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OPERATIONAL EXPERIENCE AT LCLS*

H. Loos’, SLAC National Accelerator Laboratory, Menlo Park, CA 94025, U.S.A.

Abstract

The Linac Coherent Light Source (LCLS) X-ray FEL
has been operational since 2009 and is delivering soft and
hard x-rays to users now in the 4th user run. Reliable oper-
ation to deliver x-rays to users, quick machine turn on af-
ter shutdowns, and fast configuration changes for the wide
range of user requests are particularly important for a fa-
cility serving a single user at a time. This talk will discuss
procedures to set-up and optimize the accelerator and FEL
x-ray beam for user operation. The emphasis will be on the
most relevant diagnostics and tuning elements as well as
the experience with feedback systems and high level sup-
port software to automate FEL operation.

INTRODUCTION

The Linac Coherent Light Source (LCLS) [1] is the first
FEL operating at soft and hard X-ray wavelengths down
to 1.2 A. After first lasing was achieved in April 2009 [2],
beam operation for user experiments is now in its fourth
run. The FEL consists of a high-brightness photo-injector
followed by the last 1 km of the 2-mile SLAC linac mod-
ified with 2 bunch compressors, a beam transport line and
the 130 m long undulator divided into 33 segments. The X-
ray diagnostics follow in the Front End Enclosure (FEE) to-
gether with the mirror system for soft-and hard X-ray trans-
port lines to the Near and Far Experimental Halls (NEH and
FEH), each housing three experimental stations. Of the six
instruments, four are now in operation (AMO, SXR, XPP,
CXI), one is in commissioning state (XCS), and one is still
under construction (MEC) and will be operational in 2012.
A list of the main LCLS parameters can be found in Ta-
ble 1.

Table 1: LCLS Parameters

Baseline Achieved
Repetition rate (Hz) 120 120
Electron energy (GeV)  4.3—-13.6 3.3-154
Bunch charge (pC) 20041000 20 — 250
Emittance norm. (pm) 1.2 0.13—-0.5
X-ray energy (keV) 0.83—-8.3 048—-10.5
X-ray pulse energy (mlJ) <2 < 4.7
X-ray pulse length (mlJ]) 230 < 5-500

The following sections will describe the operation of
LCLS as a user facility and the necessary tasks and tools
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to setup and tune the accelerator to the range of parameters
requested by the users.

USER OPERATION

The availability of the LCLS beam in terms of actual vs.
planned beam operation is shown in Fig. 1 has been about
97% for the three completed user runs from October 2009
to March 2011. The photon beam availabilityfor the three
runs is now getting close to the set LCLS operation goal of
95%.

T T T T T T T T
100 B

98- Runl Runll Run Il Run |V
:\e\ O—
= %f —
3
< —
.§ 94+ 4
< —

92r = Electron Beam 7

[— = Photon Beam
90+ B
I I I | I I I |
Oct09 Jan10 Apr10 Julto Oct10 Jant1 Aprit Jult1

Time

Figure 1: Electron and photon beam availability for LCLS
for user runs I to IV. The set goal of 95% is indicated by
the dotted line.

Beam operation for LCLS is divided on a weekly basis in
normally 5 days of X-ray delivery to user experiments and
two days midweek for machine development and mainte-
nance. Usually the X-ray beam is switched between two or
three different user experiments on a two 12 h shift per day
schedule. Every two weeks the accelerator is shut down for
an entire shift for necessary maintenance and repair work
followed by a shift to recover beam operation and to setup
accelerator configurations needed for the different user ex-
periments scheduled.

LCLS Parameter Range

The main parameters of LCLS to be setup for user ex-
periments are the photon wavelength, photon pulse length,
and the bunch charge mode of the accelerator, with the re-
spective ranges listed in Table 1. A detailed layout of the
LCLS is shown in Fig. 2 with the gun/injector area, the
main acceleration sections (L0-L3) and bunch compressors
(BC1, BC2), a beam transport line (DL2) and the undulator,
and the photon diagnostic and X-ray mirror system. The
locations of the main electron beam diagnostics [3] with
OTR screens, wire scanners, transverse deflecting cavities
(TCAV) and bunch length monitors is also indicated.
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Figure 2: Layout of the LCLS accelerator, electron beam diagnostics, and photon diagnostic and distribution systems.

