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Abstract
Five SASE FEL’s and five spontaneous undulator systems are proposed for the FEL lab at TESLA. The SASE
systems are the longest. Their total length can be in excess of 300m. In order to keep the beam size small over
the whole system a strong focusing FODO lattice is needed. The parameters for the X-ray FEL’s allow to
separate between the undulators and the strong focusing. This has the advantage that the undulator system may
be segmented into 5m long undulator segments and 1.1m long intersections, which include the FODO
quadrupoles.
For most of the undulator systems the wavelength will be tunable. This is done by tuning the gap at a fixed
energy. As a consequence the proper phasing of radiation emitted by individual segments becomes gap
dependent too. In order to get the proper phase match, the electron beam has to be slightly delayed so that
radiation emitted by the poles of one segment has a phase delay of multiples of 2π with respect to radiation
emitted by the poles of any other segment. For TESLA a phase shifter for the SASE5 undulator system has the
worst case requirements since this device has the highest period length, K parameter, operates at the longest
wavelength and its wavelength is tunable by a factor of about 6.3. In this report a prototype design is proposed,
which can be used at the SASE5 system and allows tuning over the full wavelength range. Properties are derived
using analytical formulae. A design for a small electromagnet which can be used for the phase shifter and does
not need water cooling is presented as well.

Introduction
For the TESLA project five SASE FEL’s are planned in total /1/. A summary is also given in /2/ as well. In
addition there will be five spontaneous radiators, which will use the spent electron beam of three of the SASE
FEL’s. From the standpoint of undulator design and the basic working principle there is no significant difference
between SASE and spontaneous undulators. Therefore no special distinction is made. Table 1 gives an overview
over the devices and their parameters which are planned for the TESLA FEL laboratory.

Fig1. Three 5m long undulator
segments with intersections give an
impression how a full system with up
to 54 segments will look like.
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There will be only four different types of devices. This is a situation commonly found on small XUV
synchrotron radiation (SR) sources. The difference is however the sheer length required by the SASE process.
The length of a single X-FEL is about twice the total length of the total undulator length in a 3rd generation X-ray
machine such as ESRF, APS or Spring8. Fig. 1 shows three undulator segments out of a much larger system as it
is proposed for the TESLA X-ray FEL’s. The whole undulator is composed out of 5m long so called undulator
segments followed by 1.1m long intersections. For gap adjustable systems an intersection contains a quadrupole,
a beam position monitor, corrector magnets and a phase shifter. See also appendix A.
There are different ways to design a phase shifter. A chicane using rotatable permanent magnets has been used
for phase matching two segments of a helical unduator system for BESSY /3/. Because no iron is used this
system has no hysteresis. It nevertheless produces stray fields and requires control of six rotational axes. A more
conventional and economic way is a three magnet chicane using electromagnets. Phase matching is obtained by
properly changing the excitation of the coils. This report deals with the properties of such a chicane as needed
for the SASE5 undulator system at TESLA.

Basic formulae
In an undulator the radiation wavelength is given by:

(1)
( )

2

2

2

1

γ
λλ RMSu

R

K+⋅
=

Here λ0 is the period length, γ is the kinetic energy of the electrons measured in units of its rest mass. The K
parameter is most universally defined via the RMS value of the magnetic field.
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For planar periodic fields with purely sinusoidal variation it is

(3) MaxRMS KBKB ),(
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Here e is the electron charge, me its mass and c is the speed of light.
In an ideal device the radiation emitted by different periods always has a phase difference, which is a multiple of
2π. In reality, however, the field is not purely periodic in addition there might be beam wander resulting from
residual field errors. A more general treatment is required, based on the radiation integral, which is derived in ref
/4/. Based on ref. /4/ a comprehensive treatment of emission properties of insertion devices has been done by
Walker /5/. He demonstrated the importance of the optical phase, which is the exponent of the radiation integral.
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Here ω is the frequency of the emitted light, n
�

is a unit vector describing the observation direction and )(tr
�

describes the electron trajectory in the magnetic field. In the forward direction, along the symmetry axis of the
undulator the optical phase can be expressed as /5/:
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Here z = ct ; λR is the radiation wavelength and x’ is the electron’s deflection angle. The two terms in the bracket
have some descriptive meaning: The first gives the contribution to the phase if the electron travels just a distance
z in free space. The second represents the additional contribution of a magnetic field to the phase delay. x’ can be
derived from By(z) by:

