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Abstract Beam based commissioning took place from October

The Linac Coherent Light Source (LCLS) generated014 to May 2015. During this period operational
linearly polarized, intense, high brightness x-ray pulsdgchniques were developed that allowed to operate the
from planar fixed-gap undulators. While the fixed-gagl€lta undulator at performance levels significantly
design supports a very successful and tightly controllekkceeding expectations. Beam based commissioning was
a|ignment Concept, it provides on]y limited taperfO”OWEd by the first user eXperimentS in June 2015. The
capability (up to 1% through canted pole and horizont&pllowing will discuss quadrant tuning, magnet field
position adjustability) and lacks polarization control. Thénapping, and beam based commissioning. Tuning and
latter is of great importance for soft x-ray experiments. Aagnetic field mapping made use of experience obtained
new 3'2_m_|ong Compact undulator (based on the Corné" the course of construction and teSting of the 0.3-m
University Delta design [1]) has been developed an@odel at Cornell and the 1-m long prototype at SLAC.
installed in place of the last LCLS undulator segmer ¢ o S .

(U33) in October 2014. This undulator provides ful el
control of the polarization degree akdralue. Used on its

own, it produces fully polarized radiation in the selecte _
state (linear, circular or elliptical) but at low intensity. Tc
increase the output power by orders of magnitude, tl
electron beam is micro-bunched by several (~10) of tt
upstream LCLS undulator segments operated in the line
FEL regime. As unavoidable by-product, this micro
bunching process produces moderate amounts

horizontally linear polarized radiation which mixes with

= ‘
the radiation produced by the Delta undulator. Thc';ifgure 1: 3.2-m long LCLS Delta undulator installed at

unwanted radiation component has been greatly redu
by the reverse taper configuration, as suggested by E.
Schneidmiller and M. Yurkov [2]. Full elimination of the MAGNET BLOCKS

linear polarized component was achieved through Spat'alEach of the four rows of the Delta undulator contains

separation combined with transverse collimation. Thg maanet blocks. four per period. arranded as Halbach
paper describes these and other methods tested durt? [4? The first :'amd Iazt tr?ree bI’ocks ir? each row are
commissioning. It also presents results of polarizatio% y 12l

measurements showing high degrees of circul ounted at larger distances to the beam axis to

SR N accomplish end-field matching. Each magnet block is
ggl(?(glzea\t/t;on in the soft x-ray wavelength range (500 evSlued to an Al holder (Figure 2), which has been designed

to also secure the magnet, mechanically, in case of glue

end of the LCLS undulator line.

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. (Figlye
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failure. 2000 regular mounted magnet block unitd &6 The measured fields of the four quadrants afteingun
individual blocks were purchased from AA Internay were combined numerically to a complete undulatat a

Inc. evaluated. The field integrals and phase shakeesalu
lock . came out close to the tolerances in Table 2 of Bjrors
Block Sorting due to mechanical tolerances and deformations ef th

After all blocks had been labelled, the amplituael a strongbacks were introduced during final assembly
direction of their individual magnetic moments werébecause quadrants were mounted at strong backdosat
measured with a Helmholtz coil at SLAC. The magnetidifferent from the ones used during tuning. Thesers
moment information was used to sort the blocks [S5daused a significant increase in phase shake.
before mounting them onto the carriers. The mogntin
fixture was designed to allow adjusting the positio BENCH CHARACTERIZATION
(distance to beam axig)(and perpendicular direction (x))  After the Delta undulator was fully assembled (Fegu
of individual magnet blocks to enable virtual tin 5y 5 pnumber of measurements, both mechanical and
(change of transverse magnet positions). Tuningdea®  magnetic, were performed to characterize the deaie
separately for each quadrant. produce magnetic field maps vs. row positions.

Quadrant Tuning

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

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

Mechanical Deformation Measurements

Dimensional changes of the strongback as function o
row positions (different force directions) were m@ad
with a coordinate measuring machine with relative
Figure 3: Delta quadrant on the tuning bench.  position errors of less than 1 pm. As a result, width
land height of the Delta undulator change by about
+1.5 um when changing the transverse forces (\artic

longitudinal (z) location. The mechanical positiamighe horizontal) between their extreme negative and tpesi

magnets were measured and were used as constrafffiiP!itudes by adjusting row positions. This agraed

during virtual tuning to leave enough clearance fof/tl the results of finite element modellirghown in

insertion of the vacuum chamber after the undulatas Figure 6.
assembled (Figure 4).