With a fixed-gap undulator, the photon wavelength has to
be adjusted by changing the electron beam energy, which
is done by keeping the energy profile up to the second
bunch compressor at 4.7GeV and then selecting an ade-
quate number of acceleration sections in the L3 linac to
either decelerate to energies down to 3.3 GeV or acceler-
ate to up to 15.4GeV. Fine adjustment of the final beam
energy is achieved by setting parts of the L3 linac to op-
posing phases.

The photon pulse length is set by the electron bunch
length which is selected by the peak current set point af-
ter BC2 of the longitudinal feedback in the control system.
This actually sets the proper phase and amplitude of the L2
linac to get the desired chirp for the final bunch compres-
sion in BC2.

The LCLS can be operated in two main charge modes,
the nominal high charge mode at 150 or 250 pC enabling
FEL operation in the 50 — 500 fs pulse length range and a
low charge mode at 20 or 40 pC [4] with about 10% of the
normal X-ray pulse energy, which can deliver ultra-short
pulses of less than 5 fs (estimated). Switching between the
two charge modes requires changes to the cathode laser
spot size, the injector RF phase and lattice setup, and some
minor tuning of the main linac.

The main driver for tuning and setup changes of the ac-
celerator is the range of requests from the user experiments
for different X-ray beam parameters, however, occasional
tuning is also required from changes to the input condi-
tions of the electron beam in the injector, namely the pro-
file of the UV photo-injector laser and the quantum effi-
ciency profile of the cathode itself. In order to achieve re-
producible results from the machine tuning, clearly defined
procedures have to be in place for the initial machine setup
after a change in the X-ray parameters. The subsequent
fine tuning of the FEL performance should then only use a
limited subset of the available knobs to stay within design
conditions for as much of the machine as possible. Another
important aspect is the availability of feedback loops and
feed-forward algorithms to decouple different accelerator
parameters like beam energy, bunch length, and beam or-
bit at various locations in the machine from each other. The
efficiency and timeliness of the machine setup is further en-

hanced by software automation of many measurements and
setup procedures.
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Figure 3: Cathode beam emission imaged on a downstream
YAG screen. The diameter of the beam is about 5.5 mm,
corresponding to a UV-laser diameter of 1.2mm on the
cathode.

Injector Tuning

Tuning of the LCLS injector [5] beam emittance is
mostly necessary during a change of the bunch charge
mode, and also when the cathode emission pattern as
shown in Fig. 3 changes after a cathode cleaning proce-
dure or when a different location on the cathode is illu-
minated. The emittance is measured using the quadrupole
scan method on an OTR screen located downstream after
the LO linac and the deflecting cavity at 135 MeV. The mea-
suring software is fully automated (Fig. 4) and can in turn
be invoked by other scripts to measure the beam emittance
as a function of any other accelerator parameter.
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Figure 4: Results from a fully automated quadrupole emit-
tance scan on an injector OTR screen for the horizontal
plane. Data for the simultaneously acquired vertical plane

is not shown.
This is for instance used to vary the gun solenoid
ISBN 978-3-95450-117-5

167



TUOBI3

strength to find the proper setting to minimize both hori-
zontal and vertical beam emittance. Additionally is is nec-
essary to also vary both the normal and skew quadrupoles
embedded in the gun solenoid to remove the effect of asym-
metries between the horizontal and vertical planes in the
laser distribution on the beam emittance. The two param-
eter scan shown in Fig. 5 required 49 emittance measure-
ments and took less than an hour.
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Figure 5: Two parameter scan of the injector emit-
tance varying the normal and skew quadrupole in the gun
solenoid.

