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Abstract

In order to get the field quality required for the undulator of the TESLA Test Facility Free Electron Laser
(TTF-FEL), two steps have been foreseen. The first step is to sort the magnets in such a way that the resulting
field quality is as good as possible with the magnets at hand. The second step is to use techniques such as pole
height adjustment and/or shimming to tune both x and y field components to the required specifications. The
main purpose of the magnet sorting is to minimize corrections in the second step. Therefore, two transverse
components of the field, ideally zero, are minimized by this procedure.

In this paper we outline the magnet sorting procedure using simulated annealing. For the three undulator
segments for phase I of the TTF-FEL geometrical constrains were properly taken into account. The results
obtained for the magnets being used are presented.

1. Introduction

The goal of the TTF-FEL [1] is to supply
future users with VUV radiation, down to a
wavelength of 6 nm. It will operate as a sin-
gle pass device starting from noise, the so-
called Self Amplified Spontaneous Emission
(SASE) regime [2,3]. The electron beam will
be supplied by a low emittance photo cathode
gun and accelerated by a high-gradient su-
perconducting accelerator. In order to get the
desired peak current of 2.5 kA, the electron
bunches will be compressed in three stages.
The radiation will be produced in an undu-

lator with a superimposed alternating gra-
dient (FODO) focusing structure. In order
to test these components at an early stage
and prove the SASE principle in this wave-
length range, first tests will be performed
with only three accelerating modules in place
(Eb < 390MeV), two bunch compressors,
resulting in a peak current of 500 A, and half
of the undulator consisting of three segments.
Parameters are given in Table 1.

In order for the radiation to reach satura-
tion within the given undulator length, we
have to guarantee a close overlap between
electron beam and radiation field. Earlier
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Table 1
Undulator and electron beam parameters for the TTF FEL (Phase
I).

Electron beam
Peak current 500 A
Normalized rms emittance 2� mm mrad
rms energy spread 500 keV
average beam size 70�m
undulator
number of segments 3
length of segment 4.4922 m
period length 27.3 mm
undulator peak field 0.497 T
length of quadrupoles 136.5 mm
number of quads./segment 10
distance between quads. 341 mm
quad. gradient 12.5 T/m

simulations have shown that this can be
achieved if the electron beam does not de-
viate from its ideal trajectory by more than
20% of its rms beam size, i.e. 10 to 12�m in
case of the TTF-FEL [4]. Although corrector
stations are foreseen along the entire undu-
lator to correct possible errors, one should
still make the undulator quality as good as
possible in order to keep corrections small.

Undulators are manufactured from indi-
vidual parts like permanent magnets, soft
iron poles, holders etc. which cannot be pro-
duced to be absolutely perfect. Mechanical
parts contain dimensional errors typically in
the order of 20 to 50�m. By way the largest
error source is the magnetic material itself.
Its magnetization typically differs by �1%
and the angle of magnetization may vary
by as much as �2 � 2:5Æ. Furthermore the
material can be inhomogeneous. In order to
obtain a perfect undulator field two steps
seem reasonable. In the first step, the influ-
ence due to imperfect magnets is minimized
by sorting magnets in such a way that errors
from different magnets mutually cancel. To
do so each magnet has to be measured and

characterized. The magnetization, angular
deviation from the nominal direction and its
homogeneity is measured and characterized
by a set of numbers. These numbers are in-
put in a sorting algorithm using the method
of simulated annealing [5–7]. The algorithm
exchanges and flips magnets to optimize a
goal function which has previously been de-
fined and will be described in detail below.
This paper deals with the sorting of the mag-
nets for the undulator for the phase I at the
TESLA Test Facility consisting of three un-
dulator segments. Each of them is 4.4922 m
long and consists of 652 magnets that have
to be sorted. For the second step of optimiza-
tion, pole height adjustment and shimming
will be used to compensate remaining errors.
These issues are not subject to this paper and
have been presented elsewhere [8].

2. Procedure for magnet sorting

The main problem in sorting the magnets
is their large number. For the TTF-FEL un-
dulator structure, each undulator consists of
652 magnets. Checking all possible configu-
rations would clearly be impossible. There-
fore, we use a method referred to as simulated
annealing. This method uses random changes
in the order in which magnets are placed. Ev-
ery change made is checked against a prede-
fined function which is to be minimized.