A 2-sensor Sentron Hall probe was used to meakare
magnetic field at the virtual beam axis as a fuorcof the

‘ Figure 6: Shape deforming of Delta due to the trarse
i § magnetic forces of £15,000 N, according to finitengent

; L e modelling. Measured values are indicated insidevesr
Figure 4: Delta undulator with vacuum chamber.



Quadrant Moving and Position Control (LV), circular left (CL) and circular right (CR))tdull
The four magnet arrays shown in Figure 5 generafdrength.
longitudinal forces of up to +18,000 N between the LH and LV polarization modes
guadrants depending on the relative longitudinaitpms [ . .
of all quadrants. Each quadrant can be moved
independently in the longitudinal direction via salled
drive units. Each of the four drive units consisfsone
spindle, roller nut, reduction gear and DC servaano |
The longitudinal position of the quadrants is meegu 3 ° I
relative to the common strongback using four inohect
position sensors which feature a resolution of 0.
The changing longitudinal force on the quadrants
generates elastic deformations of the drive unit
components, such as spindle, roller nut and beswohgp
to £75 um for each quadrant. This effect is comptats
by the position control system, which iteratesdhadrant
position setting by moving the four quadrants
simultaneously until the four quadrant positiondats
are matched with the demanded values. Operation
experience has shown that quadrant position sesimy ,
control works reproducible within +0.75 um over the it
entire moving range of £16 mm per quadrant andafbr ‘ i
operated Delta configurations. The longitudinal
elongation or contraction of the 3.2-meter-long netg \_ Bp~12T = =~ T Y
arrays due to the changing coupling forces was uneds -
as <3.0 um. One of the reasons that this small value Jg
achievable comes from the fact that the drive uaies 107 the linear horizontal (LH) and linear verticdlV)

Il il

Il

gure 8: Undulator magnetic fields (refy, blue: B,)
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positioned in the middle of Delta, which means ba¢f Polarization modes at maximurvalue.
of the magnet arrays is compressed while the dtakiis /_ CLand CR polarlzatlon modes
elongated at the same time. The drive unit positam be '
seen as the black part in the middle of Delta guke 7 l”'“ m!” ” f“”’.l I” “H “”W{”I HM ”1” ”””“ lWll
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Magnetic field measurements were performed with a N " m m “” “ ” H
specially designed configuration of 6 Hall senguasked \ N B oseT ' v j
as two 3-axis probes [3, 7, 8, 9]. Probe 1 was realin o
close to the beam axis while probe 2 was transherserigure 9: Undulator magnetic fields (ref,, blue: B,)
displaced by 200 um, to allow estimates of the mtgn for the circular left (CL) and circular right (CR)
axis. The Hall probes were mounted at the endlohg polarization modes at maximukavalue.
carbon fiber tube which was guided through the ckeim .
an Al tube similar to the vacuum pipe used durinéjz'eldlntegraJ Measurements
operations. Figure 8 and Figuéeshow examples oB, Field integral measurements were performed with a
and B, field measurements by probe 1 for the four maimoving wire. The measurements were done for a numbe
configurations (linear horizontal (LH), linear viesl ©Of row configurations. The information is used to



determine the change in beam steering. The domingiigure 10) just enough to compensate for energg lo
component comes from the environmental field (Eartfrom spontaneous radiation and wakefields.
field), which has not been corrected in this fistsion.

. s . . LCLS Undulator Taper Configuration
Future versions will incorporate a correction amilmu- , , ‘ ,

351t [T

metal shielding along the device to compensateethe: * ] N Merre e
effects. 350 IR e g
Magnetic Multipoles 49
In addition to field integrals, the moving wire wased 3.481
to measure the quadrupole and skew quadrupo 347}
components in the Delta undulator. a4l | L
While the quadrupole component came out close t InEniEl e Ll L
expected, an unexpectedly large, first order skev 345 [ O St bl [ 1! L
guadrupole component was measured (0.55 T intebrati 344} L u
gradient). Both components show only small depecelen 243l L e B = L |
onK and polarization modes. Rl e St B | o | NN
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The spontaneous radiation that the Delta undulatc.
produces from a regular electron bunch is quitelista Figure 10: K values of the LCLS micro-bunching
can be enhanced by several orders of magnitudérdty f undulators segments for Delta operation in regaftar-
micro-bunching the electrons at the optical wavgtlerin ~ burner mode.

