  
Undulator	  
SCU0

Test	  
Undulator
SCU1’

Photon	  energy	  at	  1st	  
harmonic

20-‐25	  keV 12-‐25	  keV

Undulator	  period 16	  mm 18	  mm

Magne^c	  gap 9.5	  mm 9.5	  mm

Magne^c	  length 0.330	  m 1.140	  m

Cryostat	  length 2.063	  m 2.063	  m

Beam	  stay-‐clear	  
dimensions

7.0	  mm	  
ver^cal	  ×	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
36	  mm	  
horizontal

7.0	  mm	  
ver^cal	  ×	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
36	  mm	  
horizontal

Superconductor NbTi NbTi

Tuning	  curves	  for	  odd	  harmonics	  for	  two	  planar	  1.6-‐cm-‐period	  NbTi	  superconduc^ng	  
undulators	  (42	  poles,	  0.34	  m	  long	  and	  144	  poles,	  1.2	  m	  long)	  versus	  the	  planar	  NdFeB	  
permanent	  magnet	  hybrid	  undulator	  A	  (144	  poles,	  3.3	  cm	  period	  and	  2.4	  m	  long).	  
Reduc^ons	  due	  to	  magne^c	  field	  error	  were	  applied	  the	  same	  to	  all	  undulators	  
(es^mated	  from	  one	  measured	  undulator	  A	  at	  the	  APS).	  The	  tuning	  curve	  ranges	  were	  
conserva^vely	  es^mated	  for	  the	  SCUs.

APS	  superconduc^ng	  undulator	  
specifica^ons

Courtesy Yury 
Ivanyushenkov (APS)
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Present achievements with NbTi coils

III- Superconducting undulator

First	  short	  superconduc.ng	  undulator	  SCU0

A model of test coil First wound 42-pole test coil

SCU0 3d design model

SCU0:
• Designed	  by	  APS	  and	  Budker	  Ins^tute,	  Russia
• Built	  and	  commissioned	  by	  APS
• Installed	  at	  the	  Sector	  6	  of	  the	  APS	  ring	  in	  

December	  2012
• In	  opera^on	  by	  APS	  user	  since	  January	  2013

SCU0	  Design	  Conceptual	  Points:
• Cooling	  power	  is	  provided	  by	  four	  cryocoolers
• Beam	  chamber	  is	  thermally	  insulated	  from	  

superconduc^ng	  coils	  and	  is	  kept	  at	  15-‐20	  K
• Superconduc^ng	  coils	  are	  indirectly	  cooled	  by	  

LHe	  flowing	  through	  the	  channels	  inside	  the	  
coil	  cores

• LHe	  is	  contained	  in	  a	  100-‐liter	  buffer	  tank	  
which	  with	  the	  LHe	  piping	  and	  the	  cores	  
makes	  a	  closed	  circuit	  cooled	  by	  two	  
cryocoolers

• Two	  other	  cryocoolers	  are	  used	  to	  cool	  the	  
beam	  chamber	  that	  is	  heated	  by	  the	  electron	  
beam

Courtesy Yury 
Ivanyushenkov (APS)
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Present achievements with NbTi coils

III- Superconducting undulator

SCU0	  performance	  at	  APS

SCU0 in the APS storage ring 
SCU0	  Performance:
• Designed	  for	  opera^on	  at	  500	  A,	  operates
	  	  	  	  	  	  	  reliably	  at	  650	  A
• E-‐beam	  is	  not	  affected	  by	  quenches.	  Didn’t	  	  quench	  

except	  	  of	  when	  the	  e-‐	  beam	  was	  inten^onally	  
dumped

• No	  loss	  of	  He	  is	  observed	  in	  about	  3-‐month	  run	  
period

SCU0	  Measured	  Photon	  Flux:
• SCU0	  (	  0.3-‐m	  magne^c	  length	  )	  flux	  at	  85	  keV	  is	  

1.4	  ^mes	  higher	  than	  the	  one	  of	  Undulator	  A	  	  	  
(	  2.4-‐m	  magne^c	  length)

Courtesy Yury 
Ivanyushenkov (APS)
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HTS tape planar undulator mockup: 
results of test at CASPERI (ANKA, KIT)

C. Boffo, http://www.maxlab.lu.se/usermeeting/2010/sessions/

HTS tape undulator

III- Superconducting undulator

ANKA	  :

Courtesy	  Sara	  Casalbuoni,	  KIT

HTS tape undulator HTS tape stacked 
undulator

LBNL	  :

S. Prestemon et al. IEEETrans. on Appl. Supercond. 21-3, 
2011,  1880-1883

ANKA	  :

T. Holubek et al., accepted for publication in IEEE Trans. on 
Appl. Supercond. 

First tests on laser structured wire
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COLDDIAG

Cold vacuum chamber for diagnostics to measure 
the beam heat load to a cold bore in different 
synchrotron light sources

The beam heat load is needed to specify the 
coo l i n g power for the c r yodes i gn o f 
superconducting insertion devices 

COLDDIAG at  DIAMOND LIGHT SOURCE

More details in poster session on Wednesday
S. Gerstl et al., WEPWA006

Significant difference compared to theoretical expectations …
 S. Casalbuoni et al., 2012 JINST 7 P11008 

In collaboration with 
CERN: V. Baglin
LNF: R. Cimino, B. Spataro
University of Rome ‚La sapienza‘: M. Migliorati
DLS: R. Bartolini, M. Cox, E. Longhi, 
G. Rehm, J. Schouten, R. Walker
MAXLAB : Erik Wallèn
STFC/DL/ASTeC: J. Clarke
STFC/RAL: T. Bradshaw

The diagnostics includes
 measurements of the:
• heat load
• pressure
• gas composition
• electron flux of the electrons
  bombarding the wall

Instrumentation and diagnostics

III- Superconducting undulator

Courtesy	  Sara	  Casalbuoni,	  Karlsruhe	  Ins^tute	  of	  Technology
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Built by Cryovac

CASPER II 
(ChAracterisation Setup for Phase Error Reduction) 

Progress with first tests presented 
in poster session on Wednesday
A. Grau et al., WEPWA007

•Horizontal cryogen free test of long coils with 
maximum dimensions 1.5 m in length and 50 cm in 
diameter.
•Local field measurements with Hall probes. Field 
integral measurements with stretched wire.

Instrumentation and diagnostics

III- Superconducting undulator

Courtesy	  Sara	  Casalbuoni,	  Karlsruhe	  Ins^tute	  of	  Technology
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Radia code: http://www.esrf.fr

Ex of the SOLEIL 10 m HU640
1 Hz :  270 ms for switching -±600 A on PS1, 300 ms 

flat top for data acquisition

O. Marcouillé et al., International Conference on Synchrotron Radiation 
Instrumentation Daegu (KO) 2006, AIP Conference Proceedings 2007, 879, 396-399

Bz(s)=BB.cos[2πs/λo]+BR.sin[2πs/λo]+Bzo.cos[2πs/λo+f]

Ex of the SOLEIL HU256

IV- EPU and fast polarisation switching

Electromagnetic undulators 
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NdFeB magnets

Steel : core and poles 

G. Biallas et al. an 8 cm period 
electromagnetic wiggler magnet with coils 
made from sheet copper“, Proceedings of 
PAC 2005, Knoxville, 4093 ; FEL04, 554-557
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 Fast switching (100 ms) ElectroMagnetic 
Permanent magnet Helical Undulator Wiggler

     Five full-field and two half-field poles produce a mirror-
symmetric magnetic field distribution with a period length of
16.0 cm. A peak field magnitude of 0.8 T at a minimum gap
go of 28.0 mm was achieved. The nonsteering termination
was realized with the magnetic gap g1 increasing by 2 mm at
the half-field poles. The upper and lower hybrid assemblies are
attached to independent drive trains, providing a continuously
variable gap motion from a minimum of 28.0 mm to a
maximum of 160 mm. At an extreme AC regime, when the
electromagnet is energized with 100 Hz alternating current
with an amplitude of 550 A, the computed total losses due to
eddy currents induced in the vanadium-permendur poles, the
permanent magnets, and the iron "neutral" poles can reach
about 60 W per wiggler period.

III. ELECTROMAGNETIC STRUCTURE
     The electromagnetic structure generates a periodic
alternating horizontal magnetic field of antisymmetric
configuration in order to provide the periodic vertical beam
trajectory deflection along the wiggler. The electromagnet
includes six uniform poles with a magnetic gap of 54 mm and
end structures consisting of two poles at each side. The current
excitation is provided by means of two water-cooled, "snake-
type" coils [6] with a copper cross section of about 140 mm2.
The magnetic gaps of the end structure poles and number of
turns around the first and last poles are different from those in
the main periodic structure. This end structure performance
was designed to attain a nonsteering {first field integral, Eq.
(1)} and a displacement-free {second field integral, Eq. (2)}
termination provided that the pole strength pattern is close to
theoretical 1/4 : 3/4 : 1. The iron cores of the first and last
poles are separated from the main yoke and are provided with
adjusting systems to vary their magnetic gaps. To reduce the
generation of eddy currents, the yoke of the electromagnet was
constructed from 0.5-mm-thick laminations of transformer
iron with a silicon content of 3.5%. At the extreme regime
(I=0.55 kA and fmod=100 Hz), the computed power loss does
not exceed about 5 W per wiggler period.

g1= 89 mm =80mm! /2g2 =64 mm g0 =54 mm

Figure 2. Electromagnetic structure design.

IV.   VACUUM CHAMBER
     The vacuum chamber of the EMW was manufactured by
the deformation of a stainless steel circular pipe to an
elliptical cross section of inner dimensions: major axis of 50
mm and minor axis of 25 mm. To decrease the eddy current
losses in the vacuum chamber, a wall thickness of 0.6 mm
was chosen as the minimum possible from a mechanical
collapse point of view. The power dissipation computed by
ELECTRA  does not exceed 0.8 W per wiggler period at the
extreme AC regime.

V. POWER SUPPLY FOR ELECTROMAGNET
     The principle of forced DC current commutation is used in
the power supply for the electromagnetic structure. It consists
of a thyristor-stabilized DC power supply as an initial current
source and a commutator based on the fast thyristor bridge-
inverter. The bridge-inverter output is connected to the
electromagnet coil in parallel with capacitor. This scheme is
designed to supply the electromagnet by direct current or by
trapezoidal shape alternating current with a switching
frequency range from 0 up to 100 Hz. The switching time
(current polarity reversing time) does not exceed 2 msec, and it
retains the same duration up to the upper limit of switching
frequencies. The power supply can provide an output current
range of 0.2 - 1.2 kA with the current magnitude difference
between both polarities less than 0.5%.

hybrid wiggler ball-bearing supports

vanadium-permendur pole

electromagnet
        core

coilcoil

electromagnet
        holder

vacuum chamber

Fig. 2. Side sectional view of the elliptical multipole wiggler.

