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Abstract

The first insertion device built at LNLS was an
elliptically polarized undulator, designed to cover the
vacuum ultraviolet and the soft X-ray spectrum. Its
magnetic characterization was done using two techniques:
Hall probes, for local field measurements, and rotating
coil, operating in a way similar to flip-coil, to determine
the integrated multipoles. Final results for the phase
errors as well as the procedures used to correct the
integrated multipoles are presented.

INTRODUCTION

In the previous Particle Accelerator Conference (EPAC-
Scotland, 2006) we presented some reports [1,2] related
to the Elliptically Polarized Undulator built at the
Brazilian Synchrotron Light Laboratory (LNLS), which
has already been installed in the LNLS storage ring [3].
Now we are presenting the final results of the magnetic
measurements, and the methods used to refine the
undulator magnetic field. Basically, two techniques were
used: a rotating coil operating as a flip-coil and the Hall
probe mapping.

REFINEMENT OF THE MAGNETIC
FIELD

The undulador’s magnetic field must cause the minimal
disturbance on the stored beam and produce the highest
photon flux for any gap or phase. The mechanical design
was carefully developed to minimize errors in the
magnetic block’s position. Also, sorting codes [4] for the
magnetic block placement, based on the measured
magnetizations, were developed to reduce the magnetic
integrated multipoles and optimize the phase error [5].
Sometimes, additional techniques were employed to get
information about the non-homogeneity of the block
magnetization [6]. All these efforts lead us to an
agreement on the order of 10 T.m between the predicted
and the measured linear integrals of the magnetic field.

Even if all the magnets are perfect in geometry and
placement and they have the same magnetization, when
the phase of the undulator changes, the integrated field
also changes. This is an intrinsic magnetic effect of this
kind of insertion device and it happens because the
permeability of the blocks is different from p,. To
illustrate this effect, the undulator was simulated with
perfect magnetic blocks and relative permeabilities of
1.06 along the easy axis and 1.17 along the orthogonal
axes. Figure 1 shows the linear integration over the
horizontal component of the magnetic field (Bx) for five
different phase shifts (-25.0, -16.4, 0.0, 16.4 and 25.0
mm) at minimum gap (22 mm) as a function of the
transverse position x. It can be seen that for phase 0.0
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mm the integrated field is null. Another result is that the
vertical field (Bz) is always null, independent of the phase
shift and of the transverse position. Although this effect is
added to those caused by the magnetic block errors, it is
clearly evidenced in the measured data.
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Figure 1. Horizontal linear integrated field simulated for
the VUV undulator composed of perfect magnetic blocks.
The different phases correspond to linear horizontal,
linear vertical and circular light polarizations. This graph
is symmetric with respect to the ordinate axis centered in
x =0 mm.

Two pairs of air yoke coils (figure 2), one in each
extremity of the undulator, were used as correctors (skew
multipole correctors) to compensate the variations in the
integrated field due to the phase shift. Each pair of coils
generates a horizontal integrated field very similar to
those shown in figure 1.

The same thin blocks (vertical magnetization)
assembled in the undulator termination have been used to
correct the normal and skew linear multipoles in the 0.0
mm phase shift (figure 2). Such magnetic arrangement
has been denominated “magic pads”, a rough version of
the magic fingers [7]. When the phase changes, part of the
linear integrated field variation comes out because of the
permeability effect previously described.

Virtual shims, with displacement freedom of 0.5 mm in
both transverse directions, were used to reduce the
radiation phase error, while the linear multipoles were
always kept within specifications. These multipoles
showed low sensitivity to the shimming procedure;
therefore, small modifications on the original magic pads
arrangement were required. 300 displacements were
necessary to reach 3° of radiation phase error averaged on
phase shifts and gaps, and 560 to reach 2°.

