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Abstract

Three major areas for the most recent insertion device de-
velopments for user facilities can be identified: (1) Short
period devices operated at gaps below 10 mm to enhance
the brightness and to reduce the wavelength. (2) Variable
polarization devices including quasi-periodicity and (fast)
polarization switching. (3) Long segmented undulators
with strong focussing for single pass, high gain FELs.

1 INTRODUCTION

Optimum radiation from ID based SR sources is achieved
by the optimization of following quantities: (&) pulsed time
structure (shortly mentioned in section 8), (b) linear and
circular polarization (section 6), (c) high flux (intensity)
(sections 3, 5), (d) high brightness (sections 4, 2), (e) small
angular divergence, (f) small source size, (g) spatial coher-
ence and (h) temporal coherence. 1D devel opments related
to (a)-(d) are primarily discussed in this paper ((d)-(g) are
interrelated and temporal coherenceis usually given by the
monochromator bandwidth). Emphasisis given to IDs de-
veloped for 3rd generation SR user facilities, which are the
basis for the IDs needed for future 4th generation facili-
ties, as discussed and proposed so far, namely high gain
FEL facilitieg1] and diffraction limited light sources[2].
The status of IDs at high energy SR facilities (APS, ESRF,
SPring-8) isfoundin[3,4]. For the most recent ID develop-
mentswe also refer to the detailed review[5] as areference.
High harmonic operation of small gap undulators and po-
larization switching schemes are discussed in more detail
inthis review.

It has been mainly the progress in ID technology that
has |ed to the concept of a 3rd generation I ntermediate En-
ergy Light Source (ILS)[6]. At such a facility (E=2.5-4.0
GeV, €,=4-10 nm-rad) high and low beta straights of var-
ious lengths (typically 4-11 m) are needed to serve many
of the demands for (polarized) radiation at 10 eV - 50 keV.
That undulator based high brightnessresearch at 5 - 20 keV
(so far mainly the domain of high energy SR facilities) can
be considered from the outset of an ILS project (such as
SOLEIL or SLY[7]) is due to three major developments:
(1) Undulators can be built with low phase errors (< 2.5°
rms) that near theoretical brightness is obtained at higher
harmonicg[8] (by field shimming[8,9], magnet bloc sort-
ing[10] or precicion machining[11]). (I1) Work at SPring-8
(KEK) demonstrates that pure permanent magnet (PPM)
undulators can be operated in ultra-high vacuum([4]. (111)
A small gap (g=3.3 mm) in-vacuum undulator has success-
fully been operated in the NSLS X-ray ring (2.58 GeV)
with usable flux up to 13.8 keV (3rd harmonic) and 10%
lifetime reduction[12]. Based on this experience, SLS will
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be the first ILS facility that explicitly relies on the high
harmonic (9th/11th) output of a small gap in-vacuum un-
dulator[13].

The preference given to planar helical undulators
(APPLE-II type) at severa laboratories (ALS, BESSYII,
ELETTRA, ESRF, PLS, SLS, Spring-8 and TLS) relies on
thefollowing characteristics: (1) Both vertical and horizon-
tal fields can be generated in a planar PPM design with per-
formance limited only by the vertical gap. The fields can
be changed by a relative shift of upper and lower magnet
arrayq[14,15,5]. (1) The APPLE-II structure[16] can gen-
erate linear, eliptical and circular polarization with high
fieldsinthe helical mode. (111) Two undulators can be used
ina”chicane” arrangement to produce two beams with op-
posite helicity[14]. A single set of optical elementsis used
to steer and monochromatise the two beams from a twin-
undulator[17].

2 LOWFIELDIDS(<15T)

PPM and hybrid technology dominate for 1Ds with a peak
field below 1.5 T. The main reason is that high rema-
nent (B,=1.15-1.22 T) magnet blocs with a high coercivity
(H.;=17-22 kOe) alow by superposition the realization of
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Figure 1: Planar superferric vs. hybrid undulator.

complicated 3D fields in a compact geometry (3D PPM
Lego’), which can further be optimized by multipole and
spectrum shimming to reach tight magnetic tolerances on
phase errors and on integrated first and second field in-
tegrals (below 310 Gem and 2 103 Gem? after compen-
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sation). The planar helical deviceg[5], the Figure-8 un-
dulator[4], non-steering passive end- pole designs, multi-
ple trim magnet multipole correctors, phasing of undula-
tor segmentg 3], the superposition of a strong focussing
FODO lattice to a regular (hybrid) undulator[18] and the
PM in-vacuum technology illustrate the dominance of PM
ID technology today.

