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Abstract

The Linac Coherent Light Source (LCLS) generates
linearly polarized, intense, high brightness x-ray pulses
from planar fixed-gap undulators. While the fixed-gap
design supports a very successful and tightly controlled
alignment concept, it provides only limited taper
capability (up to 1% through canted pole and horizontal
position adjustability) and lacks polarization control. The
latter is of great importance for soft x-ray experiments. A
new 3.2-m-long compact undulator (based on the Cornell
University Delta design [1]) has been developed and
installed in place of the last LCLS undulator segment
(U33) in October 2014. This undulator provides full
control of the polarization degree and K value. Used on its
own, it produces fully polarized radiation in the selected
state (linear, circular or elliptical) but at low intensity. To
increase the output power by orders of magnitude, the
electron beam is micro-bunched by several (~10) of the
upstream LCLS undulator segments operated in the linear
FEL regime. As unavoidable by-product, this micro-
bunching process produces moderate amounts of
horizontally linear polarized radiation which mixes with
the radiation produced by the Delta undulator. This
unwanted radiation component has been greatly reduced
by the reverse taper configuration, as suggested by E.
Schneidmiller and M. Yurkov [2]. Full elimination of the
linear polarized component was achieved through spatial
separation combined with transverse collimation. The
paper describes these and other methods tested during
commissioning, It also presents results of polarization
measurements showing high degrees of circular
polarization in the soft x-ray wavelength range (500 eV-
1500 eV).

INTRODUCTION

The design and measurement plans for the first 3.2-m-
long Delta undulator for the LCLS were described in an
FEL2013 paper [3]. Since then, these plans have been
implemented close to the original schedule; the
parameters listed in Table 1 of the FEL2013 paper all
apply. Installation occurred in October 2014. (Figure 1)
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Beam based commissioning took place from October
2014 to May 2015. During this period operational
techniques were developed that allowed to operate the
Delta undulator at performance levels significantly
exceeding expectations. Beam based commissioning was
followed by the first user experiments in June 2015. The
following will discuss quadrant tuning, magnet field
mapping, and beam based commissioning. Tuning and
magnetic field mapping made use of experience obtained
in the course of construction and testing of the 0.3-m
model at Cornell and the 1-m long prototype at SLAC.
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Figure 1: 3.2-m long LCLS Delta undulator installed at
the end of the LCLS undulator line.

MAGNET BLOCKS

Each of the four rows of the Delta undulator contains
391 magnet blocks, four per period, arranged as Halbach
array [4]. The first and last three blocks in each row are
mounted at larger distances to the beam axis to
accomplish end-field matching. Each magnet block is
glued to an Al holder (Figure 2), which has been designed
to also secure the magnet, mechanically, in case of glue

Figure 2: Ni coated PM blocks epoxied to Al holders.
(Design by T. Montagne, SLAC)
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failure. 2000 regular mounted magnet block units and 60
individual blocks were purchased from AA International,
Inc.

Block Sorting

After all blocks had been labelled, the amplitude and
direction of their individual magnetic moments were
measured with a Helmholtz coil at SLAC. The magnetic
moment information was used to sort the blocks [5]
before mounting them onto the carriers. The mounting
fixture was designed to allow adjusting the position
(distance to beam axis (y) and perpendicular direction (x))
of individual magnet blocks to enable virtual tuning
(change of transverse magnet positions). Tuning was done
separately for each quadrant.

Quadrant Tuning

For quadrant tuning, one of the two strongbacks was
used as a support structure. For each quadrant the three
carriers where mounted to the same location of the
support strongback. The assembly was rotated such that
the virtual beamline was positioned above the magnets
(Figure 3).

Figure 3: Delta quadrant on the tuning bench.

A 2-sensor Sentron Hall probe was used to measure the
magnetic field at the virtual beam axis as a function of the
longitudinal (z) location. The mechanical positions of the
magnets were measured and were used as constraints
during virtual tuning to leave enough clearance for
insertion of the vacuum chamber after the undulator was
assembled (Figure 4).

LN : 3
Figure 4: Delta undulator with vacuum chamber.
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The measured fields of the four quadrants after tuning
were combined numerically to a complete undulator and
evaluated. The field integrals and phase shake values
came out close to the tolerances in Table 2 of [3]. Errors
due to mechanical tolerances and deformations of the
strongbacks were introduced during final assembly
because quadrants were mounted at strong back locations
different from the ones used during tuning. These errors
caused a significant increase in phase shake.