VI. TIME-DEPENDENT WIGGLER FIELD
       INTEGRALS
     The electromagnet design includes some nonuniformities
related mostly to anti-symmetric locations of the coil current
leads. In turn, these nonuniformities give rise to a disturbance
of the ideal antisymmetric magnetic field configuration at both
ends of the electromagnetic structure. This effect has been
corrected easily for DC operation by means of the passive gap
adjusting systems at the end poles. However, during
switching, periodic time-dependent components arise for both
the first and second field integrals. Due to the slightly different
geometry of the electromagnet ends, the eddy currents induced
in the copper turns, the iron elements of hybrid structure, and
the vacuum chamber lead to different magnetic field time
delays along the wiggler, hence, to different conditions of field
integral compensation at each time moment.
    On the other hand, the surroundings of the electromagnet
include some conductive elements with a thickness a few
times the skin depth at frequencies corresponding to the
switching time (0.5 kHz). As the switching frequency is
increased, the time of magnetic field diffusion through these
materials becomes comparable or greater than a half-period of
current pulse. It is obvious that the time-dependent

0.1 - 10 keV
(2.6 keV)

Bh = 0.22 T
Bv = 0.8 T
λ0 = 16 cm

O. Singh O., S. Krinsky, Proceedings 
PAC 1997, 2161-2163
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field integral  as a function of the horizontal coordinate.
The shimming of the Yoke consisted in fixing thin
pieces of steel  with screws on the horizontal outer side
of some poles . Figure 5 presents  an hysteresis cycle  of
the measured field integral as a function of the main
current  in the coil for a magnetic gap of 16 mm.

-1.5

-1.0

-0.5

-200 -100 0 100 200
Main Current [Amp]

0.3 Gm

Gap = 16 mm

Figure 5 Hysteresis cycle of field integral vs. Current in
the coil for a magnetic gap of 16 mm.

The current  is cycled between -250 A and +250 A. The
maximum thickness  of the hysteresis cycle is 0.3 Gm .
Thinner  cycles have been observed for larger gaps and
lower currents. As a result, a vertical field integral
correction is applied  as a function of the magnetic gap
and current  but no correction  is made for the hysteresis
effect. Figure 6 presents  the vertical field integrals
observed  as a function of current  and  averaged  over
the hysteresis  cycle.
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 Gap = 25 mm
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Figure 6 : Average vertical field integral  measured  as
a function of the  main current  and  magnetic  gap.

The horizontal field integral variations with current  and
gap  measured  in the laboratory are  smaller than 0.1
Gm and no correction is applied. Nevertheless, due  to
the different ambient  field  in the storage ring tunnel
compared to the laboratory, one may need  a further
tuning of both the horizontal  and vertical  field integral
correction tables  when the device is operated on the
storage ring. Such phenomena  has been observed on all
hybrid permanent  magnet  insertion devices [4].
As one suddenly  flips the vertical field to flip the
polarization, one observes some time dependent   field
integrals during the transition. They originates mainly
from eddy currents.  The shorter the flipping time,  the

larger the field integral during  the transient.  They are
corrected by applying  a vertical field integral
proportional  to the derivative of the main current  with a
25 ms exponential delay. The results are illustrated on
Figure 7 for the worst case corresponding to the highest
current (250 A) and minimum gap (16 mm). The
residual field integral excursions peaks  around 0.5 Gm
(0.2 Gm) for a 20 ms (200 ms)  flipping time. The eddy
current  in the  stainless steel vacuum chamber  accounts
for a 0.3 Gm for a 20 ms flipping time. These periodic
change of field integrals will be seen by the users of the
ESRF beamlines  as a small growth  of the horizontal
emittance. Some limitations will be placed  on the
flipping time that  will be determined  following the first
operation in the storage  ring in July  98.
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Figure 7 : Vertical field  and field integrals  as function
of time for a 1 Hz repetition rate. The current  is flipped
between  -250 A and  250 A within 20ms. The magnetic
gap is 16 mm.
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ElectroMagnetic Permanent magnet 
Helical Undulator

Dynamical measurements
Pulse response without vacuum chamber
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Permanent magnets EPU: Crossed undulators

!"#$%&#"'#()*+,-

."'#()*+,&/
! !"#$%&'(')*'++
! ,$-$+./'0.1'('2343'++

0)1"2*-&/
! 5&6"7
! 8$9"'(':';'2343'++
! 7#'('24<='>

! ?+.0'@'*'A

! B&$CD'@'2''++

!"#$% !"#$%& !'#$%&

&'($)*+,- ()*

&'($)*+.- ()*

/'*012)* ()+,()+,

!"#!$%&'()!*&+,#!-%./0#!12/3#)!4567)!86)!9:8;7<
"#!$%&'(!2/!=,)!4>>,#!?3@.#!A2B#)!C5)!:DE)!9:8;;<!!

"#!F!G#!H2,I!J=,&2.!(%!+(0+&,=0!>K,=0(.=LK%# "#!F!G!H2,I!0K,,MKN!=/!O(%(O=,!P=>

o E#%CC"&'.-&'
%F"#/.11"&'DG1"'
1%/.#$9$-0''H-&H/.D%#

M. Moissev et al. Sov. Phys. J. 21, 332, 1978
K. J. Kim NIMA219, 426 (1986)

mardi 6 mars 2012

M. E. Couprie, ICFA Workshop on Future Light Source, Thomas Jefferson Nat. Acc. Facility.  March. 5-9, 2012, Invited

3- EPU and fast polarisation switching

Permanent magnets EPU: HELIOS
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Permanent magnets EPU: Diviacco/Walker
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Permanent magnets EPU : APPLE I
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Permanent magnets EPU : APPLE II
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AB,	  11,120702	  (2008)

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.

ALEXANDER B. TEMNYKH Phys. Rev. ST Accel. Beams 11, 120702 (2008)
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Period	  :	  30	  mm,	  gap	  15,5mm/5	  mm,	  Br	  =	  1.26	  T,	  45	  mmx45	  mm

IV- EPU and fast polarisation switching
Synchrotron radiation, polarization, devices and new sources 23

Fig. 15 Transverse density generated in circular polarization (II), linear tilted 45� polarization
(X-1) and linear tilted 135� polarization (X-2) for a photon energy of 1�5 keV .Case of Fig. 13

Fig. 16 a: Sketch of DELTA undulator using triangular shape . b: Peak value of the magnetic fields
versus phase. APPLE III (� for 15�5 mm gap, � for 5�5 mm gap) and DELTA (Nd2Fe14B magnets
with a remnant magnetization of 1�26 T , � for 15�5 mm gap, � for 5�5 mm gap).

Electromagnetic technology with [106] or without poles [107] suits well for the
fabrication of rather long period EPU, providing the possibility of any type of po-
larization or aperiodicity. Analogue feedforward ensures the synchronization of the
main and corrector power supplies, enabling for the transient orbit deviations to be
canceled.

Combining electromagnets and permanent magnet provides a fast switching of
the polarization from circular right to circular left and vice-versa as installed at
NSLS [108] and at ESRF [109]. Real-time synchronization is necessary to ensure
a proper compensation of the Eddy currents. For short periods, conventional coils
have been replaced by Cu sheets alternated with cooling Cu ones [110, 111, 112].
The ElectroMagnetic Permanent magnet Helical Undulator (EMPHU) developed in
such a way at SOLEIL [113] employs three series of coils for independent com-
pensations of the field integral, the exit position and the pointing direction : after
static corrections, dynamical corrections without and with the vacuum chamber are
measured thanks to the analysis of the pulse response, so that tables prepared in the
magnetic measurement laboratory are directly applied for the undulator commis-
sioning, leading to typical less than 10 µm residual close orbit distortion.

Specific wiggler design also enable to produce various polarizations. For exam-
ple, when peak positive and negative fields of the different amplitudes [115], polar-
ization can be selected by modification of the position of the analyzing slit. Crossed

A3 (15.5 mm gap)

Delta (15.5 mm gap)

Delta (5.5 mm gap)

A3 (5.5 mm gap)
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1.29 T and B2 is close to ‘‘zero’’. In this case, X-rays will be linear
polarized in +451 plane.

To evaluate the field quality, we calculated (using program
SPECTRA [6]) the spectrumof X-rays flux through a 1 mmdiameter
slit located on beamaxis 30 maway from the source for Cornell ERL
high coherence mode operation [7]. As a source magnetic field we
used the fields measured in helical-left and planar ‘‘+451’’ undu-
lator modes and an ideal field. As expected, see Fig. 4, the spectrum
in helical mode revealed a single peak representing a fundamental
mode of radiation. In planar mode the spectrum consisted of a
series of peaks corresponding to higher orders of undulator
radiation. The small difference between spectra calculated for
measured and ideal fields suggests satisfactory quality of the
undulator field.

To estimate the effect of vacuum baking on magnetic field
quality, prior to final assembly, all magnet arrays were baked for
48 h at 90 1C. The fieldmeasurements, before and after the heating,

indicated a small, !0.5%, reduction in the field amplitude. The field
uniformity distortion corresponded to approximately 11 of the
optical phase error.

3. Beam test

Beam testing of theDelta undulatormodelwas conducted at the
Accelerator Test Facility at BNL. On December 15, 2009 the model
was transported from Cornell to BNL and installed in ATF beam line
#2, see Fig. 5.

The following day, the vacuumpressure recovered to acceptable
level and beam testing was started.

3.1. Beam testing setup

Aschematic viewof the setup is given in Fig. 6.Here, the electron
beam of !1 mm diameter with a 1.5 Hz repetition rate, !0.8 nC
per bunch charge and energy in the range between 50 and 70 MeV
passes through the undulator. Downstream of undulator, a remo-
vable flag (3) was used to monitor electron beam size and position.

A cooper mirror (4) with a 5 mm diameter hole in the center
deflected undulator radiation to the outside of the beampipe. Outside,
radiation was first collimated with variable aperture (5), and then
reflected by a flat mirror (6) onto the parabolic mirror (7). The latter
focused radiation onto the InSb(77 K) detector. To study spectral
characteristicsof theundulator radiation,weplacedvariousNBPfilters
in front of the detector (8) and scanned the electron beam energy.

3.2. Beam test results

The left plot in Fig. 7 shows the experimental result of a beam
energy scan with undulator in planar ‘‘+451’’ mode and the model
prediction (dashed line). In the experiment, collimator (5)was fully
open, providing !60 mm aperture. A 5300 nm optical filter with
200 nmBWwasplaced in front of detector. In themodel calculation
we used this geometry and magnetic field measured in the
undulator in planar mode, see Fig. 3 (left). The sharp rise of the
radiation intensity observed in the experiment and predicted by
calculation at 55 MeV electron beam energy was caused by
fundamental mode of undulator radiation. Good agreement
between experimental data and the calculation confirmed proper-
ties of the magnetic field obtained with a Hall probe.

Results of the beam energy scan with undulator in helical-left
mode are shown on the right part of Fig. 7. Here, the collimator
aperturewas reduced to 12.6 and a 4520 nmfilterwith 180 nmBW
was placed in front of the detector. Because of the smaller
collimator aperture, we were able to measure the location and
width of the fundamental radiation harmonics more precisely.

Fig. 5. Delta Undulator model in vacuum vessel installed in ATF beam line #2.

Fig. 6. Beam test setup schematic view. Here are: (1)—beam line magnetic
elements; (2)—Delta undulator model; (3)—removable flag; (4)—cooper mirror
with hole for electron beam passage; (5)—round collimator; (6)—flat mirror;
(7)—parabolic mirror; (8)—narrowband pass filter.