For long period (low field) undulators, pulsed devices
and high field IDs, PM technology is replaced by either
room temperature or superconductiong (SC) electromag-
nets. Compared to PM undulators, the development of SC
undulators has been modest so far. As current densities
close to j=120 kA/cm? can be reached at small periods (<
18 mm) and gaps (< 8 mm), superferric undulators (i.e.
field properties depend mainly on theiron pole profile) can
provide higher fields on axis compard to PM hybrid IDs
in a range relevant for small gap, short period ID opera-
tion at ILS and FEL facilities (Fig.1). Based on demon-
strated performance[11], an operating current of 20% be-
low the critical current has been assumed for undulators la-
belled’SC/1', and similarly for undulatorslabelled ' SC/2',
which have recently been analyzed for SASE FEL appli-
cations[19]. To retrieve the higher fields, SC undulators
would have to be operated as (cold bore) in-vacuum de-
vices. Such a (preliminary) test has successfully been per-
formed by FZK, where now anew 14 mm period SC device
with 1.5T at 5mm gap is under construction[20].

3 HIGH FIELD IDS(> 15T)

SC undulators in Fig.1 operate typically at current densi-
ties of 80-120 kA/cm? and a maximum field in the coil of
about 3 T, wheras SC wavel ength shiftersand SC multipole
wigglers, the dominant devicesin the high field regime, op-
erate at 30-60 kA/cm?. At lower energy storagerings, 7 T
wavel ength shifters are used to extend operation into the

Figure 2: Small gap, low impedance ID chamber with en-
trance taper, instrumentation port and beam position moni-
tor.

harder X-ray region (Aurora-2D, CAMD, BESSY I1)[5].
For the same reason, 5 T superbends will be installed at
ALS to enhance the flux and brightness by a factor 10-100
at 10-20 keV. For SPring-8, a 10 T SC wavelength shifter
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has been built by BINP. At NSLS and DELTA, flexible
multipole wigglers have been installed with different peak
fields (2.7-5.5 T), depending on the configuration of poles
that are powered in the symmetric or asymmetric mode[5].
Recently, the limit of reaching high fields with PM tech-
nology has been explored at ESRF and SRRC. Peak fields
of 3.13-3.57 T have been reached for periods of 218-378
mm and gaps of 6-12 mm. A 60.5 mm period hybrid wig-
glerwith1.95T at 7.5 mm gap isunder constructionat SLS
(to be compared with a3.5 T, 60 mm period SC wiggler un-
der study at MAX-lab[5]). For small gap I D operation, high
precision chamberswith alow impedance are needed as al-
ternative to the in-vacuum operation. Such chambers, with
aminimum beam stay clear (BSC) aperture of 5 mm, have
been developed at APS[21]. Because of the short bunch
length at SLS (4.4 mm), the taper transition has been ex-
tended (see Fig.2) to keep its impedance below 1 mS.

4 HIGH HARMONIC OPERATION

Short period undulators extend the high brightness radia-
tion into a region otherwise only accessible using lower
brightness wigglers. Small gap in-vacuum undulators are
under construction at ESRF (g, A, (mm): 6,17; 6,17; 6,18
and 6,21) and at SPring-8/SL S (8,24) or planned in the near
futureat SLS (4,17), NSLS (2,12.5) and ALS (5,20). For
photons up to 18 keV the 9th/11th harmonic output of an
hybrid in-vacuum undulator (period 17 mm, gap 4 mm,
phase error 2° rms, K. ;;=1.46 (SmyCo;7)) will be used
a alater stage at SLS (2.4 GeV). In Fig.3 the brightnessis
compared to an aternative 21.5 mm device (K .y y=1.48)
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Figure 3: Hybrid U17 in-vacuum (gap: 4 mm) vs. hybrid
U21.5 out-of-vacuum undulator (gap: 6.5 mm, BSC aper-
ture: 4 mm).

operated out-of-vacuumwith the fixed BSC aperture cham-
ber shown in Fig.2. The gap taper has to be controlled
within 5 um. If a 14 mm period in-vacuum SC undulator
(1.5 T) indeed becomes available in the future, the bright-
ness at 5-20 keV could further be increased significantly
(Fig.4).