BENCH CHARACTERIZATION

After the Delta undulator was fully assembled (Figure
5), a number of measurements, both mechanical and
magnetic, were performed to characterize the device and
produce magnetic field maps vs. row positions.

Figure 5: Front view of the fully assembled Delta
undulator. Visible are the Al magnet block carriers and
part of the precision rail system [6].

Mechanical Deformation Measurements

Dimensional changes of the strongback as function of
row positions (different force directions) were measured
with a coordinate measuring machine with relative
position errors of less than 1 um. As a result, the width
and height of the Delta undulator change by about +1.5
pm when changing the transverse forces (vertical or
horizontal) between their extreme negative and positive
amplitudes by adjusting row positions. This agrees well
with the results of finite element modelling shown in
Figure 6.

Figure 6: Shape deforming of Delta due to the transverse
magnetic forces of £15,000 N, according to finite element
modeling.

: Undulator, Magnets, Photon Diagnostics, and Beamlines
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Quadrant Moving and Position Control

The four magnet arrays shown in Figure 5 generate
longitudinal forces of up to £18,000 N between the
quadrants depending on the relative longitudinal positions
of all quadrants. Each quadrant can be moved
independently in the longitudinal direction via so called
drive units. Each of the four drive units consists of one
spindle, roller nut, reduction gear and DC servo motor.
The longitudinal position of the quadrants is measured
relative to the common strongback using four inductive
position sensors which feature a resolution of +0.1 pm.
The changing longitudinal force on the quadrants
generates elastic deformations of the drive unit
components, such as spindle, roller nut and bearings of up
to £75 um for each quadrant. This effect is compensated
by the position control system, which iterates the quadrant
position setting by moving the four quadrants
simultaneously until the four quadrant position readouts
are matched with the demanded values. Operation
experience has shown that quadrant position setting and
control works reproducible within +0.75 pm over the
entire moving range of £16 mm per quadrant and for all
operated Delta configurations. The longitudinal
elongation or contraction of the 3.2-meter-long magnet
arrays due to the changing coupling forces was measured
as <3.0 um. One of the reasons that this small value is
achievable comes from the fact that the drive units are
positioned in the middle of Delta, which means one half
of the magnet arrays is compressed while the other half is
elongated at the same time. The drive unit position can be
seen as the black part in the middle of Delta in Figure 7.

Figure 7: Delta undulator on the field mapping stand.

Magnetic Field Measurements

Magnetic field measurements were performed with a
specially designed configuration of 6 Hall sensors packed
as two 3-axis probes [3, 7, 8, 9]. Probe 1 was mounted
close to the beam axis while probe 2 was transversely
displaced by 200 um, to allow estimates of the magnetic
axis. The Hall probes were mounted at the end of a long
carbon fiber tube which was guided through the device in
an Al tube similar to the vacuum pipe used during
operations. Figure 8 and Figure 9 show examples of B,
and B, field measurements by probe 1 for the four main
configurations (linear horizontal (LH), linear vertical
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(LV), circular left (CL) and circular right (CR)) at full
strength.
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Figure 8: Undulator magnetic fields (red: B,, blue: B,)
for the linear horizontal (LH) and linear vertical (LV)
polarization modes at maximum K value.

/_ CL and CR polarization modes _\

- PR

f Iw H\flm hl

i ‘ 'l|H w n lr” Iu m"u htI”wll ||'UI' ‘H‘ ll'

\_ ‘;B,Wx 086T j

Budym

Figure 9: Undulator magnetic fields (red: B,, blue: B,)
for the circular left (CL) and circular right (CR)
polarization modes at maximum K value.
Field Integral Measurements
Field integral measurements were performed with a
moving wire. The measurements were done for a number
of row configurations. The information is used to
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determine the change in beam steering. The dominant
component comes from the environmental field (Earth
field), which has not been corrected in this first version.
Future versions will incorporate a correction coil or mu-
metal shielding along the device to compensate these
effects.

Magnetic Multipoles

In addition to field integrals, the moving wire was used
to measure the quadrupole and skew quadrupole
components in the Delta undulator.

While the quadrupole component came out close to
expected, an unexpectedly large, first order skew
quadrupole component was measured (0.55 T integrated
gradient). Both components show only small dependence
on K and polarization modes.

AFTERBURNER OPERATION

The spontaneous radiation that the Delta undulator
produces from a regular electron bunch is quite small. It
can be enhanced by several orders of magnitude by first
micro-bunching the electrons at the optical wavelength in
a SASE FEL process by regular LCLS undulator
segments. This configuration of an undulator (micro-
bunching undulator) operating in the linear regime
followed by another undulator (in this case the Delta
undulator)  producing  radiation  with  different
characteristic is called afterburner configuration.