Fig. 7. 5300 nmwavelength radiation fromundulator in planarmode (left plot) and 4520 nmradiation fromundulator inhelicalmode (right plot) as functionof electron beam
energy. Dashed lines show the model calculation.
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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
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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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Cornell ERL ‘‘Coherence’’ mode operation. Results are
plotted on Fig. 15. The upper plot shows the spectrum of
circular polarized photon flux corresponding to a helical
field. There is only one peak at !1650 eV photon energy.
The absence of the other peaks confirms the magnetic field
quality. The bottom plot gives the spectrum for linear x-ray

polarization corresponding to a planar field distribution.
The lowest peak at !1650 eV matches the first undulator
harmonic. Other peaks correspond to higher order odd and
even harmonics. Even harmonics appeared because of the
finite slit size. The well-defined narrow peaks up to 15th
order indicate small phase errors in the field distribution
and confirm the field quality.

IV. NEXT STEPS

Prior to the full scale Delta undulator design and con-
struction, the following steps will be taken.
In order to verify magnetic field properties inside the

5 mm diameter undulator gap we will build a special
magnetic field measurement setup. In this setup a small
size Hall probe will be inserted in the bore and moved
along the beam axis. This project is now under way.
To provide the smooth flow of the beam image current

between 24 mm (1 in) diameter ERL beam pipe and 5 mm
diameter undulator bore, we have to design special tran-
sition pieces. They will be carefully examined for the beam
impedance and beam induced power dissipation.
In Ref. [18] we measured demagnetization of the NdFeB

permanent magnets induced by high energy elector radia-
tion. The obtained data allowed us to roughly estimate ID
demagnetization rate caused by the beam losses expected
at ERL, see [19]. A more detailed analysis will be done
after finalizing of ERL optics and beam halo collimation
scheme and will be presented in a subsequent paper.
Because we are going to use the Delta undulators for in-

vacuum operation, we will develop and test vacuum clean-
ing techniques suitable for all undulator components.
Traditional in-vacuum high temperature baking at 140"C
can be applied to all components except magnet arrays.
Magnetic arrays can be stabilized against demagnetization
at 120"C by attaching ferromagnetic plates as described in
Ref. [20]. We also will exam the vacuum properties of the

FIG. 15. (Color) Spectrum of the photon flux calculated for the
composite field distributions corresponding to the helical (upper)
and planar (bottom) mode of operation.

FIG. 14. (Color) Prototype field obtained as a combination of the individual array fields. The left plot shows vertical and horizontal
field components for magnet arrays in helical mode configuration. The right plot gives two orthogonal field components for magnetic
arrays in planar mode position. For latter rms phase errors !2:2".

DELTA UNDULATOR FOR CORNELL . . . Phys. Rev. ST Accel. Beams 11, 120702 (2008)
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First prototype @ Cornell (0.3 m)

DELTA undulator prototype
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1.29 T and B2 is close to ‘‘zero’’. In this case, X-rays will be linear
polarized in +451 plane.

To evaluate the field quality, we calculated (using program
SPECTRA [6]) the spectrumof X-rays flux through a 1 mmdiameter
slit located on beamaxis 30 maway from the source for Cornell ERL
high coherence mode operation [7]. As a source magnetic field we
used the fields measured in helical-left and planar ‘‘+451’’ undu-
lator modes and an ideal field. As expected, see Fig. 4, the spectrum
in helical mode revealed a single peak representing a fundamental
mode of radiation. In planar mode the spectrum consisted of a
series of peaks corresponding to higher orders of undulator
radiation. The small difference between spectra calculated for
measured and ideal fields suggests satisfactory quality of the
undulator field.

To estimate the effect of vacuum baking on magnetic field
quality, prior to final assembly, all magnet arrays were baked for
48 h at 90 1C. The fieldmeasurements, before and after the heating,

indicated a small, !0.5%, reduction in the field amplitude. The field
uniformity distortion corresponded to approximately 11 of the
optical phase error.

3. Beam test

Beam testing of theDelta undulatormodelwas conducted at the
Accelerator Test Facility at BNL. On December 15, 2009 the model
was transported from Cornell to BNL and installed in ATF beam line
#2, see Fig. 5.

The following day, the vacuumpressure recovered to acceptable
level and beam testing was started.

3.1. Beam testing setup

Aschematic viewof the setup is given in Fig. 6.Here, the electron
beam of !1 mm diameter with a 1.5 Hz repetition rate, !0.8 nC
per bunch charge and energy in the range between 50 and 70 MeV
passes through the undulator. Downstream of undulator, a remo-
vable flag (3) was used to monitor electron beam size and position.

A cooper mirror (4) with a 5 mm diameter hole in the center
deflected undulator radiation to the outside of the beampipe. Outside,
radiation was first collimated with variable aperture (5), and then
reflected by a flat mirror (6) onto the parabolic mirror (7). The latter
focused radiation onto the InSb(77 K) detector. To study spectral
characteristicsof theundulator radiation,weplacedvariousNBPfilters
in front of the detector (8) and scanned the electron beam energy.

3.2. Beam test results

The left plot in Fig. 7 shows the experimental result of a beam
energy scan with undulator in planar ‘‘+451’’ mode and the model
prediction (dashed line). In the experiment, collimator (5)was fully
open, providing !60 mm aperture. A 5300 nm optical filter with
200 nmBWwasplaced in front of detector. In themodel calculation
we used this geometry and magnetic field measured in the
undulator in planar mode, see Fig. 3 (left). The sharp rise of the
radiation intensity observed in the experiment and predicted by
calculation at 55 MeV electron beam energy was caused by
fundamental mode of undulator radiation. Good agreement
between experimental data and the calculation confirmed proper-
ties of the magnetic field obtained with a Hall probe.

Results of the beam energy scan with undulator in helical-left
mode are shown on the right part of Fig. 7. Here, the collimator
aperturewas reduced to 12.6 and a 4520 nmfilterwith 180 nmBW
was placed in front of the detector. Because of the smaller
collimator aperture, we were able to measure the location and
width of the fundamental radiation harmonics more precisely.

Fig. 5. Delta Undulator model in vacuum vessel installed in ATF beam line #2.

Fig. 6. Beam test setup schematic view. Here are: (1)—beam line magnetic
elements; (2)—Delta undulator model; (3)—removable flag; (4)—cooper mirror
with hole for electron beam passage; (5)—round collimator; (6)—flat mirror;
(7)—parabolic mirror; (8)—narrowband pass filter.

Fig. 7. 5300 nmwavelength radiation fromundulator in planarmode (left plot) and 4520 nmradiation fromundulator inhelicalmode (right plot) as functionof electron beam
energy. Dashed lines show the model calculation.

A. Temnykh et al. / Nuclear Instruments and Methods in Physics Research A 649 (2011) 42–4544

electron beam test @ ATF planar helical

	  A.	  B.	  Temnykh,	  DELTA	  undulator	  model	  :	  MagneZc	  field	  and	  beam	  
test	  results,	  Nucl.	  Instr.	  Meth.	  A	  649	  (2011)	  42-‐45
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LCLS-II SPARC

4 mm external gap

λu = 14 mm, gap g = 5mm, Br = 1.22T
 for 2 stage SASE FEL : 450-150 nm
for 3 stage seeded FEL cascade : 400 / 200/100 
nm

KYMA

DELTA Undulator for Polarization Control

Cornell 0.3-m Delta undulator
(A. Temnykh)

•• Polarization controlPolarization control
•• Flexible postFlexible post--saturation tapersaturation taper
•• SecondSecond--harmonic afterburnerharmonic afterburner
•• Simple upgrade to LCLSSimple upgrade to LCLS undulatorundulator
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H.-D. Nuhn, E. Kraft
LCLS 1-m prototype

High Brightness Electron Beams Workshop, 2013

DELTA Undulator for Polarization Control

Cornell 0.3-m Delta undulator
(A. Temnykh)

•• Polarization controlPolarization control
•• Flexible postFlexible post--saturation tapersaturation taper
•• SecondSecond--harmonic afterburnerharmonic afterburner
•• Simple upgrade to LCLSSimple upgrade to LCLS undulatorundulator
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H.-D. Nuhn, E. Kraft
LCLS 1-m prototype

High Brightness Electron Beams Workshop, 2013

	  T.	  Raubenheimer	  HBEBP	  workshop,	  2013,	  Puerto	  Rico

DELTA undulators
Courtesy F. Ciocci
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Permanent magnets EPU carriages

HU64 at SOLEIL : 4 arrays and gap movement

J. Bahrdt et al., "APPLE Undulator for PETRA III", Proc. EPAC08, 2219 (2008)

phase and gap variation
aperiodicity
taper
correction coils

or longitudinally) and a minimum stiffness in another 
direction allowing for a girder tapering and thermal 
expansions without generating additional strong forces or 
torques (figure 7). 

All four magnet rows can be moved which permits a 
rotation of the linear polarization vector in the inclined 
mode by 180°. Due to the large longitudinal force on the 
magnet rows of up to 58kN the rows are split 
longitudinally and each subassembly is driven by an 
individual screw. Both screws are connected to a common 
motor via a gear box (figure 8).  
Table 2: Magnetic forces and torques (Fi and Ti) on one 
magnet girder for row phase = 0mm and for the inclined 
mode with row phase = 16.4mm. The coordinates are 
given in figure 8. The reference points for Tx and Tz are 
the centre between the two transverse flexible joints (Tx) 
and the longitudinal flexible joint (Tz), respectively. 

units: kN, kNm Fx  Fy Fz Tx  Ty Tz 
hor. linear 0 73 0 0 0 0 
inclined, 16.4 mm 54  0 12 6.4 0.75 22.5 
 

 
Figure 7: Flexible joints for transverse (right) and 
longitudinal (left) guiding of the magnet girder. 

 
Figure 8: Mechanical Layout of the UE65. 

The displacements and rotations of the two magnet 
girders can be separated into parallel and opposite 
movements (figure 9). These movements have different 
influences on the performance of the undulator [5]. 

The expected girder movements are summarized in 
table 3. They cause systematic field variations over the 
length of the undulator. The field variations perpendicular 
to the undulator axis depend quadratically on y and z : 

2
)( )(/ zyaBB zyeffeff ⋅=∆   eq. 1 

where the coefficients )( zya are given in table 4.   
The field variations are small and will not degrade the 

spectral performance of the undulator. These data may 

even be acceptable for FEL applications which require 
tighter tolerances on B-field variations. This topic is 
subject to further investigations. 
  Table 3: Calculated movements of the two magnet 
girders under maximum load in inclined mode. The 
relative displacements !x1, !y1, !z1 and relative angles 
2 1, 2 1, 2 1 are given. The red numbers are achievable 
only with the described feedback systems. 

units: m, rad fig. 8 x /   y /  z /  
same displacement b 12 4 5 
opposite displacement a 257 1 30 
same rotation d 100 17 7 
opposite rotation c 20 10 0.4 
 

Figure 9: Girder misalignment. 