The whole TTF-FEL phase I undulator
consists of 3 segments with 652 identical
magnets each that have to be sorted. Conse-
quently, all magnets can be placed at an ar-
bitrary position in any of the three undulator
segments. For reasons of logistics (keeping
track of all magnets while actually building
the undulator) it has been decided to divide
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the total number of magnets available (2022
in this case) in three equal parts, optimizing
each undulator using only one third of the
magnets. Although this limits the possible
configurations, the desired accuracy can still
be achieved, as will be shown in this report.
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Fig. 1. Layout of the TTF-FEL undulator.

At a specific position in the undulator, the
field direction of the magnet is given (see
Fig. 1). At this position, the magnet can only
be rotated by 180 degrees around the axis in
the direction of the main field. This rotation
will be referred to as a "FLIP" of the magnet.
Flipping a magnet is the only operation that
can be performed on a single magnet with-
out changing its location. One can also in-
terchange the position of two magnets. Since
at each position the main field direction is
given, this operation is unique except for a
possible flip of one or both magnets. How-
ever, since it is always possible to flip after-
wards, this has no consequence. For conve-
nience, it is assumed that a flip is connected
to a position rather than to a magnet. Note,
that since in general there are more magnets
available than needed, one can also change
a magnet inside the undulator with one that

was not used so far. Consequently, the final
magnet distribution will not include magnets
which have the worst quality. To summarize,
there are two possible (fundamental) opera-
tions possible, namely flipping one magnet or
changing the position of two magnets. From
a given distribution of magnets, the undulator
quality can sometimes only improve after two
or three of the above mentioned operations.
The advantage of simulated anneal is that it
allows the quality to get worse within given
boundaries. A number of subsequent changes
is abandoned only if the quality does not im-
prove after several operations. The procedure
starts again from the best undulator quality
thus far. Although the final solution does not
always give the absolute best undulator qual-
ity, results will show that the improvement is
adequate for the TTF-FEL undulator.

Fig. 2. Labeling and block coordinate system for the magnets.
Indicated are the three magnetization directions and the two
magnetic field measurements. The magnet block size is 70 by
50 by 3.65 mm. Each magnet is specified by a magnet label, a
unique number for each magnet, and an orientation to specify
between the normal and flipped orientation (see text for details).

Each block magnet has three magnetiza-
tion components, Mx, My and Mz (see Fig.
2 for details). These components are mea-
sured for each magnet individually using a
Helmholtz coil setup. For the z-direction, two
additional measurements are made, namely
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B(n)
z and B(s)

z , at two geometrically equiva-
lent positions near the north and south pole
using a Hall probe mounted in a suitable fix-
ture, in order to take into account an inho-
mogeneous part of the magnetization. For an
ideal magnet, Mx and My are equal to zero
and B(n)

z = B(s)
z . The average value of the

Hall probe measurements is assumed to cor-
respond to the measured magnetization of the
magnet, i.e.

B(n)
z /M (n)

z =
Mz

(1 +B
(s)
z =B

(n)
z )

and

(1a)

B(s)
z / M (s)

z =
Mz

(1 +B
(n)
z =B

(s)
z )

: (1b)

It is easily seen that B(n)
z +B(s)

z /Mz. Sim-
ilarly, it is assumed that B(x;y) /M(x;y).

From these four values, fields can now be
calculated per half period. Each magnet pair
at position i, one of them in the lower (`)
structure and in the upper (u), results in the
following fields

Bx;i / (F`;iMx;`;i + Fu;iMx;u;i)(�1)
i :

By;i / F`;iMy;`;i � Fu;iMx;u;i :

B
(1)
und;i / (M

(n)
z;`;i +M

(s)
z;u;i)(�1)

i�1 :

B
(2)
und;i / (M

(s)
z;`;i +M

(n)
z;u;i)(�1)

i :

The factor F stands for a possible flip of the
magnet at this position. The fluxlines of the
main magnetizationMz are going through the
poles between the magnets, resulting in the
undulator field in the y-direction. The super-
scripts (1) or (2) stand for the two halfs of
the magnet pair. The pairs (1) (or (2)) at po-
sition i have to be added to (2) (or (1)) at
position i + 1 to get the field at the pole po-
sition between the two magnets. What com-

bination has to be added depends on the po-
sition within the undulator.