The tuning of longitudinal beam properties is enabled by
the transverse deflecting cavity (TCAVO) in the injector and
the downstream OTR screen. The calibration of the verti-
cally deflecting cavity is done by software which records
the beam position on the screen while scanning the cavity
phase. A measurement of the vertical beam size at the two
RF-zero crossings and with no deflection then enables an
automated and fast bunch length measurement. Combin-
ing the deflecting cavity with the emittance measurement,
the horizontal emittance of individual time slices can be
obtained as shown in Fig. 6. The uniformity of the slice
emittance and the matching of the slices to the design lat-
tice along the duration of the bunch can be monitored in
this way.

The longitudinal phase space can be observed with the
streaked beam sent into the 135 MeV injector spectrome-
ter. The temporal overlap of the laser heater beam with the
electron beam can thus be optimized by scanning the time
delay of the laser beam with respect to the electron beam
and measuring the increase in energy spread of the central
horizontal slice.

Feedback systems

Tuning and stable operation of the LCLS electron beam
is greatly facilitated by the transverse and longitudinal
feedback systems [6]. A total of 9 transverse feedbacks for
the electron beam and additional loops for the photocath-
ode and heater laser have been implemented. For the elec-
tron beam they are separated into individual loops for each
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Figure 6: Injector horizontal slice emittance from com-
bining a quadrupole emittance scan with streaking by the
transverse deflecting cavity. The current profile represents
a 460 pm (rms) long electron bunch. The dimensionless
BMAG [5] quantifies the mismatch of the measured phase
space to the design Twiss parameters with the lowest value
of 1 for the matched case.

accelerating section (LO - L3) and additional feedbacks for
the beam transport line upstream of the undulator and for
the undulator orbit itself. The feedbacks are independent
loops and decoupled by operating them with different re-
sponse times and loop gains.

The presently used implementation for the longitudi-
nal feedback consists of independent loops for accelerating
sections LO - L3. For the LO and L3 sections only an en-
ergy feedback exists which controls the effective accelerat-
ing voltage of the section based on an energy measurement.
The two linac sections L1 and L2 upstream of the bunch
compressors BC1 and BC2 have both effective voltage and
phase controlled via inputs from energy and bunch length
measurements. Both the energy and bunch length regula-
tion are decoupled from each other by using virtual orthog-
onal actuators for energy gain and chirp of the respective
section which then get translated into actual phase settings
for the individual accelerating structures within that sec-
tion. Additionally a fast feedback network [7] has been
implemented to set individual RF parameters for the two
60Hz AC power line cycles used at 120 Hz operation, so
that differences in the klystron amplitudes and phases be-
tween the two cycles can be eliminated by the feedback
loops.

The set points for all transverse and longitudinal feed-
backs are accessible to other high level applications
through the LCLS control system and can therefore be used
to optimize the electron beam and FEL performance by
varying parameters of individual parts of the accelerator
while keeping the conditions in the rest of the machine con-
stant.
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Linac Tuning

Regular beam based measurements of the RF phase of
all the accelerating structures are necessary for the longitu-
dinal feedback to operate correctly and to obtain a proper
calculation of the energy profile along the machine. Such
phase scans are usually done daily for the main injector and
linac accelerator sections by an automated script which ad-
justs the respective phase offsets. An example is shown in
Fig. 7.
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Figure 7: Phase scan result for the L1 accelerator section
measuring the energy gain with a BPM in the downstream
bunch compressor. The observed 1 ° phase change since the
last measurement was automatically corrected.

Emittance measurements in the main linac up to the un-
dulator are done with wire scanners with which only pro-
jected values can be measured as seen in Fig. 8. Tuning
of the emittance at the three measurement stations after
BC1, BC2, and upstream of the undulator involves match-
ing to the design lattice at each location. Furthermore the
beam position through the small X-band cavity and the or-
bit launch conditions into the L2 and L3 linac are varied
with the set points of the feedback system to minimize the
effect of wake fields and limit the emittance growth through
out the machine.