Table 4: Scaling factors for evaluating the transverse field 
variations of the UE65 at smallest gap of 11mm (eq. 1). 

operation  mode ay 
[0.001/mm**2] 

az 
[0.001/mm**2] 

hor. linear 2.0 0.4 
circular 4.6 11.5 
vert. linear 12.7 16.9 
inclined 45° 5.1 8.6 
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if the main dipole component points perpendicular to the 
wire. The inhomogeneities as measured with the stretched 
wire contribute significantly to the field integrals even at 
large gaps (figure 3).  
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Figure 3: Transverse distribution of vertical field integrals 
measured at two opposite sides of magnet AN 53 (black 
solid and black dashed (sign reversed)). The average 
(blue) reproduces the data extrapolated from dipole data 
(magenta) as measured with the Helmholtz coil. 

A statistical analysis demonstrates that the field integral 
contributions from the dipole moments alone and from 
the inhomogeneities (dipole contributions are subtracted) 
have roughly the same strength (figures 4 and 5). It is 
essential to use both data sets for an effective sorting and 
a reliable prediction of the undulator performance [5]. 
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Figure 4: Field integrals averaged over all A-magnets of 
one type originating from the block inhomogeneities 
alone, excluding the dipole components (top) and by the 
dipole components alone (bottom). The error bars indicate 
twice the rms value of the distribution at each z-value. 
The green curve represents the individual data of magnet 
AN 53 (see figure 3).  
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Figure 5: Field integrals averaged over all B-magnets of 
one type originating from inhomogeneities alone, 
excluding the dipole components (top) and by the dipole 
components alone (bottom). See also figure caption 4. 

MECHANICAL LAYOUT 
The UE65 forces and torques are about a factor of two 

higher as compared to the BESSY UE112 (table 2). The 
support structure is made from a single piece of cast iron 
(figure 6). The Al-girders for the magnetic structure are 
milled from solid blocks in order to avoid the welding of 
aluminium. The magnet girders are supported at four 
locations using two cross bars inside each of the girders to 
minimize the deflection under magnet load. The residual 
bending is only ±2 m.  

 

 
Figure 6: Cast iron support structure: result from bionic 
optimization (left) and final shape (right). 

Without any compensation the girders would tilt in the 
inclined mode by about 168 rad which would cause an 
unacceptable increase of the minimum gap of 0.84mm. 
Therefore, four instead of two servo motors are used: two 
motors which are moving the lower girder are controlled 
by two linear encoders mounted to the stiff support 
structure. The other two motors move the upper girder 
and use the gap measurement system [8] for the feed back 
loop.  

Each magnet girder is attached to the support structure 
with four transverse flexible joints and one longitudinal 
flexible joint. These joints have been optimized for a 
maximum stiffness in one specific direction (transversally 
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Gap : 11.6 mm (min . 8 mm)
Period : 26 mm
Length : 4.5 m
Bz=0.728 T @ 8 mm
Bx= 0.31 T @ 8 mm
22k W

T.  Tanaka, H. Kitamura, J. Synchrotron Radiation (1998), 5, 412-413
T. Hara et al. Nucl. Instrum. Methods A 467-468 (2001) 165-168

TiN coating on the magnets
Cu Ni foil, baking 145 °C

no phasing mechanics

front end slit aperture. At the front end of
BL40XU, a cylindrical mask eliminates the off-
axis undulator radiation and further bandwidth
reduction is obtained with an adjustable rectan-
gular x2y slit. Compared with a conventional
X-ray undulator beamline of SPring-8 with a
monochromator (10!4 resolution), the available
photon flux is higher by two orders.

2. In-vacuum helical undulator

Since the polarization state is not an important
parameter for the present user experiments of
BL40XU, there is no phasing mechanics on the
undulator. However, variable polarization can be
easily obtained using a phase retarder with a
switching rate up to 100Hz at energies above
5 keV, and it does not affect the electron beam
[2,3]. Therefore, the undulator phasing is less
important than for soft X-ray devices.

A magnet structure is newly designed based on
the SPring-8 type soft X-ray helical undulator [4]
(Figs. 1 and 2). The undulator has three magnet
arrays each on top and bottom planes. Two center
arrays produce the vertical magnetic field and four
side arrays add the horizontal field. Grooves at the

center of the magnet surface improve field
uniformity at small undulator gaps [4,5]. An
apparent change from the old helical design is
that the center arrays are hidden under the side
arrays at horizontal field poles (see top cross-
section in Fig. 1). Thus, a further enlargement of
the horizontal field uniformity at small undulator
gaps can be realized. Between the old and new
magnet designs, the good field region (roll off less
than 0.5%) of the horizontal field is increased from
Dx ¼ #0:6 to # 5mm with the same peak field at
8mm gap, while keeping that of the vertical field at

Fig. 2. Photograph of the undulator magnet arrays.

Fig. 1. Magnet structure of the in-vacuum helical undulator.
Top and bottom cross-section is displaced by a quarter of the
undulator period.
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! 3mm. The horizontal and vertical field ratio
(Bx=By) is kept within 0.97–1.0 for the gap
between 8 and 40mm.

In order to reduce electron beam impedance, the
grooves on the magnet surface are filled up with
copper pieces to keep the surface flat, and a Cu
(10 mm) plated Ni (50 mm) foil covers the whole
magnet surface [6]. Since the magnet blocks are
installed in an ultra-high vacuum (10"9 Pa), each
magnet block is plated with 5 mm-thick TiN to
prevent out gassing and baked out at 1458C before
assembling into the magnet arrays. Main para-
meters of the in-vacuum helical undulator are
given in Table 1.

3. Spectral width

The whole energy range (7.6–16.5 keV) of the
beamline is covered by the fundamental radiation,
since higher harmonics are completely eliminated
by the horizontal and vertical focusing mirrors.
Available flux and spectral bandwidths are deter-
mined by the physical aperture of the front end. At
23m away from the undulator center, a cylindrical
mask with a fixed aperture of j42.7 mrad is
installed, and a rectangular adjustable x2y slit is
placed at 10m downstream of the mask to scrape
further off the photon beam. A smaller aperture
sharpens the spectrum but reduces the flux. The
calculated undulator flux for 8 keV radiation is
shown in Fig. 3. When the x2y slit is fully opened
and the mask limits the aperture, the photon flux
reaches the order of 1015 with a bandwidth

(DEphoton=Ephoton) of 5.2% (FWHM). When we
close the front end slit to 10 mrad# 10 mrad, a
bandwidth of 1.7% (FWHM) can be obtained.
Comparing with the total radiated power of
3.5 kW, the power passing through the front end
mask is reduced to 140W and that coming out
from the 10 mrad# 10 mrad slit is about 10W.

The concept of the high flux beamline is verified
by the measured spectrum at 12.6 keV. Fig. 4
shows a good agreement of the spectral band-
widths (1.6% FWHM) between the measurement
and expectation. The high flux beamline has been
open to public use since April 2000.

Table 1
Main parameters of the in-vacuum helical undulator for
BL40XU at SPring-8

Type Pure magnet type (NEOMAX-32EH)
Period length 36mm
Number of periods 125
Phase Fixed
Minimum gap 7mm
Maximum K Kx; y ¼ 1:1
Fundamental radiation 7.6–16.5 keV
Phase error 9.88 at 8mm gap

Fig. 3. Photon flux calculated for the cases FE x2y slit fully
opened (dotted line) and closed by 10 mrad# 10 mrad (solid
line).

Fig. 4. Measured and calculated spectrum of the undulator
radiation at 12.6 keV with a 15 mrad# 5 mrad FE x2y slit
aperture.
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Central arrays : vertical field
side arrays : horizontal field

In-vacuum Figure 8
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Period change : variable period with split-pole undulator

Concept

N. Vinokurov, O. A. Shevchenko, V. G. Tcheskidov Variable-period 
permanent magnet undulator, Phys. Rev. Spe. Topics AB 14, 
040701 (2011) 
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Equation (2) leads to a simple estimate of the field
amplitude:

B0 ¼
4

"
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: (3)

Because of the finite height (and width) of the magnetic
blocks, the magnetic field intensity in them is less thanHc.
That allows us to replace the factor 4=" in Eq. (3) with
unity. To take into account the breaks between the halves of
the undulator poles, which appear when the period is
increased, one has to multiply this amplitude by the factor

# ¼ 1" "

tanhð"g!u
Þ

1

sincð"t!u
Þ

!
!

!u

"
2
; (30)

where ! is the break length.
The modified Eq. (3) gives a very good approximation

for a general case with an increased period, as demon-
strated in Fig. 3. The numerical calculations were
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FIG. 2. Potential at the upper boundary.
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FIG. 3. Dependence of the first harmonic amplitude and re-
pulsion force on the undulator period. The solid curves are for
the simulation results, the dashed curves are for the analytical
expressions.
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FIG. 1. The hybrid permanent magnet undulator with split
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Lines of magnetic induction are shown with arrows. The lower
scheme represents the minimum period, when the split-pole
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y uλ

z

FIG. 4. The pure permanent magnet undulator with split
‘‘poles’’ (side view). Lines of magnetic induction are shown
with arrows.
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V- Exotic concepts
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p
"mc2 sinh"g!u

> 1: (14)

For example, at Hc ¼ 13 kOe and g ¼ 1 cm it gives
!u > 2:4 cm.

For the VPU, one can allowK ¼ 0:1 and have ð!uÞmin ¼
1:1 cm for the same parameters. Equations (3) and (30)
show that this period has to be increased up to !u ¼ 2 cm
to double the wavelength. For this period, K ¼ 0:4.

If we discuss the same wavelengths for these two un-
dulators, the required particle energies differ by a factor of
1.45. For storage rings such an energy decrease is very
significant. It reduces the beam emittance and synchrotron
radiation losses and therefore the rf power. Moreover,
low-K undulators cause low tune shift, because the latter
is proportional to the square of the magnetic field
amplitude.

As for the higher harmonics of the undulator radiation,
the spectral intensity dependencies on the wavelength for
the VPU are weaker than for the variable-gap undulator.
The results of corresponding calculations for an electron
energy of 7 GeVare shown in Figs. 6–10. A minimum gap
value of 1 cm was used for these calculations. It is a typical
value for storage rings. Certainly, there can be smaller gaps
in the in-vacuum undulators, but these undulators have
intrinsic problems with degradation of magnets, significant
impedances, and decrease in the dynamic aperture. The
magnetic field amplitude in these calculations was ob-
tained from Eq. (3) with Hc ¼ 10 kOe and t ¼ 1 cm. In
the VPU, the magnet blocks were of half thickness. The
calculations were made for a constant VPU length, so the
number of its periods was variable.

Another promising application is the high-gain x-ray
FEL. As the required beam peak current in such a FEL is

rather high, the gap of the undulator is limited by wake-
fields (see, e.g., [16]). If the wavelength of such a FEL is
changed via raising the undulator gap from its minimum
value, the gain length increases significantly. The reason is
not only the decrease in the particle-wave interaction due
to a lower K but the decrease in the wavelength and,
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FIG. 8. The spectral intensities of the third harmonics.
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FIG. 6. The period of the VPU and the gap of the variable-gap
undulator (solid lines) required to reach the given fundamental
wavelength. The red dashed line is the constant gap of the VPU,
and the blue dashed line is the constant period of the variable-
gap undulator.
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FIG. 7. The spectral intensities of the fundamental harmonics.
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FIG. 9. The spectral intensities of the fifth harmonics.
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Application to 
storage rings

Application to 
FELs

E = 7 GeV, gap min. : 1 cm, 2.4 cm

correspondingly, the ratio of the wavelength to the beam
emittance. If this ratio is small, a finite longitudinal veloc-
ity spread and transverse beam sizes lead to a significant
increase in the gain length.