a SASE FEL process by regular LCLS undulator o efficiency of an afterburner configuration dam

segments. This configuration of an undulator (microtested using & resonance scan in which tkevalue of

bunching undulator) operating in the linear regimg,e peita undulator is changed while the polararati
followed by another undulator (in this case the t®el mode is kept constant (Figure 11)

undulator)  producing radiation  with  different o o
characteristic is called afterburner configuration. o0 Elliptical Left Magnetic Field Mode
In this configuration, the Delta undulator produce:
significantly enhanced radiation amplitudes frome th
micro-bunched electron beam compared to th
spontaneous radiation from the unmodified bunch.
Examples of different radiation characteristicsduge
afterburners are harmonics, i.e., the second utatuia
tuned to a harmonic of the SASE undulator [10], an
polarization, i.e., the second undulator produces
different polarization state than the SASE undulatc %

GDET / [W]

40
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segments. Different characteristics can be mixed. 1o
. . .. 3.45 3.46 3.47 3.48 3.49 3.50 3.51 3.52
In the afterburner configuration, the radiationquoed ¢ -347s1 K
by the micro-bunching undulator is often CONSIAEre AKeuu/Kew.«=0.60% * 10/28/201419:03

undesirable background when only the micro-buncling Figure 11: Delta resonance scan in elliptical mefignetic
needed to enhance the performance of the secofield mode (elliptical right polarization) in regal
undulator. afterburner configuration.

For the Delta undulator running to produce circular . .
polarized radiation, schemes have been developed gn the scan, the x-ray |n_ten5|ty, meagured by the g
minimize this background component. Those schemé?tector or Direct Imager, is plotted against khealue,

include crossed polarized undulators, reverse faged 25 derived through row positions using field magpin
beam splitting. They are explained in some deallpw. ~ data. The scan results can be fitted by a Gaussiiamg
on top of a slowly varying background. The ratiotioé

Regular After burner amplitude of the fitted Gaussian to the averagelitumie

The regular afterburner scheme was the first scherfffthe background is called the contrast ratio. ,
proposed for the Delta undulator. In all afterburne COntrast ratios between 1 and 2.5 were achievélisn

schemes, it is necessary to adjust the number ofomi M0de, depending on photon energy. The resonanes sca

bunching undulators, in order to balance the micrdd!SO help determining th& values at which the Delta

bunching output and energy spread generated dthimg undulator is resonant to t_he micro-bunching ””“’?‘“’m
SASE process. (Figure 10 shows ten LCLS undulat(f)rThe, degree of polarization can also be improved,
segments being used in this example). A fine adjest '0/lowing a proposal by Geloni et al. [11], by iatiucing
can be achieved by slightly detuning the first boge & !arge (~20 m) spacing between the SASE and ti@ De

micro-bunching undulators. A minimum taper is apgli undulators and inserting slits in front of the Relo



remove some of the diverging SASE radiation. Thas h that only relatively low intensity levels and low
not yet been tested on the Delta due to resourpelarization degrees have been obtained with tlsscr

limitations and damage concerns. undulator scheme with the Delta undulator. The eegf
. polarization in this scheme can be improved withae-
Crossed Polarized Undulators uniform electron bunch and increased temporal aieer

The crossed polarized undulator scheme producfs3].
circular polarized radiation by superposing th(?Q
horizontally linear polarized radiation of the nuer HREVErse Taper
bunching undulators with the radiation producedthiy The reverse taper scheme suggested by E. Schnieidmil
Delta undulator running in vertically linear poletion and M. Yurkov [2] is an improvement of the afteneir
mode [12]. In this scheme, the radiation producethe scheme. By reversing the sign of the taper, i.e. by
micro-bunching process is not considered undesrahincreasing th&k values of the undulator segments instead
background but is utilized. It is important to @aslj the of decreasing them along the undulator line (Figleg
number of micro-bunching undulators to equalize theicro-bunching can built up with significantly rexhd
strength of their radiation and that produced kgyrficro- radiation amplitude. This method, which is desditie