In this configuration, the Delta undulator produces
significantly enhanced radiation amplitudes from the
micro-bunched electron beam compared to the
spontaneous radiation from the unmodified bunch.

Examples of different radiation characteristics used in
afterburners are harmonics, i.e., the second undulator is
tuned to a harmonic of the SASE undulator [10], and
polarization, i.e., the second undulator produces a
different polarization state than the SASE undulator
segments. Different characteristics can be mixed.

In the afterburner configuration, the radiation produced
by the micro-bunching undulator is often considered
undesirable background when only the micro-bunching is
needed to enhance the performance of the second
undulator.

For the Delta undulator running to produce circular
polarized radiation, schemes have been developed to
minimize this background component. Those schemes
include crossed polarized undulators, reverse taper, and
beam splitting. They are explained in some detail, below.

Regular Afterburner

The Regular Afterburner scheme was the first scheme
proposed for the Delta undulator. In all afterburner
schemes, it is necessary to adjust the number of micro-
bunching undulators, in order to balance the micro-
bunching output and energy spread generated during the
SASE process. (Figure 10 shows ten LCLS undulator
segments being used in this example). A fine adjustment
can be achieved by slightly detuning the first of those
micro-bunching undulators. A minimum taper is applied
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(Figure 10) just enough to compensate for energy loss
from spontaneous radiation and wakefields.

LCLS Undulator Taper Configuration
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Figure 10: K values of the LCLS micro-bunching

undulators segments for Delta operation in regular after-

burner mode.

The efficiency of an afterburner configuration can be
tested using a K resonance scan in which the K value of
the Delta undulator is changed while the polarization
mode is kept constant (Figure 11).
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Figure 11: Delta resonance scan in elliptical left magnetic
field mode (elliptical right polarization) in regular
afterburner configuration.

In the scan, the x-ray intensity, measured by the gas
detector or Direct Imager, is plotted against the K value,
as derived through row positions using field mapping
data. The scan results can be fitted by a Gaussian sitting
on top of a slowly varying background. The ratio of the
amplitude of the fitted Gaussian to the average amplitude
of the background is called the contrast ratio.

Contrast ratios between 1 and 2.5 were achieved in this
mode, depending on photon energy. The resonance scans
also help determining the K values at which the Delta
undulator is resonant to the micro-bunching undulators.

The degree of polarization can also be improved,
following a proposal by Geloni et al. [11], by introducing
a large (~20 m) spacing between the SASE and the Delta
undulators and inserting slits in front of the Delta to
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remove some of the diverging SASE radiation. This has
not yet been tested on the Delta due to resource
limitations and damage concerns.

Crossed Polarized Undulators

The crossed polarized undulator scheme produces
circular polarized radiation by superposing the
horizontally linear polarized radiation of the micro-
bunching undulators with the radiation produced by the
Delta undulator running in vertically linear polarization
mode [12]. In this scheme, the radiation produced in the
micro-bunching process is not considered undesirable
background but is utilized. It is important to adjust the
number of micro-bunching undulators to equalize the
strength of their radiation and that produced by the micro-
bunched electron beam in the Delta undulator.
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Figure 12: K values of the LCLS micro-bunching undula-
tors segments for Delta operation in reverse taper mode.

A phase shifter in front of the Delta undulator is needed
to adjust the phase between the two radiation components
and thus the polarization mode (right circular, left
circular, elliptical). A permanent magnet phase shifter
was developed as part of the Delta project and installed
just in front of the Delta undulator. It has been used to
control the phase between the two radiation components
(i.e., radiation of the micro-bunching undulator vs.
radiation from the Delta undulator).

In the crossed polarized undulator scheme, the vertical
polarized light produced from the spiky micro-bunching
structure of the electron beam in the Delta undulator
needs to be combined with the light produced during the
micro-bunching process. Even though the total intensity
of the horizontal and vertical components are about the
same in the experiment, the time-dependent x-ray profiles
can be quite different from horizontal to vertical since
some parts of the bunch reach saturation much faster than
other parts. As the experiment is conducted in the SASE
mode, different time slices of the x-ray pulse will have
different degrees of circular polarization. Due to the lack
of any phase relationship among SASE spikes. The
varying degrees of polarization along the SASE pulses
will cause unpolarised radiation. Preliminary studies show
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that only relatively low intensity levels and low
polarization degrees have been obtained with the cross
undulator scheme with the Delta undulator. The degree of
polarization in this scheme can be improved with a more-
uniform electron bunch and increased temporal coherence
[13].