Another problem of the variable-gap undulators is the
extremely tight tolerances for gap difference in different
sections of the long undulators.

The VPU, on the contrary, can be optimized at the
minimum wavelength and minimum gap. Then, at
the shortest wavelength, the undulator gap (and therefore
the period) is less than the maximum gap of the variable-
gap undulator. Therefore, the use of the VPU decreases the
gain length and required beam energy of high-gain FELs.
An example of the gain length dependence on the radiation
wavelength is shown in Fig. 11.

The calculations were performed with the Ming Xie
formula [17] for a minimum gap of 6 mm, electron energy
of 5.8 GeV, peak current of 2 kA, relative energy dispersion
of 10!4, and normalized emittance of 0:2 !m. At the left
edge of Fig. 11, the VPU period is the minimum 1.6 cm and
the variable-gap undulator period is more than 6 mm. At

the right edge, the gap of the variable-gap undulator is
6 mm and the period of the VPU is 2.14 cm. A similar plot
for the FEL efficiency (without tapering) is presented in
Fig. 12.
Another advantage of the VPU is the possibility of using

a precisely fixed gap (see Fig. 13). As it was discussed
above, the tolerances for the period variations along the
undulator are not so tight. Moreover, as it was mentioned
already, the phase shifters may be eliminated.
Further performance improvement of the VPU is pos-

sible with the use of cooling to low temperatures [18]. This
option is rather easy due to the small transverse sizes of the
VPU.
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E = 5.8 GeV, gap min. : 1 cm

1.6 cm
2.14 cm

Built for THz FEL Korea
J. Jeong et al., Proceed FEL conf, Nara, 2012 
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Period change

undulator with such a magnet configuration has been con-
structed and reported in [7]. Next let us consider a magnet
array as shown in Fig. 1(b), which is obtained by rotating
the magnetization vectors of Fig. 1(a) by 90!. Note that the
rotation in the bottom array is done clockwise/counter-
clockwise in the left/right half and that in the top array is
done in the opposite manner. It is easy to find that the
magnetic field generated by this magnet array has a period
of 2!u, the double of the original period. If the rotation
angle " is less than 90!, then we have a magnet array as
shown in Fig. 1(c). The vertical magnetic field BcðzÞ gen-
erated by such a magnetic array is composed of two
components having different periods of !u and 2!u. To
be more specific, it is given by

BcðzÞ ¼ B1ðzÞ cos"þ B2ðzÞ sin" & Bc1ðzÞ þ Bc2ðzÞ;

where B1ðzÞ and B2ðzÞ denote the magnetic distributions
generated by the magnetic arrays in Figs. 1(a) and 1(b),
respectively. It should be noted that the period of BcðzÞ is
2!u and thus the fundamental energy of undulator radiation
in this case is given by !ð2!u; KcÞ, where Kc is the K value
corresponding to the magnetic field BcðzÞ. It should be

noted that BcðzÞ does not usually have a simple sinusoidal
profile and thus Kc should be calculated according to the
mathematical form of the generalized K value [8],

K2
c ¼ 2h½#ðzÞ ( h#ðzÞi)2i; (2)

where # is the normalized 1st field integral defined as

#ðzÞ ¼ e

mc

Z
BcðzÞdz;

where e is the electron charge,m is the electron rest mass, c
is the speed of light, and h* * *i denotes the average over the
length of 2!u.
In the above example, the number of blocks per period

(M) has been assumed to be 4. As in the case of the
conventional Halbach configuration, it is possible to in-
crease M to enhance the field amplitude. For example,
Figs. 2(a) and 2(c) show the magnet configurations when
M of 6 has been chosen. For reference, an undulator with a
magnet configuration shown in Fig. 2(a) has been con-
structed and reported in [9]. The undulator having the
magnet array shown in Fig. 1(c) or 2(c) is hereinafter
referred to as the composite-period undulator (CPU).
It should be noted that the above scheme cannot be

applied directly to the hybrid undulator configuration,
where pole pieces made of a magnetic material with high
permeability are inserted between PM blocks to enhance
the field amplitude. Instead of the hybrid configuration, the
field enhancement by increasingM is thus important when
the requirement on the maximum K value is stringent.
Now let us assume that the magnet arrays can be moved

along the undulator axis, i.e., the longitudinal motion is
available as well as the normal gap motion as shown in

(a)

(b)

(c)

λu

FIG. 2. As in Fig. 1 but with six blocks per period.

(a)

(b)

(c)

(d)

λu

g∆z

FIG. 1. Halbach-type undulator magnet circuits with four
blocks per period (a) for the fundamental period and (b) for
the double period. (c) Composite configuration of (a) and (b).
(d) Two parameters to tune the photon energy: magnet gap g and
magnet shift !z.
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Composite period undulator

T. Tanaka, H. Kitamura, Composite period undulator to improve the 
wavelength tuneability of free electron lasers , Phys. Rev. Spe. Topics AB 
14, 050701 (2011) 
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found to be 2.05 (fundamental), 0.95 (double period),
and 2.45 (composite). Recalling that the lasing wavelength
is given by Eq. (1), we find that the longest wavelength
in the double-period mode is shorter than that in the
fundamental mode. This means that the double-period
mode is useless in this example. It is worth noting that
the maximum K value in the case of the normal planar
undulator, i.e., ! ¼ 0, is found to be 2.18, being 6%
higher than that in the fundamental mode of the CPU.

Now let us explore the wavelength tunability of
the FEL using the CPU described above. As an example,
we take the electron-beam parameters of the SPring-8
XFEL as summarized in Table I. In the fundamental
mode, it is easy to calculate the gain length using the
universal function to denote the 3D effects derived in
[12]. Namely,

Lg

Lg;3D
¼ 1

1þ "
;

where Lg and Lg;3D are the 1D and 3D gain lengths, and the
parameter " denotes the gain degradation due to the 3D
effects. According to [12], " is given as a function of Lg as
well as the electron-beam and undulator parameters.

In the composite mode, we need to take into account
the effects due to the nonsinusoidal field profile. To be
more specific, we have to multiply Lg by the growth

factor j#j2=3, which is obtained by the numerical compu-
tation as has been done in the previous section, and
recalculate the 3D effects ". The results are shown in
Fig. 6 as the tunability curve, i.e., the gain length as a
function of the lasing wavelength.
The blue and red lines show the tunability curves

in the fundamental and composite modes, respectively.
Switching the operation mode at the wavelength of
0.11 nm, wavelengths ranging from 0.055 to 0.29 nm can
be covered with a single undulator at the fixed electron
energy of 8 GeV. The longest gain length over this wave-
length range is found to be around 6 m. This means that the
saturation length is about 110 m and we need the same or
longer undulator length, which is still feasible.
It is of interest to compare the above tunability curves

to those with the conventional Halbach undulator. The
dashed red line indicates the tunability curve with the
undulator having the period of 36 mm. We find that
the gain length grows due to the nonsinusoidal field effects
in the composite mode but also find that the growth rate is
negligible in the shorter wavelengths and is thus accept-
able. The dashed blue line shows the tunability curve
with the undulator having the period of 18 mm and
maximum K value of 2.18, the maximum value for the
conventional Halbach configuration as mentioned above.
Note that most of the curve is hidden by the solid line
except the wavelength longer than 0.11 nm. We lose the
tunability from 0.11 to 0.12 nm by modifying the undulator
from the conventional to the CPU operated in the funda-
mental mode, but at the same time we gain the tunability
from 0.11 to 0.29 nm by operating the CPU in the com-
posite mode. Thus, we can conclude that the CPU operated
in the two operation modes significantly improves the
wavelength tunability of FELs.

TABLE I. Electron-beam parameters for the gain length cal-
culation.

Electron energy 8 GeV
Peak current 4 kA
Normalized emittance 0:7$ mmmrad
Energy spread 5# 10$5

Averaged betatron function 30 m

FIG. 6. Gain length as a function of the lasing wavelength in
the fundamental (black line) and the composite (solid red line)
modes. For reference, the gain lengths for the conventional
undulators are also plotted in the solid green and dashed red
lines. Refer to the text for details.

FIG. 5. Calculation results of the field distribution generated
by the CPU. The blue and red lines show the field distributions in
the double-period and fundamental modes, respectively.
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Fig. 1(d). This means that we have two parameters to play
with to tune the wavelength, i.e., the magnet gap g and
magnet shift !z. Taking into account the periodicity of Bc1

and Bc2, the magnetic field Bc is approximately written in
the form

Bcðz; g;!zÞ ¼ Bc1ðz; gÞ cos
!
!!z

"u

"
þ Bc2ðz; gÞ cos

!
!!z

2"u

"
:

(3)

The K value is also written as follows:

K2
cðg;!zÞ¼K2

c1ðgÞcos2
!
!!z

"u

"
þK2

c2ðgÞcos2
!
!!z

2"u

"
; (4)

where Kc1 and Kc2 are the K values corresponding to the
field components Bc1 and Bc2, respectively.

Now let us explain how to operate the CPU. In principle,
it is possible to select any combination of the two parame-
ters ðg;!zÞ as indicated by the yellow area in Fig. 3, where
the two-dimensional (2D) space spanned by g and !z is
shown. Among them, we introduce three operation modes
that are of practical importance, i.e., the fundamental,
double-period, and composite modes, which are shown
by line segments in Fig. 3.

In the fundamental and double-period modes, g is varied
from gmin to gmax, whereas !z is kept constant at "u and
"u=2, respectively. It is found from Eq. (3) that the undu-
lator period of the fundamental mode is "u and that of the
double-period mode is 2"u. In addition, the maximum K
values in the fundamental and double-period modes are
found to be Kc1ðgminÞ and Kc2ðgminÞ=

ffiffiffi
2

p
, respectively.

In the composite mode, g is kept constant at gmin,
while !z is varied from 0 to "u=2. The undulator
period of the composite mode is 2"u and the K value
increases as !z decreases, and reaches a maximum offfiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2

c1ðgminÞ þ K2
c2ðgminÞ

q
when !z ¼ 0.

Let us consider the field properties of the three operation
modes in terms of the undulator field. Recalling that Bc1

denotes the field component generated by the conventional
Halbach configuration, it is found that CPU in the funda-
mental mode works as a simple undulator with a magnetic
period of "u. In the same manner, we find that CPU in the
double-period mode works as a simple undulator with a
magnetic period of 2"u, except that the field distribution is
not exactly sinusoidal. In contrast to these modes, the field
distribution of the composite mode is far from a purely
sinusoidal profile with a single period. It is thus important
to explore the feasibility of the composite mode for the
FEL application, which will be discussed in the next
section.