28-Jul-2011 03:26:08 Asymmetric Normalized Phase Space

EDEEANGN |
\/\ 051/
|

IS
<)

Beam Size (um)

=)

y

o = 0.64+0.02 (0.67)

gyy: 1.00+0.00 ( 1.00)
x?/NDF = 0.91

B, = 33.20+0.43 (35.42) m

&
o

Figure 8: Emittance measurement of the vertical plane in

50
Position (m)

0.5\

30 o \
E = 9.794 GeV 2

Q = 0.151£0.00 nC < 9 ]
20| 1,= 0.53+0.00 (1.00)um £
o
b4

-0.5

Norm. Position

the L3 linac using 4 wire scanners at 45° phase advance.
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Undulator Operation

Efficient SASE operation of LCLS at the shortest wave-
lengths requires an orbit straightness within the undulator
of only a few ym. Beam-based alignment of the undulator
sections [8] is achieved to initially setup and then maintain
this straightness requirement. Additionally an indepen-
dent alignment diagnostic system (ADS) is used to monitor
daily and long term drift of the undulator position [9].
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Figure 9: Beam-based alignment procedure of the undula-
tor. Top part are average undulator orbits for four differ-
ent beam energies; middle part are fitted quadrupole (red)
and BPM offsets (blue); bottom part shows final orbits after
three iterations.

From operational experience it is sufficient to perform
the beam-based alignment every two weeks to address long
term drifts, orbit changes from replaced undulator seg-
ments, and drifts in the RF cavity beam position monitor
electronics. The procedure itself is semi-automatic and re-
quires changing the beam energy to usually four different
values covering the entire LCLS energy range and obtain-
ing average beam orbits for each energy [10].

An example is shown in Fig. 9. The initial beam or-
bits in the vertical plane are on top exhibiting a strong kick
from a previously replaced undulator segment. A fit of the
entire data set (see center of figure) to quadrupole offsets,
BPM offsets and orbit launch conditions into the undula-
tor is then used to find the dispersion free orbit through the
undulator. The fitted offsets are then used to correct the
quadrupole positions by moving the supporting undulator
girders and to correct the BPM positions in the controls
software. After a few iterations in the procedure a disper-
sion free orbit can be achieved with rms deviations of only
a few pm as shown in the bottom of Fig. 9. The entire
procedures is usually completed within a few hours.

The K-value of the fixed gap LCLS undulators can be
changed over a small range due to the wedged poles by hor-
izontally translating the entire undulator segment, which in
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LCLS Undulator Taper Configuration
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Figure 10: Software for taper setting. The first 6 undulators
have a linear taper function applied while the next 17 also
have an exponential taper functions added. The remaining
segments are retracted.

turn can also be completely retracted. The K -values of the
undulator segments are preset to a linear taper along the
33 undulator segments only compensating for energy loss
from wakefields and spontaneous radiation. A high level
software is used to set the taper based on combinations of
a linear function for linear gain regime and an exponential
function for the saturation regime. A sample taper setting
by the software is shown in Fig. 10 for soft X-ray operation
where only 23 of the 33 undulators where used to reach
saturation. The parameters of the taper functions can be set
by any other application and also automatically be applied
by the taper software to enable optimization of the X-ray
pulse energy by varying the taper parameters [11].
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Figure 11: Absolute and difference orbit between inserted
and retracted undulator segment 16 and fit results for adja-
cent quadrupole and BPM offsets.

The horizontal translation of the undulators to set differ-
ent K(-values or to retract them from the beam pipe affects
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the undulator orbit through variations of the undulator field
integrals and in case of full retraction, through the exposed
earth magnetic field and change in girder position from the
weight shift. The first field integral measured for each un-
dulator in the magnetic measurement lab can be compared
with a beam-based measurement. The undulator is trans-
lated in steps and the first field integral is then obtained
from the orbit kick at the undulator position with respect
to the reference orbit at the center position. A similar pro-
cedure is done for the difference orbit between the inserted
and retracted undulator position as shown in Fig. 11 for un-
dulator 16, in this case offsets for the upstream and down-
stream quadrupole and downstream BPM position are ob-
tained to account for the girder position change.
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Figure 12: Effect of undulator field integral correction
scheme. Blue orbit is with the feed-forward turned on, red
orbit without feed-forward.