Now that all fields are given at the magnet
positions (Bx andBy) and at the poles (Bund),
one is able to calculate the function that has to
be optimized. One of the problems is that the
proportionality constant between magnetiza-
tion M and field B is unknown and not nec-
cessarily the same for the different field com-
ponents. The magnetic field consists of an
x-component and a y-component, of which
the latter is an addition of the direct field (y-
component of the magnetization of two mag-
nets) and the undulator field (either B(1)

und;i +

B
(2)
und;i+1 or B(2)

und;iB
(1)
und;i+1). How to add the

two sources to the y-component is unknown.
Therefore, instead of minimizing the x and y-
component of a function, three components
are minimized independently, e.g. two com-
ponents in x and y-direction, and the third
component which is related to the desired un-
dulator field (denoted as w for ‘wiggler’ in
the remainder of this report).

The question to be answered is what func-
tion has to be minimized, i.e. how to specify
the undulator quality. The most common way
to determine the quality is to specify the rms
value of the field errors, i.e. add the squares
of the deviation of the peak field every half
period compared to the average field. Simula-
tions have shown, however, that this is a very
poor parameter with which to determine the
quality [10,11]. The main parameters that de-
termine the performance of an undulator are
the phase shake and the second field integral
[4,11]. The function that has been optimized
in the report is therefore the second field inte-
gral. The phase shake is expected not to be a
significant problem for these small magnetic
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field errors.

3. General layout of the program

The program used to determine the opti-
mum configuration consists of several parts.
Obviously it has to determine the input and
output file names as well as some parame-
ters to determine what undulator segment has
to be sorted etc. Both input and output file
have the same format, consistent with the in-
formation given by J. Pflueger [9]. The rea-
son for this is that one possibly needs an
additional optimization, either because the
undulator quality is still not adequate, but
also because some magnets can be damaged
during the implementation into the structure,
in which case some magnets have to be re-
ordered. For this reason, one can specify if
certain magnets have to be excluded from the
sorting procedure. Although one could in this
case in principle completely sort the mag-
nets again according to the same procedure, it
has been found that usually it is sufficient to
change the magnet which is no longer avail-
able by another magnet that has not yet been
used. Checking only the remaining magnets
(of the order of 20) in two possible orienta-
tion is very fast in the tests performed and
so far did not increase the test function (e.g.
rms field error or second field integral) sig-
nificantly.

The files contain a magnet number with
its three magnetization components and two
values of a magnetic induction, one value at
the south pole and one at the north pole. In
addition the position of the magnets within
the total structure is given.
(1) Undulator segment number (1-3)
(2) Upper/Lower (U/L)part

(3) Module number within a segment (1-5)
(4) Magnet position within each module (1-

65) 1

(5) Magnet identification number
(6) Flipped/Normal (F/N) magnet

The first four numbers uniquely determine
the magnet position within the structure, the
fourth number determines which magnet is
at the specified position and the last number
determines the orientation of the magnet.

The core of the program consists of a few
parts. One procedure determines by invoking
a random number generator which of the two
operations, flipping a magnet or interchang-
ing two magnets, has to be performed. It also
determines, again using random numbers, at
which position a magnet has to be flipped or
at what positions magnets have to be inter-
changed. A second procedure performes the
actual operations, i.e., flipping the magnet
at the position or changing magnets at two
different positions. In addition, the magnetic
fields are changed to take into account the
changed magnets. The next procedure checks
the second field integral in three directions,
x, y and w (where w is the main magnetic
field, see the previous section). The main loop
of the program now determines if the quality
has been improved and if not, if the new con-
figuration has to be excepted anyway. This
procedure continues until no significant im-
provement is expected, e.g. no improvement
has occurred after many changes of magnet
position and orientation.

1 The last magnet pair (half an undulator period) in each undu-
lator is given separately
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4. Results of simulations for the TTF-FEL un-
dulator

For undulator I, a total of 674 magnets
are available. The distribution of x; y and z-
components of the measured flux for these
magnets is given in Fig. 3. One can also
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Fig. 3. Distribution of the magnetic flux for the 700 magnets
available for the first undulator. (a) gives the flux for the main
field component, (b) for the magnetization in the x-direction,
(c) for the y-direction. Note that these distributions are not
independent, but coupled to each other.

see that the average of the two transverse
components, x and y, is not equal to zero.
This has been checked carefully with differ-
ent Helmholz coils to exclude systematic er-
rors. The asymmetric distribution of the fields
becomes more apparent in Fig. 4. The larger
width in the x-direction is due to the fact that
the distribution consists of two Gaussians.
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Fig. 4. Distribution of the magnetic field for the first 326
half-periods of the initial configuration before sorting, normalized
to the average undulator field. The top figure (a) gives the field
for the main component, the middle figure (b) for the field in
the x-direction, the bottom figure (c) for the y-direction. After
redirection of the main field flux through the poles, this field
will be directed in the y-direction.