III. FEASIBILITY OF THE COMPOSITE MODE

Let us consider the FEL process driven by the undulator
having a periodic but nonsinusoidal field distribution. As
an assumption, the undulator has only the vertical field
component with a magnetic period of "u. The 1D FEL
equations are written as [10]

d#j

dz
¼ e

mc2
$xðEe%ikuzeic je%ikuz!!=!0 þ c:c:Þ;

dc j

dz
¼ 2kuð#j % #0Þ

#0
% ku

1þ K2=2

!
#2
j$

2
x %

K2

2

"
;

dE

dz
¼ %Z0

2
$xj0e

ikuzeikuz!!=!0N%1
XN

j¼1

e%ic j ;

where #j and #0 are the Lorentz factors of the jth electron
and the average over the electron bunch, $x is the relative
electron velocity in the horizontal direction, E is the com-
plex amplitude of the amplified radiation, ku ¼ 2!="u is
the undulator wave number, c j is the phase of the jth
electron, K is the generalized deflection parameter of the
undulator calculated by Eq. (2), Z0 is the vacuum imped-
ance, j0 is the current density of the electron beam, !! is
the detuning photon energy, and N is the number of elec-
trons in the range of interest.
Following the steps taken in [10], we have the differen-

tial equation on E as follows:

d3E

dz
%2iku

!!

!0

d2E

dz
%
!
!!

!0
ku

"
2dE

dz
¼ ið2%kuÞ3E; (5)

with

%3 ¼ ej0Z0j&j2
8mc2#3

0k
2
u
; (6)

where the parameter & denotes the interaction efficiency
between the electrons and amplified radiation, which is
defined as

& ¼ 1

"u

Z "u

0
'ðzÞeikuzei(ðzÞdz;

(ðzÞ ¼ ku
1þ K2=2

Z
½'2ðzÞ % K2=2'dz:

(7)

g

0
∆z

λu/2 λu

composite
mode fundamental

mode

double-period
mode

gmin

gmax

FIG. 3. Operation modes of the CPU. The magnet gap g and
shift !z are assumed to be varied from gmin and 0 to gmax and "u,
respectively. The region painted yellow indicates the possible
combination of g and !z, while the three line segments show the
operation modes of practical importance.
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Fig. 1(d). This means that we have two parameters to play
with to tune the wavelength, i.e., the magnet gap g and
magnet shift !z. Taking into account the periodicity of Bc1

and Bc2, the magnetic field Bc is approximately written in
the form

Bcðz; g;!zÞ ¼ Bc1ðz; gÞ cos
!
!!z

"u

"
þ Bc2ðz; gÞ cos

!
!!z

2"u

"
:

(3)

The K value is also written as follows:

K2
cðg;!zÞ¼K2

c1ðgÞcos2
!
!!z

"u

"
þK2

c2ðgÞcos2
!
!!z

2"u

"
; (4)

where Kc1 and Kc2 are the K values corresponding to the
field components Bc1 and Bc2, respectively.

Now let us explain how to operate the CPU. In principle,
it is possible to select any combination of the two parame-
ters ðg;!zÞ as indicated by the yellow area in Fig. 3, where
the two-dimensional (2D) space spanned by g and !z is
shown. Among them, we introduce three operation modes
that are of practical importance, i.e., the fundamental,
double-period, and composite modes, which are shown
by line segments in Fig. 3.

In the fundamental and double-period modes, g is varied
from gmin to gmax, whereas !z is kept constant at "u and
"u=2, respectively. It is found from Eq. (3) that the undu-
lator period of the fundamental mode is "u and that of the
double-period mode is 2"u. In addition, the maximum K
values in the fundamental and double-period modes are
found to be Kc1ðgminÞ and Kc2ðgminÞ=

ffiffiffi
2

p
, respectively.

In the composite mode, g is kept constant at gmin,
while !z is varied from 0 to "u=2. The undulator
period of the composite mode is 2"u and the K value
increases as !z decreases, and reaches a maximum offfiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2

c1ðgminÞ þ K2
c2ðgminÞ

q
when !z ¼ 0.

Let us consider the field properties of the three operation
modes in terms of the undulator field. Recalling that Bc1

denotes the field component generated by the conventional
Halbach configuration, it is found that CPU in the funda-
mental mode works as a simple undulator with a magnetic
period of "u. In the same manner, we find that CPU in the
double-period mode works as a simple undulator with a
magnetic period of 2"u, except that the field distribution is
not exactly sinusoidal. In contrast to these modes, the field
distribution of the composite mode is far from a purely
sinusoidal profile with a single period. It is thus important
to explore the feasibility of the composite mode for the
FEL application, which will be discussed in the next
section.

III. FEASIBILITY OF THE COMPOSITE MODE

Let us consider the FEL process driven by the undulator
having a periodic but nonsinusoidal field distribution. As
an assumption, the undulator has only the vertical field
component with a magnetic period of "u. The 1D FEL
equations are written as [10]

d#j

dz
¼ e

mc2
$xðEe%ikuzeic je%ikuz!!=!0 þ c:c:Þ;

dc j

dz
¼ 2kuð#j % #0Þ

#0
% ku

1þ K2=2

!
#2
j$

2
x %

K2

2

"
;

dE

dz
¼ %Z0

2
$xj0e

ikuzeikuz!!=!0N%1
XN

j¼1

e%ic j ;

where #j and #0 are the Lorentz factors of the jth electron
and the average over the electron bunch, $x is the relative
electron velocity in the horizontal direction, E is the com-
plex amplitude of the amplified radiation, ku ¼ 2!="u is
the undulator wave number, c j is the phase of the jth
electron, K is the generalized deflection parameter of the
undulator calculated by Eq. (2), Z0 is the vacuum imped-
ance, j0 is the current density of the electron beam, !! is
the detuning photon energy, and N is the number of elec-
trons in the range of interest.
Following the steps taken in [10], we have the differen-

tial equation on E as follows:

d3E

dz
%2iku

!!

!0

d2E

dz
%
!
!!

!0
ku

"
2dE

dz
¼ ið2%kuÞ3E; (5)

with

%3 ¼ ej0Z0j&j2
8mc2#3

0k
2
u
; (6)

where the parameter & denotes the interaction efficiency
between the electrons and amplified radiation, which is
defined as

& ¼ 1

"u

Z "u

0
'ðzÞeikuzei(ðzÞdz;

(ðzÞ ¼ ku
1þ K2=2

Z
½'2ðzÞ % K2=2'dz:

(7)
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∆z
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FIG. 3. Operation modes of the CPU. The magnet gap g and
shift !z are assumed to be varied from gmin and 0 to gmax and "u,
respectively. The region painted yellow indicates the possible
combination of g and !z, while the three line segments show the
operation modes of practical importance.

COMPOSITE PERIOD UNDULATOR TO IMPROVE THE . . . Phys. Rev. ST Accel. Beams 14, 050701 (2011)

050701-3

V- Exotic concepts

jeudi 16 mai 2013



M. E. Couprie,  International Particle Accelerator Conference, ,Shanghai, China, May 13-17, 2013

E = 2.5 GeV
I = 200 mA
ε = 40 nmrad

A device which allows switching between a 18 mm period length undulator and a 54 mm wiggler.

Applications: 
•High brilliance of the undulator from 6 to 
 15 keV for imaging,
•wiggler mode for higher photon energies
to perform phase contrast tomography.

R. Schlueter et al., Synch. Rad. News, 2004
B. Kostka et al.,  PAC05
A. Bernhard et al., EPAC06
A. Bernhard et al., EPAC08
T. Holubek et al., IPAC11

Foreseen for the planned IMAGE beamline at ANKA.

Successful test of the conduction cooled superconducting switch

First experimental demonstration of period length switching for scIDs

Built by BNG

A. Grau et al., IEEE Trans. on Appl.
Supercond. 1596-1599 Vol. 21-3 (2011)

T. Holubek et al., accepted for publication in IEEE Trans. on Appl. Supercond. 

Bi-period superconducting undulator / wiggler
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•	  Adapta^on	  of	  the	  gap	  to	  the	  betatron	  func^on

O.Chubar, J.Bengtsson, A.Blednykh, C.Kitegi, G.Rakowsky, T.Tanabe, J.Clarke, "Spectral Performance of Segmented Adaptive-Gap In-Vacuum Undulators for Storage Rings", 
Proc. of IPAC2012, MOPPP090, pp.765-767.
O.Chubar, J.Bengtsson, A.Blednykh, C.Kitegi, G.Rakowsky, T.Tanabe, J.Clarke, "Segmented Adaptive-Gap Undulators - Potential Solution for Beamlines Requiring High Hard X-
Ray Flux and Brightness in Medium-Energy Synchrotron Sources?", 2013 J. Phys.: Conf. Ser. 425 032005.

18.82 mm
0.994
7.46 mm

λu≈ 16.61 mm
K ≈ 1.177
G ≈ 5.25 mm

17.07 mm
1.138
5.68 mm

17.85 mm
1.072
6.45 mm

Electron Trajectory 
after correction at segment junctions 

by dedicated coils

Magnetic Field
Br = 1.12 T

Nper = 394

17.58 mm
1.095
7.46 mm

λu≈ 15.38 mm
K ≈ 1.287
G ≈ 5.25 mm

15.84 mm
1.244
5.68 mm

16.63 mm
1.175
6.45 mm

Magnetic Field
Br = 1.5 T

Nper = 423

Cryo-Cooled  AGU

Courtesy	  O.	  Chubar

● Segments are independent, yet 
tuned to the same Resonant 
Photon Energy

● Vertical Gaps in the segments 
satisfy “Stay-Clear” and 
Impedance Constraints

● Undulator Period may vary from 
segment to segment (however it 
is constant within each segment)

Adaptative gap undulator
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Spectral Flux through 
100 µrad (H) x 50 µrad (V) Aperture
from Finite-Emittance Electron Beam

On-axis Single-Electron Spectral Flux 
per Unit Surface

at 20 m Observation Distance

Ee = 3 GeV, Ie = 0.5 A; NSLS-II High-β (Long) Straight

Comparison	  for	  the	  Inelas^c	  X-‐ray	  Sca8ering	  	  NSLS-‐II	  beamline	  

See	  O.	  Chubar	  et	  al,	  Poster	  WednesdayCourtesy	  O.	  Chubar
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Transverse gradient undulator / wiggler

CERN PS (1983)
damping of horizontal betatron oscillations
Jx=3 et D = -2

9 

One of the Robinson Wiggler used on the PS (CERN) 
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Fig. 10. Expected and measured relative variations of (a) rms 
horizontal bunch width o x (b) damping partition number Jx as 
functions of the wiggler current. 

where h = 8 (the harmonic number), Z/n  = 7 12 (the 
broad band coupling impedance), V = 100 kV (the peak 
RF voltage), %--16.3 ° (the stable phase angle), R = 
15.056 m (the ring mean radius), and I o = 10 mA (the 
circulating beam current, constant during the experi- 
ment). The beam energy spread was then evaluated as 

O E  Q s  ~-(Iwl=°sO(Iw) Rap , 

where ap -- 0.078 is the horizontal momentum compac- 
tion and 

ehapVcos qPs ]1/2 
Q~=L T~g j 
the synchrotron tune. The longitudinal partition num- 
ber was evaluated as 

jE([w)mCq( gl2[-~.~, (Iw)] -2, 
p3 \ t~0/ LZ~ J 

where Cq = 3.83 ! 10 -13 m and P3 = 3.87 m as de- 
fined in ref. [61. Figs. 9a and 9b show the values of 

o~0(Iw) and &(Iw) 
Os0(I w = 0) JE(Iw = 0) '  
respectively, deduced from bunch length measurements, 
together with the expected values. 