Undulators with low phase (multipole) errors cause a
minor reduction in brightness. It is rather the emittance
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(e = o’o) and the energy spread of the electron beam
which cause a significant reduction in intensity which in-
creases with harmonic number. The brightness reduction
factors for the proposed SLS U17 undulator due to various
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Figure 4: Hybrid U17 in-vacuum (gap: 4 mm) vs. U14 SC
in-vacuum undulator (gap: 4 mm).

effects are compared in table 1. The on axis flux density
Foo:= d®N/dt(dw/w) dQ |9—o [photons/sec/mrad?/0.1%
bw] has been calculated numerically[22] including (i)
phase errorsin arealistic undulator field, (ii) electron beam
emittance (e=4.8 nm-rad, 5,=1.2 m, 3,=2.6 m, coupling
1%) and (iii) energy spread (AE/E=0.09%). The natural
brightnessis defined asB,,=Fyo/2r02 and 0., = V2AL /27
(0= \/A/2L). Anindependent analysis with similar re-
sults has been published earlier[5].

Table 1. SLSU17 Undulator: Brightness Reduction

N hv Foo B, o’ ) AE/E
[keV] 1);2)

1 15 | 21E+18 | 42E+21 | 27E-1;87E-1
3 4.6 21E+18 | 1.3E+22 | 1.5E-1;5.0E1
5 77 | 14E+18 | 14E+22 | 1.1E-1;3.3E-1
7 108 | 8.1E+17 | 1.1E+22 | 87E-2;25E-1
9 139 | 43E+17 | 7.7E+21 | 74E-2;20E-1
11 | 170 | 22E+17 | 48E+21 | 6.3E-2;1.6E-1
13| 200 | 1.1E+17 | 28E+21 | 54E-2;14E-1

5 HIGH HARMONIC SUPPRESSION

Contamination of higher harmonics transmitted by the
monochromator can be a major problem in certain ex-
periments. Since Sasaki and coworkers, in analogy to
a 1-D quasi-crystal, proposed the quasi-periodic undula
tor scheme to solve this problem, field amplitude mod-
ulation instead of periodicity modulation has been pro-
posed by ELETTRA and successfully tested at ESRF (see
[5]). Quasi-periodic amplitude modulation is more practi-
cal and can be accomplished by vertical magnet block dis-

224

Table 2: U17 brightness reduction: continued

Phase Phase Beam All

Error Error SizeY | Factors
1®2) | 3)2° rms | 4) 4 rms 5) 1)-3), 5)
24E-1 1.00 0.99 73E-2 | 1.7E-2
10E-1 0.99 0.95 28E-2 | 28E-3
58E-2 0.97 0.87 18E-2 | 1.0E-3
3.7E-2 0.95 0.76 13E-2 | 46E-4
26 E-2 0.93 0.64 10E-2 | 24E-4
19E-2 0.90 0.51 83E-3 | 14E-4
14E-2 0.88 0.31 71E-3 | 87E-5

placement, both for PPM (ELLETRA, ESRF) and hybrid
(BESSY I1) devices, or by current modulation of selected
pairs of poles, inthe case of EM IDs (SLS). Theresultisa
spectrum consisting of a number of discrete lines, but not
at harmonics of the fundamental. Quasi-periodicity can be
integrated into eliptical structures. The device presently
under construction at ELETTRA has the added feature of
being an APPLE-II structure. According to calculations,
rejection is achieved in the linear, elliptical and circular
modes, even when the flux isintegrated over afinite accep-
tance angle[5]. The EM elliptical polarized twin-undul ator
under construction at SLS is capable of producing peri-
odic circular fields as well as quasi-periodic linear polar-
ized fields. A factor of 10 reduction in the ratio of the 3rd
and 5th harmonic intensities to the fundamental has been
calculated, close to what has been measured at ESRF. After
the monochromator the harmonic contamination is reduced
to 0.3%.