(6) ∫
∞−

=
z

y
e

dzzB
cm

e
zx ')'()('

γ
By means of eqs 5 and 6 the optical phase can also be evaluated from measured magnetic field data. In ref /5/ a
detailed description on the phase analysis of insertion devices is given. Eqs (5) and (6) can also be used for
treating the phasing problem between individual undulator segments (see below). Another application of eq 5 is
the phase adjustment between undulator segments by means of an active phase shifter. The trajectory in a
symmetric three magnet chicane is sketched in Fig. 2 a). A magnet creating a bend α is followed by a second in
a distance ∆l with a bend -2α . The third of strength α , the same distance apart, bends the beam back to the
axis. The center magnet which requires double strength is most easily made with twice the iron length. The
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design of a suitable chicane magnet is described in Appendix A. Using eq 6 the bend angle α might be
calculated:

(7) [ ]TmmlBlB
cm

e
mm

e
00

586.0

γγ
α == for α in rad

Here B0 is the field in the magnet and lm its magnetic length, which differs from its mechanic length. For
simplicity the short magnet approximation is used. It means that lm is small as compared with the length of the
system and a real trajectory can be approximated by the polygon in Fig 2a). In a realistic system lm is in the order
of a few centimeter and the overall length is about 0.3m.
By using eq 5 the phase change after the third magnet due to switching on the magnetic field may be calculated:

Fig. 2:
a) Electron trajectory in a symmetric three magnet phase shifter.

in the short magnet approximation.
b) Phase advance in the phase shifter.
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To give an impression on the magnitude, the phase delay with parameters similar to those needed for the SASE5
system at TESLA is calculated: ∆ϕ=2π results for λR=2.5nm, ∆l=0.1m, lm=50mm, γ =46000 and a field of
0.248T.

Required tuning range
Fig. 3 shows a schematic field distribution of two undulator segments, which are separated by a ‘separation
distance’ L. L in this example is measured by the distance from the end pole in one segment to the end pole in
the next segment. The field is cos like, the end poles in Fig 3 are have full strength but half length only. This
simplification makes the formulae more manageable. In a real structure the full poles inside the structure are
taken as reference and for constructive interference the phase shift is increased by a suitable multiple of 2π . In
the simplified case below only radiation of both end poles must interfere constructively. This can be described
by the phase condition:

(9) ( ) η
λλγ

=
+

=
2

0
2 12 RMSR K

LL
; ∆ϕ[rad]=2π η

for proper phase matching ηmust be an integer. Eq(9) shows, that the phase match changes if the field strength
and therefore λR or equivalently KRMS is changed. For SASE5 ( see table 1) with L=1.1m, γ =46000 and
λR =2.5nm one obtains η=0.104 or a phase delay of the radiation between the two end poles of 0.653 rad or

37.4°. In order to reestablish proper phasing the electron beam has to be further delayed by an amount :
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which is 322.6° plus a multiple of 360°. The inequality on the right side has to be fulfilled, since electrons can
only be further delayed. In principle the phase could also be matched by increasing L, but for the above example
2 γ 2λR=10.6m, which is a too large number. A special situation might occur for short wave lengths when η>1.
In this case the phase delay between end poles is already larger than 360° and the delay has to be ν* 360° with
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Fig. 3: Schematic field distribution of two undulator segments separated by a distance L
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Table 2: Phase shifter requirements for the SASE5 undulator at TESLA which is the worst case.
γ=46000, L=1.1m. The coil excitation NI versus Blm are calculated for the magnet design described in
Appendix A. The wavelength range correspond to the tunability range of SASE5