The horizontal rms beam size ox(Iw) was worked out 
from the width A X at half height of the beam profile. 

ox~ (Iw) =AXi(Iw)/2.36, 
where the indexes are related to the two different mea- 
surement locations Yt and H 6. 

The horizontal partition number was deduced: 

H E 1 2 

where B~ is the horizontal betatron function at the 
measurement location and /-/= 0.82 m is a machine 
lattice invariant. 

wiggler was progressively raised up to 640 A with 
simultaneous compensation of betatron tune changes to 
keep the beam away from resonances. 

For various wiggler excitations, two characteristics of 
the beam were measured: 

(i) The bunch length, by means of the digitized signal 
from a PU electrode. 

(ii) The horizontal profile, by means of synchrotron 
light monitors placed in two different locations of the 
ring (called Yt and He). 

From the measured bunch length o~(Iw) a bunch 
length without potential well effect Oso (Iw) was de- 
duced through the relationship [5]: 

Oso(i , )[o2( iw)= _ 2 ~ ] Z / n [  ~ I 0  R3 X 106]1/2 
h Vcos rp s Os(Iw) 

Fig. 11. Horizontal positron beam profile in DCI (a) without 
the wiggler and (b) when the wiggler is excited. 

Test in DCI
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Accelerator Technology

Tech 15: Insertion Devices (Undulators and Wigglers)

V- Exotic concepts

jeudi 16 mai 2013



M. E. Couprie,  International Particle Accelerator Conference, ,Shanghai, China, May 13-17, 2013

Transverse gradient undulator / wiggler

B<0 B>0 B>0 B<0

x

s

CERN PS (1983)
damping of horizontal betatron oscillations
Jx=3 et D = -2

9 

One of the Robinson Wiggler used on the PS (CERN) 
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Fig. 10. Expected and measured relative variations of (a) rms 
horizontal bunch width o x (b) damping partition number Jx as 
functions of the wiggler current. 

where h = 8 (the harmonic number), Z/n  = 7 12 (the 
broad band coupling impedance), V = 100 kV (the peak 
RF voltage), %--16.3 ° (the stable phase angle), R = 
15.056 m (the ring mean radius), and I o = 10 mA (the 
circulating beam current, constant during the experi- 
ment). The beam energy spread was then evaluated as 

O E  Q s  ~-(Iwl=°sO(Iw) Rap , 

where ap -- 0.078 is the horizontal momentum compac- 
tion and 

ehapVcos qPs ]1/2 
Q~=L T~g j 
the synchrotron tune. The longitudinal partition num- 
ber was evaluated as 

jE([w)mCq( gl2[-~.~, (Iw)] -2, 
p3 \ t~0/ LZ~ J 

where Cq = 3.83 ! 10 -13 m and P3 = 3.87 m as de- 
fined in ref. [61. Figs. 9a and 9b show the values of 

o~0(Iw) and &(Iw) 
Os0(I w = 0) JE(Iw = 0) '  
respectively, deduced from bunch length measurements, 
together with the expected values. 

The horizontal rms beam size ox(Iw) was worked out 
from the width A X at half height of the beam profile. 

ox~ (Iw) =AXi(Iw)/2.36, 
where the indexes are related to the two different mea- 
surement locations Yt and H 6. 

The horizontal partition number was deduced: 

H E 1 2 

where B~ is the horizontal betatron function at the 
measurement location and /-/= 0.82 m is a machine 
lattice invariant. 

wiggler was progressively raised up to 640 A with 
simultaneous compensation of betatron tune changes to 
keep the beam away from resonances. 

For various wiggler excitations, two characteristics of 
the beam were measured: 

(i) The bunch length, by means of the digitized signal 
from a PU electrode. 

(ii) The horizontal profile, by means of synchrotron 
light monitors placed in two different locations of the 
ring (called Yt and He). 

From the measured bunch length o~(Iw) a bunch 
length without potential well effect Oso (Iw) was de- 
duced through the relationship [5]: 

Oso(i , )[o2( iw)= _ 2 ~ ] Z / n [  ~ I 0  R3 X 106]1/2 
h Vcos rp s Os(Iw) 

Fig. 11. Horizontal positron beam profile in DCI (a) without 
the wiggler and (b) when the wiggler is excited. 

Test in DCI
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Transverse gradient undulator / wiggler for Storage rings
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Preliminary design for a Robinson wiggler at SOLEIL
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EPU100 VUV undulator
100 mm, L=4 m, Kmax=14.0

EPU45 SXU
45 mm, L=4.0 m, Kmax=4.33

U14 SCU
14 mm, L=2.0 m, Kmax=2.2

U19 CPMU
19 mm, L=3.0 m, Kmax=2.03

W60 SCW,
B=6.0 T, 60 mm,
L=1.0 m, K=33.6

Damping Wiggler DW100
B=1.8 T, 100 mm,
L=7 m, K=16.8

25m-radius bend,
B=0.4 T, Ec=2.39 keV

3-pole wiggler,
B=1.0 T, Ec=5.98 keV

 
Figure 2. Flux vs. photon energy for various devices at NSLS-II. 
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Table 2 
Parameters for the PEP damping wigglers 

Wiggler field sinusoidal 
Maximum field strength Bw 12.6 kG 
Period length ~.,~ 12.0 cm 
Gap height G~ _< 30.0 mm 
Wiggler parameter K 14.12 
Deflection angle/pole 20~ 2.40 mrad 
Average bending radius P~, 25.0 m 

Obviously for this example the quantum excitation is 
much smaller than the damping effect and we can 
expect a significant reduction in the beam emittance. It 
is asst~med that the damping wigglers are installed as 
16.2 m long devices at each end of the six interaction 
region straight sections. 

Using such damping wigglers, the resulting theoreti- 
cal beam emittance is shown in fig. 4 as a function of 
the total installed wiggler length L w. To obtain these 
parameters, the focusing effect of the wigglers has been 
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Fig. 3. Horizontal betatron function in the PEP lattice. 
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Fig. 4. PEP beam emittance as a function of the total wiggler 
length. 

compensated in the lattice by proper adjustments of the 
quadrupoles to keep the tunes off resonances. From fig. 
4 it is obvious that a significant emittance reduction can 
be obtained from the first wiggler sections installed. For 
very long wiggler length, the effectiveness is reduced 
and at some point does not justify the cost anymore. 

For the case considered, and a total length of in- 
stalled wiggler magnets of Lw = 194.4 m, we get from 
eq. (25) 
%,,! 1 + 0.0325 

- 0 . 1 1 3 .  ( 2 6 )  
%0 1 + 8.165 

At this point it is interesting to check how this method 
of reducing the beam emittance would work in other 
synchrotron radiation sources, specifically the newly 
proposed advanced synchrotron light sources [7,8]. Al- 
though this method is applicable to any electron storage 
ring, the effectiveness is greatly determined by the bend- 
ing radius of the ring magnets, P0. The damping effect 
scales proportionally with the bending radius of the ring 
bending magnets and, therefore, it is easier to reduce 
the beam ernittance with damping wigglers in large 
storage rings, like PEP, than in smaller rings. 

For the newly proposed radiation sources like the 
APS or the ESRF the beam emittance could be simi- 
larly reduced. Using the proposed insertion devices for 
the ESRF, an emittance reduction by a factor of about 
two [9] is expected. With damping wigglers of equal 
parameters as assumed here for PEP, an emittance 
reduction factor of two can be achieved in the APS with 
a total wiggler length of Lw = 80 m and with L,v = 157 
m for the ESRF. Since the quantum excitation is very 
small, stronger (superconducting?) wiggler magnets 
could be used to reduce the beam emittance. For the 
same total length of wiggler magnets as quoted above, 
but using wigglers twice as strong, the beam emittance 
could be reduced by a factor fo 4.5 for both the APS 
and the ESRF. 

Intense radiation is produced from these wiggler 
magnets. For PEP at 6 GeV the synchrotron radiation 
power is 3.6 kW per 100 mA circulating beam and per 
meter of wiggler length, In the extreme case of 194.4 m 
of wiggler magnets, the radiation power would be 58 
kW in each of the 12 wiggler magnet beam lines or a 
total of 700 kW for all wigglers. Since the wiggler action 
in PEP may occur in both the horizontal and vertical 
planes, it is possible to spread out the radiation over a 
large cooling area to avoid excessive heating problems. 

The method of reducing the beam emittance by 
wiggler magnets has the appearance of a brute force 
approach. Attempts to reduce the beam emittance to 
such low levels by other means, such as proper choice of 
a low emittance lattice, however, have been limited so 
far by the inability to correct for the chromatic and 
geometric aberrations caused by the focusing lattice. 
Thus the usual problem of obtaining a large dynamic 

l(c). FUTURE FACILITIES 

Example for PEP

NSLSII (3 GeV):
Horizontal emittance : 0.55 nm.rad
Vertical emittance : 0.008 nmrad

2x3.4 mperiod 9 cm, gap 12.5 mm, K=15.2

H. Wiedemann, An ultra-low emittance mode for PEP using 
damping wigglers, Nucl. Instr. Meth. A266 (1988) 24-31.
T. Raubenheimer et al. SLAC PUB 4808, 1988
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magnet positions [5]. Superposition of different corrector 
signatures allowed to model any transverse field integral 
dependence and to find the appropriate configuration 
(Fig.6). 

RESULTS 
Figures 7–10 present the transverse dependence of 1st 

and 2nd horizontal and vertical field integrals of all 
wigglers. For most devices, the horizontal and vertical 1st 
field integral is within a range of ±50Gcm and ±30Gcm, 
respectively. Horizontal and vertical 2nd field integrals are 
within ±30kGcm2. Note, that the total vertical 1st integral, 
produced by the 40 positive and negative poles, sum up to 
±1,800kGcm.  
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Figure 7: Transverse dependence of horizontal 1st field 
integral for all damping wigglers.  
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Figure 8: Transverse dependence of vertical 1st field integral. 
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Figure 9: Corresponding horizontal 2nd field integral. 

Vertical field 2nd integral
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Figure 10: Corresponding vertical 2nd field integral. 

 

TEST INSTALLATION 
An assembly test with two wigglers has been performed 

in one of the damping sections (Fig. 11). A special 
appliance can be mounted at the wiggler to separate the 
two wiggler halves manually. In the opened state, the 
wiggler can be moved on the support unit over the 
vacuum chamber once the damping wigglers shall go into 
operation. It has been proven that the field integral 
measurements can be reproduced within about ±30Gcm 
after opening and closing the wiggler halves.  