6 VARIABLE POLARIZED LIGHT

Experiments which aim at measuring dichroic signals from
magnetic surfaces or chiral molecules need oppositely po-
larized, rapidly switched photon beams under otherwise
identical conditions. IDs for polarized radiation have been
developed (1) as pure electromagnets, (2) as PM devicesor
(3) a combination of both. For polarization switching two
general concepts exist: (1) Pulsed operation of 1Ds of type
(1) and (3) in the range 10-100 Hz, or mechanical 'shift
operation’ of type (2) in the range 0.1-1 Hz. (Il) Static
operation of twin-undulatorsin conjunction with static (or
pulsed) chicane magnets with switching rates of 1-100 Hz.

Type (1) devices have been built at ELETTRA (EM -
liptical wiggler, 100 Hz), at LURE (Onuki-type undulator
capable of producing any polarization state, 0.5 Hz) and
recently in an APS/BINP collaboration (undulator, 10 Hz).
A dlipticaly polarized EM twin-undul ator will beinstalled
at SL S (not pulsed, magnetic design identical to the ELET-
TRA device). Type (3) devices are operated at NSLS and
APS (eliptica multipole wigglers, 100 Hz, developed in
an APS/BINP/NSLS collaboration) and at ESRF (undula-
tor, 10-100 Hz). A disadvantage of pulsed EM devicesis
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that close to 100 Hz the transient regime is reached which
causes energy shifts in an undulator spectrum. In addi-
tion, to keep the residual electron beam displacement be-
low 5 um, elaborate DSP-controlled ID compensation and
dynamic orbit correction are needed to minimize field er-
rors caused during switching or influenced by eddy current
effects.

Type (2) planar helical devices are now planned at sev-
eral laboratories. In afew cases, twin-undulators are used
in combination with either a static (ESRF, BESSY 11, SLS)
or pulsed (Spring-8) chicane to tilt or displace the electron
beam. Such a scheme has advantages over a pulsed ID op-
eration. Today the APPLE-II structure has amost become
the standard for planar helical undulators (as recently pro-
posed [16] linear polarization with any orientation is also
possible). Although field measurement and optimizationis
more difficult compared to a non-helical planar device, re-
cent results at ALS, BESSY I, ELETTRA and TLS show
that the field quality is sufficient to allow use of the 3rd
and 5th harmonic in the linear and eliptical modes. The
end-field compensation for a combined gap and shift pa-
rameter changeis not always sufficient. At ALS both local
orbit correctors and 2-dimensional feed-forward correction
tables are used to reduce orbit distortions of +£200 pm ver-
tical and +100 pm horizontal to the +3 um level during
row shift for a polarization change. At BESSY |II, two
twin-undulators with a chicane are now in operation. At
SPring-8, ahelical twin-undulator is operated with apulsed
chicane (10 Hz), where the helicity is reversed without a
nominal changein the lateral position.

Phase Matched Mode

Figure 5: Twin-undulator operation modes.

For dichroism experiments, theflipping ratio error isamin-
imum at maximum polarized flux P2-1. For a polarized flux
ratio of 10~3-10~* the source should be inherently stable
to avoid polarization changes and energy shifts. For this
reason, statically operated twin-undulators are used. The
electron beam can betilted (BESSY 1) or displaced (SLS,
Fig.5) using static chicane magnets to separate the two ra-
diation beams with opposite polarization. A mechanical
chopper is used for the polarization switching. In the par-
allel displaced mode, not only are the same optical compo-
nents used in the beamline, but the same ’footprint’ on the
optics. Whereas in the tilted mode both foci overlap at the
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sample, in the parallel displaced mode the overlap of both
beams at the sample is shifted by 150 ;m with repect to
the foca plane, leading to a vertical and horizontal beam
size of 75 pm and 150 pm (FWHM) respectively (Fig.6).
If both undulators are combined in the 'phase matched
mode’, the sample is again in focus and sees a size of 50
pm x 60um. A fast mechanical chopper (1-10 kHz) will be
used at the intermediate, closely separated (400 pm) foci.
In case of normal incidence optics, an optical delay (5 ns)
could be installed in one branch to reach very high switch-
ing rates (200 MHz).