Another important feature of this kind of undulator
concerns the dynamic multipoles, initially discussed in
reference [8]. The expression of the dynamic multipolar
expansion (normal or skew) is obtained looking at angular
deflections (horizontal or vertical), calculated by a
tracking code, as a function of the transverse position X.
Such deflections are transformed in linear integrations of
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the magnetic field, which will be able to deflect the same
angle. Depending on the transverse position of the beam
and on the undulator phase-shift and gap, the angular
deviation predicted by the linear integration approach can
show discrepancies of about 8x10” T.m when compared
to the dynamic calculation.
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Figure 2. End field structure for multipole corrections.
The normal correctors could eventually be used as
steering magnets.

This dynamic magnetic effect has its roots in the
coupling of the speed (v, vy) with the field components
and it would be present even if the magnets were perfect.
For vertical field phase (0.0 mm), the coupling is between
vyB,, in regions of transverse B, gradients; for horizontal
field phase (25.0 mm) the effect arises from v,B,, and for
intermediate phases, it is a composition of both couplings.
So, it is another intrinsic magnetic effect associated to
EPUs (APPLE-II) undulators. Figure 3 shows the
dynamic integrated fields for the phases 0.0 and 25.0 mm
calculated for the undulator composed of perfect magnets.

Two methods were proposed to keep the dynamic
multipoles within multipolar specifications for any phase
or gap. The first one was based on the L-shims [8] and the
second on couples of small coils. Eight L-shims were
applied, two in each cassette at the last periods to
minimize their disturbances over the radiation phase error.
Figure 4 shows how the L-shims reduce the dynamic
multipoles for phase 25.0 mm (horizontal field), which is
the worst case. This profile and amplitude are retained for
any undulator phase shift.

Another very efficient way to reduce the dynamic
multipoles is by placing four small coils at the ends of the
undulator (figure 5). However, this solution is much more
complex, due to either the coil manufactures or the need
of two power supplies, one for each set of diagonally
opposite coils. Such configuration allows to correct
dynamic multipoles for cassette displacements, happening
either in parallel or anti-parallel directions during the
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undulator phase shift. The L-shim was the solution
adopted, for its easier implementation.
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Figure 3. Integrated fields related to horizontal angular
deflections, as a function of the transverse position (x).
The wvertical angular deflection (integration over
horizontal component Bx) is very close to zero for any
phase shift.
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Figure 4. Graph showing the reduction of the dynamic
multipoles due to L-shims and their dimensions.
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Figure 5. Coils for dynamic multipole reduction. The
main dimensions of each coil are 8mmx10mmx35mm.
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MEASUREMENTS AND FINAL
RESULTS

The set-up for undulator measurements has already
been introduced in ref [9]. The rotating coil operated as a
flip coil because only the dipolar components of
multipolar expansion were taken into account, when the
coil was transversally displaced in the horizontal (x)
direction. Such dipolar components are calculated from
the fast Fourier transformer applied on the induced
voltage signal, while in the flip-coil the dipolar integrated
field is the average over the coil diameter. Figure 6 shows
the linear integrated fields before the L-shims installation
and table 1, their respective multipoles.
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Figure 6. Normal and skew linear integrated fields for
some undulator phases at minimum gap.

Table 1. Multipolar coefficients for the curves shown in
figure 6.
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Table 2. Multipolar coefficients based dynamic integrated
fields for the graphs presented in figure 7.

Phases

Normal Multipoles 0.0 16.39 25.0
Dipole [T.m] 3.6x107° 1.3x107 -1.6x107
Quadrupole [T] -45x10° | 2.8x107 43x107
Sextupole [T/m] -23x107T | -5.7x1072 1.5x10"
Octopole [T/m?] 9.9x107" | -1.9x107 | -3.1x10™

Skew Multipoles 0.0 16.39 25.0
Dipole [ T.m] 3.1x10° | -1.1x10° | -7.6x10°
Quadrupole [T] -6.7x10° | -54x10° | -5.1x107
Sextupole [T/m] 5.7x107 1.5x10™ 7.6x107
Octopole [T/m?] 6.9x107 | 6.4x10" 5.8x10""

The radiation phase errors, including all gaps and
phases of interest, had an average value of 2 with a
standard deviation of +1°,
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Dynamic Integrated Field for Different Phases at Minimum Gap
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Figure 7. Dynamic integrated field for different phases at
minimum gap.
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