ν= 1 ν=2 ν=3
λλ

[nm]
∆ϕ
[°]

∆ϕCorr

[°]
Blm

[Tmm]
NI
[kA]

∆ϕCorr

[°]
Bm

[Tmm]
NI
[kA]

∆ϕCorr

[°]
Blm

[Tmm]
NI
[kA]

3.0 31.2 328.8 13.0 1.69 688.8 18.8 2.45 1048.8 23.2 3.02
2.5 37.4 322 11.7 1.52 682 17.1 2.23 1042-0 21.1 2.75
2.0 64.7 313.3 10.4 1.35 673.3 15.2 1.98 1033.3 18.8 2.45
1.5 62.4 297.6 8.7 1.13 657.6 13.0 1.69 1017.6 16.2 2.11
1.0 93.6 266.4 6.8 0.886 626.4 10.4 1.35 986.4 13.0 1.69
0.5 187.1 172.9 3.85 0.502 532.9 6.75 0.88 892.9 8.74 1.14
0.4 223.9 136.1 3.05 0.397 496.1 5.83 0.76 856.1 7.65 1.00
0.3 311.9 48.1 1.57 0.205 408.1 4.58 0.60 768.1 6.28 0.82
0.2 467.9 - - - 252.1 2.94 0.38 612.1 4.58 0.60
0.1 935.7 - - - - - - 252.1 2.94 0.38

ν=2 or even larger. For a wavelength tunable device ηmight be < 1 for the long wavelength but > 1 for the short
wavelength. This means that at the long wavelength λR 1 the phase angle ( 1-η1 )*360° is missing for full
constructive interference. For the short wave length at λR2 with, for example, 1 < η2 < 2 a correction phase of
( 2-η2 )*360°is needed. Thus one can in principle correct for 360° at λR 1 and for 720° at λR2 . But then a
discontinuity in the excitation of the chicane has to occur at:

(11)
22γ

λ L
R =

Due to hysteresis in the coils discontinuous excitation should be avoided. This can be done by designing the
chicane for a suitable larger tuning range. The number ν has to be chosen, so that for the whole range for
λR1 ≤ λR ≤ λR2 the phase shift to be corrected for ∆ϕCorr >0.
If ν>1 the phase delay of the chicane needs to be larger. The required magnet strength of the chicane can be
calculated by using eq (8)

(12)
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For the undulator systems for TESLA, SASE5 has the toughest requirements on the phase shifter.
Table 2 gives an overview over required magnet strengths and corrector coil excitations as a function of λR.
Three cases for ν=1,2,3 are calculated. Fig 4 shows graphs of these relations. In Appendix A a magnet design for
the magnets of the phase shifter is presented. It is the basis for the relationship between the required magnet
strength and coil excitation, which is assumed in Table 2 / Fig. 4. It is seen in Fig 4 that the higher ν the higher
the tuning range and the higher the magnet strength required for the chicane magnet. However the tuning range
for SASE5 from 0.4 to 2.5 nm can still be covered with ν=1.
The formulae given above give good estimates. However, one should be aware of the limitations. First, in order
to estimate the required tuning range of a given magnet structure eq(11), (12) give a good estimate. However the
field distribution of real end poles does not look like the one in Fig. 3 and might even be more complicated if the
gap dependence is taken into account. For a truly quantitative estimation the phase delay between two undulator
segments has to be calculated using eq(5). Then the full poles in the structure have to be taken as reference for an
undulator segment with a real end pole configuration. Second by using the short magnet approximation for the
chicane magnets some errors are introduced as well by applying eqs (8), (12). For designing the chicane the
results presented in this report are fully sufficient. For the proper phase matching however one has to rely on
measured magnetic field data anyhow.
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Appendix A : Design of a phase shifter magnet using RADIA
A prototype magnet for the chicane of a phase
shifter has been designed. The core is made
ARMCO iron with a cross section of 55 by 55mm.
The gap is 12mm, which is the same as used in the
SASE undulators. The coil around the yoke has a
cross section of 2500 mm2. Fig A1 shows a 3D view
of this magnet. It is one of the single strength
magnets of the chicane, which are used at the begin
and end. The center one, which needs twice the
strength, can be made by doubling the iron length.
To prevent saturation on the edges there is a 5mm
chamfer. Fig A2 shows a technical drawing of the
magnet. The properties of this magnet have been
calculated using RADIA. Fig. A3 shows the
excitation curves for the magnetic flux density and
the total field integral, which is called magnet
strength. A comparison with the required magnet
strength in table 2 shows that the magnet will be
operated in the linear regime with a maximum
excitation of about 3 kA. The linearity in this regime
is very good, the slope is 7.67 Tmm / kA. The
magnetic length has been determined by comparing
the two curves in Fig A3. Its value is 77.9 mm. In