 
Figure 11: Damping wiggler test installation at tunnel. 
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MAX-IV (3 GeV):
Horizontal emittance : 0.24 nm.rad

More damping with additional synchrotron radiation through installation of strong wiggler magnets placed 
in a dispersion free location (for the equilibrium orbit to be independant of the particle energy) => 

emittance reduction
PETRAIII:Horizontal emittance : 1 nm.rad, Vertical emittance : 0.01 nmrad

Transverse gradient undulator / wiggler for Storage rings as 
an alternative to damping wigglers
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Compact laser-plasma accelerators can produce high energy electron beams with low emittance, high

peak current but a rather large energy spread. The large energy spread hinders the potential applications

for coherent free-electron laser (FEL) radiation generation. We discuss a method to compensate the effects

of beam energy spread by introducing a transverse field variation into the FEL undulator. Such a

transverse gradient undulator together with a properly dispersed beam can greatly reduce the effects of

electron energy spread and jitter on FEL performance. We present theoretical analysis and numerical

simulations for self-amplified spontaneous emission and seeded extreme ultraviolet and soft x-ray FELs

based on laser plasma accelerators.
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The advent of x-ray free-electron lasers (FELs) repre-
sents a revolution in light source development that enables
the simultaneous probe of both the ultrasmall and the
ultrafast worlds [1]. The first soft x-ray FEL facility,
FLASH at DESY, has been in operation for users since
2005 [2]. The first hard x-ray FEL facility, the Linac
Coherent Light Source at SLAC [3], became operational
in 2009. More recently, the SACLA at SPring-8 [4] started
its user program beginning in 2012. These are remarkable
scientific facilities in size (hundreds to thousands of meters
long) and in user capacities (hundreds of users annually). A
few more such facilities will come online in this decade
[5]. Nevertheless, it is very desirable to develop compact
x-ray FELs that are similar in characteristics but are much
smaller in footprint.

Laser plasma accelerators (LPAs) have made tremen-
dous progress in generating high-energy (! 1 GeV), high
peak current (! 10 kA), and low-emittance (! 0:1 !m)
beams [6,7]. Such an accelerator was used to produce soft
x-ray spontaneous undulator radiation [8], and active
research and development efforts have been pursued to
develop compact FELs [9,10] based on these novel accel-
erators. Nevertheless, due to the challenges in controlling
the injection process, LPA beams have rather large energy
spread, typically on a few percent level. Such energy
spread hinders the short-wavelength FEL application.

The goal of this Letter is to point out that a transverse
gradient undulator together with a properly dispersed beam
is capable of overcoming the large energy spread of LPAs
for short-wavelength FEL amplification. Using one-
dimensional (1D) analysis and three-dimensional (3D)
simulations, we show how LPAs can be used to drive
extreme ultraviolet (EUV) and soft x-ray FELs in short
undulators. The resulting radiation pulses can be multi-
gigawatt in power, a few femtosecond in duration, and have
good transverse and temporal coherence properties.

The effect of beam energy spread on FELs can be best
understood by the undulator resonant wavelength
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Here, "u and K0 are the undulator period and the strength
parameter, respectively. If there is a spread in the average
beam energies #0mc2, it will lead to a spread of the
resonant condition and degrade the FEL gain. For a high-
gain FEL, the typical requirement is
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where & is the FEL Pierce parameter [11], ½JJ& ¼ ½J0ð'Þ )
J1ð'Þ& with ' ¼ K2

0=ð4þ 2K2
0Þ for a planar undulator,

IA * 17 kA is the Alfvén current, ku ¼ 2(="u, I0 is the
beam peak current, and $x is the average rms transverse
beam size in the undulator.
Smith and co-workers at Stanford proposed a ‘‘trans-

verse gradient wiggler (undulator)’’ (TGU) to reduce the
sensitivity to electron energy variations for FEL oscillators
[12]. The idea is illustrated in Fig. 1. By canting the
magnetic poles, one can generate a linear x dependence
of the vertical undulator field so that

!K

K0
¼ )x: (3)

Consider dispersing the electron beam horizontally accord-
ing to its energy such that x ¼ *!#=#0. By choosing the
dispersion function

* ¼ 2þ K2
0

)K2
0

(4)

and keeping it constant in the TGU, the change in elec-
tron’s energy is now exactly compensated by the change in
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improved by seeding, as shown in Fig. 5(b). As we will
show in the next example, the transverse mode pattern of
SASE can be improved if the transverse gradient of the
undulatoris increased, even in the absence of seeding.

We now consider a compact soft x-ray FEL example
using 1 GeV laser plasma beams that have been demon-
strated at LBNL [21] and elsewhere [22,23]. To reach
the important ‘‘water window’’ wavelengths, we consider
using the SC undulator described in Ref. [14] (see Table I)
that also reachs very large transverse gradient ! !
300 m"1. The detailed parameter list for this set of simu-
lations can be found in Table I. Figure 6 shows the FEL
power around 3.9 nm for the case of a normal SC undulator
(blue) as well as a SC undulator with ! ¼ 150 m"1 (red).
We see that the TGU improves the SASE power by about
two orders of magnitude and reaches power saturation
within 5-m undulator distance. For comparison, we also
show in Fig. 6 a case of decompressed beam with a peak
current of 1.5 kA and a slice energy spread of 0.15%
(black). Although the gain length of the decompressed
beam is similar to that of the TGU, it saturates at lower
power level due to the lower peak current. Figure 7 shows
the comparison of typical single shot spectra for the three

cases. Because of the very short electron pulse duration
($ 5 fs) without decompression, the TGU SASE forms a
single coherent spike while the decompressed beam gen-
erates multiple spikes with its rms bandwidth close to 2%.
Figures 8(a) and 8(b) show the SASE transverse mode
pattern in the absence of decompression. Without TGU,
the transverse coherence is very poor because of the large
energy spread and relatively low gain. With TGU, good
transverse coherence ($ 50%) is established because the
stronger transverse gradient allows for a weakly dispersed
beam (100 "m horizontal rms beam size).
One additional advantage of TGU is that the FEL wave-

length is insensitive to the electron energy jitter. At present,
LPAs generate beams with a few percent energy jitter.
Without TGU, this large energy jitter directly maps into
SASE wavelength jitter. TGU can potentially reduce or
eliminate this energy jitter completely.
In summary, we have demonstrated the significant advan-

tage of using TGUs to enhance the short-wavelength FEL
performance of laser-plasma accelerators with 1D analysis
and 3D simulations. There are several practical effects that
were not included in these simple considerations. They

FIG. 5 (color online). Trasverse mode pattern for a SASE and
a seeded FEL at 31 nm based on the THUNDER TGU.

FIG. 6 (color online). FEL power around 3.9 nm for a normal
undulator without decompression (solid blue), with a factor of 7
decompression (dashed doted black), and for a transverse gra-
dient undulator without decompression (dashed red).

FIG. 7 (color online). Typical single-shot spectra of SASE for
a normal undulator without decompression (solid blue), with a
factor of 7 decompression (dashed doted black), and for a
transverse gradient undulator without decompression (dashed
red).

FIG. 8 (color online). Trasverse mode pattern for a SASE FEL
at 3.9 nm.
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Transverse gradient undulator / wiggler for LWFA FEL

Z. Huang et al., Phys. Rev. Lett. 109, 204801 (2012)
T. Smith, J. M. J. Madey, L. R. Elias, and D. A. G. Deacon,
J. Appl. Phys. 50, 4580 (1979)

Purpose : handle the large energy spread (1 %) and 
divergence ( 1 mrad) of LWFA beams :

- decompression
- transverse gradient
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V- Exotic concepts

Towards dramatic reduction of the period
Microstructure laser driven undulator

Micromachined magnet undulator 

Optical undulator

T. Plettner, R. L. Byer, Proposed dielectric micrstructure 
laser-driven undulator PRSTAB 11, 030704 (2008)

S. Tantawi, HBEB workshop, Puerto-Rico, 2013

quired for efficient transport of such electron beams
through these structures [4,28,29]. The miniaturization
and the ultralow-emittance requirements come at the ex-
pense of the possible bunch charge that can be supported
by these accelerators. The loss factors from these structures
are estimated to lie in the 100 GeV=m=pC range and thus
only allow for maximum bunch charges in the fC range
[30].

Not surprisingly, the successful implementation of these
accelerators lies in the future. However, if this technology
is proven a meter-long dielectric-based laser particle ac-
celerator could deliver an already optically bunched GeV
energy electron beam with attosecond pulse structure into
an undulator. If a tabletop system is sought a matching
compact undulator will be highly desirable. To this end we
propose a dielectric microelectromechanical systems
(MEMS)-based undulator structure that consists of laser-
driven deflection elements and has electron beam transport
requirements that match those of structure-based laser-
driven particle accelerators. The key property of the pro-
posed dielectric undulator is that the deflection force de-
livered from the laser beam inside the structure is phase
synchronous with the electron beam. This allows the un-
dulator period to be independent and for our purpose much
longer than the wavelength of the driving laser.

We first describe the basics of the principle of laser-
driven particle deflection that forms the basic building
block of the proposed undulator. This is followed by the
description of a possible quartz-based undulator structure
that can be manufactured with existing microfabrication
technology. Next, the maximum deflection force that is
possible for this dielectric undulator is calculated.
Finally, the requirements for FEL operation from the pro-
posed undulator are discussed with an assumed set of
electron beam parameters from a laser-driven particle
accelerator.

II. THE ARCHITECTURE OF PROPOSED
UNDULATOR STRUCTURE

A planar undulator with a period !u that exerts a de-
flection force of amplitude F? that varies sinusoidally with
path length on a relativistic electron has an undulator
parameter K of the form

 K ! 2"!u

mc2
F?: (1)

A free-space electromagnetic wave interacting linearly
with a free relativistic particle produces an effective un-
dulator period !u that is comparable to the wavelength ! of
the electromagnetic wave, that is, !u " !. In contrast, for
the proposed undulator we seek a condition that allows the
optical near-field to generate a deflection force with an
effective undulator period that satisfies !u # ! and thus
brings about a corresponding enhancement of K. The
operation principle of the proposed dielectric laser-driven
undulator is similar in many respects to that of dielectric-
structure laser-driven particle accelerators. However, in
addition to providing an acceleration force the proposed
undulator can also generate an additional phase-
synchronous deflection force whose direction is deliber-
ately reversed externally at regular intervals to form the
undulator.

To attain extended phase synchronicity between the
laser electromagnetic wave and the relativistic electron
bunch, we explore the concept of introducing a periodic
phase modulation equal to the wavelength of the electro-
magnetic field near the particle trajectory. Laser-driven
particle accelerators that employ this principle have been
proposed in the past [4,5]. The same concept is applied
here to find the conditions that lead to phase-synchronous
particle deflection. A perspective view of a section of the
proposed deflection structure is illustrated in Fig. 1(a). The

groove tilt 
angle

ψ

groove tilt 
angle

groove tilt 
angle

y′ˆ

ŷ
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FIG. 1. (Color) (a) Perspective view of a section of the proposed deflection structure element. (b) Top view of a section of the structure.
While the periodic grooves maintain phase synchronicity, the laser pulse-front tilt guarantees synchronicity of the laser pulse envelope
with the relativistic electron bunch traveling in the vacuum channel.
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Laser-machined SmCo undulator array 
with 200-!m thick, 2-mm long poles,  
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Conclusion 
Conclusion

Clear advances for :
- permanent magnet based systems

- superconducting undulators
-EPU

and combinations of the technolgies

+ New concepts

Quest for more flexibility for the radiation properties
Besides compensation of the induced effect, manipulation of the beam via the undulator

 

New technological develpments towards ultra-short period high fields (but low deflection 
parameter, wakefield and heat issues...)

towards future light source, search for :
coherence

compactness
 law size on the sample....

more flexibility for the photon users

jeudi 16 mai 2013