Figure 6: Helicity switching: tilted vs. parallel beams.

7 LONG IDS

To increase the brightness beyond its present level, the first
of three 25 mlong in-vacuum undulatorswill beinstalled at
SPring-8 during the summer 2000. The undulator consists
of 5 standard PPM in-vacuum devices joined in a continu-
ous structure, operating with a variable gap.

For single pass, high gain SASE FEL s, which reach satu-
ration after exponentia growth at wavelenghtsas short as 1
A, the undul ator length is 10-15 times the gain length (typ-
ically 4-11 m). The SASE undulators studied so far[1,19]
would have a period of 25-50 mm with a deflection pa-
rameter K=3-4 at gaps of 6-12 mm. The shortest (longest)
gain length is reached by the most (least) efficient tech-
nology, namely the SC (room temperature EM) technol-
ogy. Both for the PM and SC technologies, helical undula-
tors always yield a shorter gain length than planar devices.
The reduction of saturation length to be expected from a
smaller gap undulator scales proportionally to the corre-
sponding reduction of the undulator period[19]. Strong fo-
cussing isrequired, and optimum gain is obtained with beta
functions of 10-20 m. A segmentation of the undulator is
therefore possible, with segment lengths of 2-5 m and a
0.2-0.5 m space in between to alow for the installation of
diagnostic stations and quadrupoles (50 T/m) in aperiodic,
strong focussing FODO lattice. As an option, a distributed
FODO lattice (alternating gradients of about +-20 T/m) can
be superimposed on the undulator field[18]. Because the
superimposed quadrupole magnets contribute dipole errors
which significantly complicate the engineering of the un-
dulator, a regular, lumped FODO lattice is preferentially
considered with the additional advantage that beam based
aignment methods can be applied. To generate tunable
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SASE radiation by varying the field in a segmented undu-
lator, additional magnets for phase correction between the
segments are needed (similar to the phase matched opera-
tionin Fig.5).

Compared to IDs for storage rings, phase errors and in-
tegrated multipole errors are less critical. The greatest dif-
ficulty isto keep the electron beam straight within 5-10 um
over the gain length to guarantee adequate overlap between
the electron and photon beams. The field on axis therefore
has to be corrected to alevel of 3 kGem?, and the (tapered)
gap must be controlled to within 5 um (as for the high har-
monic operation discussed in section 4.). The crucial prob-
lem of aligning a 100 m long undulator is beyond the scope
of this paper and will not be discussed further.

8 NON-STANDARD IDSAND IDEAS

Femtosecond bunch dlicing demonstrated at ALS with a
bending magnet as the radiator, can be used to generate 0.2
ps x-ray pulses with higher brightness from an undulator
installed in a straight section with modest (vertical) disper-
sion. The average brightness at 2 keV, with a 10 W laser
(Ti:Sapphire, 800 nm, 50 fs, 10 kHz) and a small gap in-
vacuum undulator (20 mm period, L=1m), would be2 10 1!
photons/'s/mrad?/mm?/0.1%[23]. At SLS (2.4 GeV) the
3rd harmonic (250 nm, 200 fs, 10 W, 10 (100) kHz) would
have to be used to achieve resonance with amodul ator wig-
gler (75 mm period, 25 periods, L=2 m, K=17) - adevice
close to the wiggler currently under construction for the
SLS Material Science beamline. If such amodulator would
be installed, together with a (polarized) twin-undulator as
theradiator, inasinglelong (10 m) straight section in order
to minimize bunch lengthening effects, two (opposite) cir-
cular polarized X-ray pulses with the time structure shown
in Fig.7 could be generated.

‘ 10m long straight: vert, Disp. D= 5-10 cm

Twin Undulator
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s
’ [y 1 UL
UU delay: 0-10ps
3| |l 2001s
A 20018 ® E+20MeV
2 30 pS ——
o E-20MeV
g
3
> Je < 4001 05-10ps [

1 10- 100 ps |

Figure 7: Twin-undulator with sub-picosecond pulses
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