The electron trajectories due to these fields
are shown in Fig. 5. The rms-value of the sec-
ond field integral is given in the figure (where
wrms stands for the main undulator field). If
one includes the first magnet pair to compen-
sate the second field integral, hence having
the electron beam on axis at the end of the
undulator, all rms values become slightly less
than 50�m.

From the beam trajectories obtained with
the unsorted magnets shown in Fig. 5 it is ob-
vious that some sorting is neccessary in or-
der to keep the beam on axis. Results of sort-
ing after optimizing the second field integral
are shown in Fig. 6. Note the angle of the
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Fig. 5. Electron beam trajectories due to the field components
in Fig. 4. Calculations have been performed at an energy of
225 MeV, the minimum energy foreseen for phase I of the
project. wrms indicates the trajectory due to the deviation of the
measured field compared to the ideal undulator field, the other
two components due to the remaining error fields.
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Fig. 6. Electron beam trajectories after minimizing the second
field integral. Calculations have been performed at an energy
of 225 MeV, the minimum energy foreseen for phase I of the
project. wrms indicates the trajectory due to the deviation of the
measured field compared to the ideal undulator field, the other
two components due to the remaining error fields.

undulator trajectory. This is due to the fact
that the first magnet was not included in the
optimization procedure of the main undula-
tor field. Since adjustable magnets are fore-
seen to correct this overall initial kick the rms
value is comparable to the other two. If in-

stead of the second field integral the rms-field
error would have been used as optimization
criterium, the resulting second field integral
would be approximately an order of magni-
tude larger, even if the first magnet pair is
used for compensation. For the second undu-
lator, also the first magnet has been included
in the minimization procedure. Results are
shown in Fig. 7.
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Fig. 7. Electron beam trajectories of the second undulator after
minimizing the second field integral. Calculations have been
performed at an energy of 225 MeV, the minimum energy
foreseen for phase I of the project. wrms indicates the trajectory
due to the deviation of the measured field compared to the ideal
undulator field, the other two components due to the remaining
error fields.

One should note the following. Because of
the distribution of the field in the x-direction
(see Fig. 3 for the corresponding flux), one
basically looses a degree of freedom. Nor-
mally, in order to get a total x-field equal to
zero, one can choose two magnets with the
same x-flux or opposite x-flux. Since the dis-
tribution is not centered around zero, the sec-
ond possibility does no longer exist. There-
fore, in order to minimize the x-component
of the magnetic field, one has to choose two
magnets with the same flux. In this case, a flip

7



of one magnet is no longer possible. There-
fore, both magnets also need to have oppo-
site y-components, if that is to be minimized
simultaneously.

5. Conclusions & Limitations

As has been shown, magnet sorting greatly
improves the quality of the undulator. The
simulated beam trajectories show the devia-
tion from the ideal of only a few micrometers.
This value is more than enough for the TTF-
FEL, and would even be enough for the fu-
ture TESLA-FEL, where the acceptable tra-
jectory deviation goes down from 12�m rms
to typically 3�m.

A few remarks should be made however.
In calculating magnetic fields, it has been as-
sumed that they are proportional to the mag-
netization of the individual magnet blocks.
This assumption is no more than a first esti-
mated guess of the actual field produced by
the magnets. For example, the poles between
the magnets have been assumed to be ide-
ally placed and 100 % conducting. Hence, er-
rors that might be caused by the poles have
not been taken into account. Furthermore,
the beam trajectory calculated assumes half-
cosine fields per half period. The actual field
is more complicated. In addition, coupling of
the By field with the undulator field has not
been taken into account. The fields have been
treated completely independently. However,
if we assume that the poles can be adjusted
accurately enough for the (undulator) field er-
rors to become small, it is reasonable to as-
sume that the direct fields will give a negligi-
bly small effect. Thus the main contribution
to the trajectory deviation will most certainly
be the quadrupole misalignment, which has

not been taken into account in any of the sort-
ing procedures so far, even when they can be
aligned with an accuracy of 10�m.

As stated in the introduction, the field er-
rors dominate the geometrical errors. This
is probably no longer true after the magnets
have been sorted. Therefore, the actual elec-
tron beam trajectories might be significantly
different from those calculated assuming only
the magnetic errors. After the fields have ac-
tually been measured, one should check if
there is a strict relation between simulated
and measured second field integrals. With
this new knowledge, perhaps a refinement of
the method can be obtained.
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