Reverse Taper

The reverse taper scheme suggested by E. Schneidmiller
and M. Yurkov [2] is an improvement of the afterburner
scheme. By reversing the sign of the taper, i.e. by
increasing the K values of the undulator segments instead
of decreasing them along the undulator line (Figure 12),
micro-bunching can built up with significantly reduced
radiation amplitude. This method, which is described in
more detail by MacArthur et al. [14] is more dependent
on beam energy spread than the regular afterburner mode.
Figure 13 shows the image of the 710 eV x-ray pulse
produced with the reverse taper method. The image was
taken with the Direct Imager, which is located about 88 m
downstream of Delta undulator. It shows the combination
of circular polarized Delta radiation (480 uJ) and linearly
polarized radiation from the micro-bunching undulator
segments (30 uJ).

Profile Monitor DIAG:FEE1:481 28-Jun-2015 22:40:12

-1 0 1 2 3
% (mm)

Figure 13: X-ray pulse image at 710 eV on Direct Imager
in reverse taper contribution.

Beam Splitting

Beam splitting is a way of supressing the background
component from the micro-bunching process. It is done
by kicking the electron beam before entering the Delta
undulator causing the electron beam and the background
radiation beam to enter the Delta undulator under
different angles. This beam kicking is controlled by the
regular vertical corrector that is integrated in the
quadrupole located at the end of the previous girder. The
Delta undulator is detuned to be resonant to the off-axis
component of the background radiation that still overlaps
with it (Figure 14). Since there are about two gain lengths
in the Delta undulator in the soft x-ray regime,
simulations show that the micro-bunching orientation is
readjusted to produce coherent radiation in the kicked
direction. Detailed discussions of this method will be
published elsewhere.
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Figure 14: Beam splitting and collimation pushes degree
of circular polarization close to 100 %.

POLARIMETER

The first measurements of the polarization degree of the
radiation produced by the Delta undulator were done with
a polarimeter developed at DESY [15], which is based on
an array of 16 independently working time-of-flight
spectrometers (TOF) aligned perpendicular to the plane of
light propagation. The device measures the degree of
linear polarization
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on a shot-by-shot basis. The equation is written in terms
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So = L +1,
S = I, — Iy @)
S2 = Iyse — I y5e
S3 = Ipcp — Ircp
with
s¢ > s?+s2+s2 (3)

The equal sign applies if the light is fully polarized.
Only in this case can the degree of circular polarization be
deduced from Py,

s3] st +s2
o= = — = [1-=p,. 2 @)
circ So Sg lin

The assumption that that the pulse is fully polarized is
expected to be quite accurate in the beam splitting
scheme. In the crossed polarized scheme, the unpolarized
component can be quite significant, as has been measured
in this experiment, and the degree of circular polarization
cannot be deduced from the measured degree of linear
polarization according to equation (3).

The TOF polarimeter was used to measure the circular
dichroism of sidebands in molecular oxygen in a two
color scheme, allowing the direct measurement of a high
degree of circular polarization for the regular and reverse
taper schemes [16].

Table 1: Performance Overview over Afterburner Sche-
mes

Scheme Ecirc/Elin Plin Pcirc Exrav (HJ)
Crossed Polarization low 50
Regular Afterburner 0.5 0.87 50
Reverse Taper 03 096 480
Split Beams =100 ~1 220

205 pd

/" Alberto Lutman

Figure 15: Delta polarization switching during operation.
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USER EXPERIMENTS

The first user experiments were carried out in June
2015 in split beams mode [17, 18]. The effects of the
difference between right and left circular polarized
radiation produced by the Delta undulator using the beam
splitting scheme was measured by x-ray magnetic circular
dichroism (XMCD). It was confirmed that the degree of
circular polarization is very close to 100%. Figure 15
shows the intensity during polarization switching as a
function of time. The first part shows the background at
1.1 uJ with the collimators (Jaws) inserted. The next part
shows the linear polarized radiation produced by the
micro-bunching undulators at 19 uJ with the reverse taper
scheme. When the Delta undulator is turned to resonance
in left circular mode it adds 281 uJ to a total of 300 uJ.
When the collimator jaws are inserted to remove the
linear polarized component some of the circular polarized
Delta light is cut in the process as well. The intensity
drops to 220 uJ. Switching the Delta undulator from left
to right circular polarization mode takes 33 s and
generates a quite similar intensity (205 uJ). Later,
switching back to left circular polarization mode takes the
same time and reproduces the intensity quite well.