bunched electron beam in the Delta undulator. more detail by MacArthur et al. [14] is more depenid
- - on beam energy spread than the regular afterborode.
3.51 T e H Figure 13 shows the image of the 710 eV x-ray pulse
35 % T, produced with the reverse taper method. The image w
549 g taken with the Direct Imager, which is located at®im
' of | downstream of Delta undulator. It shows the comiiina
3.48 el of circular polarized Delta radiation (480 uJ) dimearly
3.47 , polarized radiation from the micro-bunching undofat
x segments (30 uJ).
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Figure 12K values of the LCLS micro-bunching undula-
tors segments for Delta operation in reverse tapmte.

A phase shifter in front of the Delta undulatoneeded
to adjust the phase between the two radiation coemts
and thus the polarization mode (right circular,t lef . . 1 " :
circular, elliptical). A permanent magnet phaseftshi % (mm)
was developed as part of the Delta project andliest Figure 13: X-ray pulse image at 710 eV on Direcager
just in front of the Delta undulator. It has beesedi to , reverse taper contribution.
control the phase between the two radiation compisne
(i.e., radiation of the micro-bunching undulator. vsBeam Diversion

radiation from the Delta undulator). _ Beam diversion is a way of supressing the backgtoun
In the crossed polarized undulator scheme, théceert component from the micro-bunching process. It isedo
polarized light produced from the spiky micro-bumeh py kicking the electron beam before entering thdtaDe
structure of the electron beam in the Delta un@ulat nqyjator causing the electron beam and the baakgro
needs to be combined with the light produced duti® ragiation beam to enter the Delta undulator under
micro-bunching process. Even though the total Bitgn itferent angles. This beam kicking is controlleg the
of the horizontal and vertical components are alib@t reqyjar vertical corrector that is integrated ine th
same in the experiment, the time-dependent x-raflles gy adrupole located at the end of the previous gitlee
can be quite different from horizontal to vertiGhce peita undulator is detuned to be resonant to thewds
some parts of the bunch reach saturation muchrfé&®  omponent of the background radiation that stikrtaps
other parts. As the experiment is conducted inSASE \yith it (Figure 14). Since there are about two daimgths
mode, different time slices of the x-ray pulse Wilve i, ine Delta undulator in the soft x-ray regime,
different degrees of pirculgr polarization. Duethng lack  simulations show that the micro-bunching orientatis
of any phase relationship among SASE spikes. Thgagjusted to produce coherent radiation in théekic

varying degrees of polarization along the SASE @8ils gjrection. Detailed discussions of this method it
will cause unpolarised radiation. Preliminary sasdshow published elsewhere.
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The assumption that that the pulse is fully poktiis
expected to be quite accurate in the beam diversion
4 scheme. In the crossed polarized scheme, the uigezla
Figure 14: Beam diversion and collimation pushegrele component can be quite significant, as has beesuned

of circular polarization close to 100 %. in this experiment, and the degree of circular poéion
cannot be deduced from the measured degree ofrlinea
POLARIMETER polarization according to equation (3).

The first measurements of the polarization degfébe Table 1 summarizes results in the four o_Ilfferent
radiation produced by the Delta undulator were doitle afterb_urner schemes at 710eV. After the first two
a polarimeter developed at DESY [15], which is lbase experiments, the str'ucture.of the LCLS electrombeais
an array of 16 independently working time-of-flightmpProved [16] allowing to increase the peak currieatn
spectrometers (TOF) aligned perpendicular to thaegbf below 1.5 kA. to above 4 KA. .T_he.flrst t.WO schemes a
light propagation. The device measures the degfee @(pected to yield larger intensities if run in tiewv mode.

linear polarization Table 1: Performance Overview over Afterburner Sche

2 2 mes: (&) < 1.5 kA (b)l >4 KA
s;+ 85
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Figure 15: Delta polarization switching during ocgtésn.



The TOF polarimeter was used toeasure the circular polarimeter and excellent support with running deeice
dichroism of sidebands in molecular oxygen in a twduring Delta machine development shifts.
color scheme, allowing the direct measurement bigh
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