Fig.4: Required magnet strength and coil excitation as a function of the
radiation wavelength for the SASE5 undulator system for TESLA
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the linear regime the magnetic flux density in the gap can be estimated by the field integral along a field line:

A1) ∫ ∫ ∫ ⋅=⋅=+=⋅ IN
BgBdlBdl

sdH
Iron Gapr 000 µµµµ

�

�

µ0=4π*10-7 Vs/Am, B is the magnetic flux density and g is the gap. The iron integral can be neglected as long as
the µr is very large, which is the case in the linear regime. Solving for B one obtains:

(A2) ][105.00 kANINI
g

B ⋅=⋅=
µ

for B in Tesla

Fig. A2 Design sketch of the prototype
phase shifter magnet

Fig. A3 Excitation properties of the
prototype magnet. Peak field in Tesla
(left scale) and total magnet strength in
Tmm (right scale) are plotted as a
function of the excitation current. From
these two curves the magnetic length
has been determined as 77.9 mm. It is
independent of the excitation current.
The lower figure shows a ten times
enlarged view of the linear regime up
to 5 kA, which is important for the
operation of this magnet.0 10 20 30 40 50

0,0

0,2

0,4

0,6

0,8

1,0

M
agnetS

trength
[T

m
m

]

F
lu

x
D

en
si

ty
[T

]

NI [kA]

0

10

20

30

40

50

60

70

80

90

100

0 1 2 3 4 5
0,0

0,2

0,4

NI [kA]

F
lu

x
de

ns
ity

[T
]

0

10

20

30

40

M
agnetS

trength
[T

m
m

]



9

Using the slope in the linear region up to 4kA as determined in FigA3
(A3) ][102.0 kANIB ⋅= again for B in Tesla

This is a surprisingly good agreement within a few percent. For the tuning range of SASE5 ( 0.4 ≤λ R ≤2.5nm )
the chicane needs to be operated at even lower excitation levels between 0.4 and 1.52 kA only. Since the coil
cross section is 2500mm2 (see Fig A2) and the current density in this case is 0.6A/mm2. The dissipated power in
the coil is given by :

(A4) 2jVP ⋅⋅= ρ
V is the volume of the coil which is 0.00105 m3 (see Fig A2). For copper the specific resistance is
ρ=1.8*10-8 Ωm. The resulting ohmic power loss for j=0.6 A/mm2 ( 6x105 A/m2) in one magnet only about
7Watts. So water cooling is not needed.
Fig. A4 gives an impression how the phase shifter is integrated into intersection between two undulator
segments. There is a common adjustable base plate supported by a stable floor stand. The three magnets of the
phase shifter are seen on the left, the quadrupole mounted on precision adjusters is in the center. It is equipped
with alignment fiducials. One of the phase shifter magnets is simultaneously used for horizontal correction.. For
vertical correction an additional but identical magnet is rotated by 90°. The vacuum system with the beam pipe,
an noble ion pump and the pumping cross is also seen.
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Fig. A4 Total view of components in the intersection between
undulator segments
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