LESSONS LEARNED

Quadrants should not be moved to different support
structures after tuning. Earth field compensation coils or
mu-metal shielding along the Delta undulator should be
included into the design. A small correctional skew
quadrupole should be added in line with the Delta
undulator.

FUTURE PLANS

Different beam modes have been tested when operating
the Delta undulator. For example, two pulses with
different color and polarization (for instance linear and
circular) arriving with adjustable time delay have been
created and will be reported in a separate publication.
SLAC is developing a stronger version of the Delta
undulator to be operated in the LCLS-II SXR beamline.
The present plan is to produce up to three Delta
undulators to be installed at the end of the SXR line.

ACKNOWLEDGEMENTS

We like to thank Leif Glaser, Frank Scholz, Jorn
Seltmann, Ivan Shevchuk (DESY, Hamburg, Germany)
and Jan Griinert (European XFEL) for providing the

FEL Technology and HW: Undulator, Magnets, Photon Diagnostics, and Beamlines

WEDO1

polarimeter and excellent support with running the device
during Delta machine development shifts.

REFERENCES

[1] A. B. Temnykh. “Delta undulator for Cornell energy
recovery linac.” In: Phys. Rev. ST Accel. Beams 11 (12
Dec. 2008), p. 120702.

[2] E.A. Schneidmiller, M.V. Yurkov, “Obtaining high degree
of circular polarization at X-ray FELs via a reverse
undulator taper”, arXiv:1308.3342 [physics.acc-ph].

[3] H.-D. Nuhn, S. Anderson, G. Bowden, Y. Ding,
G. Gassner, Z. Huang, E.M. Kraft, Y. Levashov, F. Peters,
F.E. Reese, J.J. Welch, Z. Wolf, J. Wu, A.B. Temnykh,
“R&D Towards a Delta-Type Undulator for the LCLS,”
FEL2013. SLAC-PUB-15743.

[4] K. Halbach, “Permanent Magnet Undulators,” Journal de
Physique Colloques, 1983, 44 (Cl1), pp.C1-211-C1-216
<10.1051/jphyscol:1983120> <jpa-00222549>.

[5] Z. Wolf, "Magnet Block Sorting for the Delta Undulator"
LCLS-TN-13-1.

[6] J.SCHNEEBERGER Maschinen AG, Switzerland.

[7] Z. Wolf, "Hall Element Angle Calibrations for the Delta
Undulator" LCLS-TN-13-10.

[8] Z. Wolf, "Calculations of Fields on the Beam Axis of the
Delta Undulator" LCLS-TN-13-11.

[9] Z. Wolf, "A Magnetic Measurement Plan for the Delta
Undulator" LCLS-TN-13-4.

[10] H.D. Nuhn et al., “Characterization of Second Harmonic
Afterburner Radiation at the LCLS”, in Proceedings of the
32nd International Free Electron Laser Conference
(FEL2010), Malmo, Sweden (2010).

[11] G. Geloni, V. Kocharyan, E. Saldin, "Improvement of the
crossed undulator design for effective circular polarization
control in X-ray FELs", arXiv:1101.4085 [physics.acc-ph].

[12] K.-J. Kim, “A Synchrotron Radiation Source with
Arbitrarily Adjustable Elliptical Polarization,” Nucl. Instr.
Meth. 219 (1984) 425.

[13] E. Ferrari, “Single shot polarization characterization of
XUV FEL pulses from crossed polarized undulators,” to be
published in Nature Scientific Report, 2015.

[14] J. MacArthur, A.Marinelli, A.A.Lutman, H.-D. Nuhn,
Z. Huang, “Energy spread constraints on field suppression
in a reverse tapered undulator”, to be published in this
conference.

[15] M. Ilchen, L. Glaser, F. Scholz, P. Walter, S. Deinert, A.
Rothkirch, J. Seltmann, J. Viethaus, P. Decleva, B. Langer,
A. Knie and A. Ehresmann, M. Braune, G. Hartmann, A.
Meissner, L. Tribedi, M. AlKhaldi, O. Al-Dossary, and U.
Becker, “Angular Momentum Sensitive Two-Center
Interference,” Phys. Rev. Lett. 112 023001 (2014).

[16] G. Hartmann et al. to be published.

[17] W. Schlotter et al. to be published.

[18] H. Diirr et al. to be published.

ISBN 978-3-95450-134-2
763