The orbit distortions due to a change in the undulator ta-
per configuration can be of the order of several 100 um. A
feed-forward has been implemented in the undulator con-
trol system to automatically compensate both the changes
in the field integral from undulator translation and the or-
bit kicks from retracting undulators using the steering coils
embedded in the undulator quadrupoles. The effect of the
correction scheme can be seen in Fig. 12 where with no cor-
rection the orbit can deviate by a few hundred m whereas
with the automatic correction turned on the orbit remains
flat. The effect is largest in the latter part of the undulator
where the last 10 segments were retracted. This correction
scheme greatly facilitates changes in the undulator configu-
ration needed for different photon energies and enables fast
scans of taper parameters to optimize the FEL pulse energy
without performance degradation from orbit distortions.

X-Ray Energy

The absolute value of the X-ray pulse energy in LCLS
is obtained from a measurement of the electron energy loss
induced by the FEL process. The energy loss is determined
from the difference in the beam energy measured upstream
in DL2 and downstream of the undulator in the main beam
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dump. This energy loss also includes losses due to wake
fields and spontaneous radiation and the FEL contribution
is determined by inducing an orbit oscillation in the un-
dulator to inhibit the FEL process. Figure 13 shows an
energy loss scan with a simultaneous recording of photo-
multiplier signals from a gas detector in the FEE X-ray di-
agnostic area which is used to calibrate the gas detector
against the absolute pulse energy measurement from the
electron beam. Each time the photon energy is changed,
this calibration has to be repeated to account for the wave-
length dependency of the gas detectors.
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Figure 13: FEL energy loss scan by varying a steering coil
at the beginning of the undulator to suppress the FEL pro-
cess. Measured energy loss in red, gas detector signal in
cyan, and Gaussian fit to the energy loss values in blue with
a peak loss of 6.09 mJ.

An absolute thermal and single-shot thermo-acoustic X-
ray pulse energy measurement [12] is being commissioned
in a X-ray diagnostic chamber adjacent to the main beam
dump to provide an independent absolute measurement of
the photon pulse energy.

Configuration Changes

Changes of the LCLS machine configuration occur fre-
quently when beam delivery switches to a different user
experiment but are also common during an experiment’s
shift.

A fast change is the photon pulse length with the ac-
cessible range for soft x-rays from 60 — 500 fs (FWHM)
shown in Fig. 14. The X-ray pulse duration is only esti-
mated based on the electron bunch length and is 60 — 100 fs
(FWHM) for hard X-rays. The electron bunch length is
changed by phase settings in the L2 linac to change the
chirp into the second bunch compressor. This changes the
energy profile in the L2 linac and in order to get maximum
FEL pulse energy requires a scaling of the magnets which
takes about one minute for each data point in the figure.

The setting of the photon energy is done via the electron
beam energy. A small change up to 10s of MeV can be
immediately set with an energy offset in the longitudinal
feedback for the L3 linac and does not change any mag-
net settings. For medium changes of a few GeV an auto-
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length for soft X-rays. The corresponding peak power
reaches above 40 GW (hard X-rays 75 GW).
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Figure 15: X-ray pulse energy during energy ramp from
about 12 to 14.5GeV. The jump in photon energy around
7:10 is due the recalibration of the gas detector.

mated script [13] increases or decreases the main energy
set point for the energy feedback and continuously scales
all necessary magnets to the new beam energy while the
energy feedback adjusts the RF phases accordingly. Every
250 MeV the software adds to or drops from the acceler-
ating complement one station. An example of the proce-
dure is shown in Fig. 15 with an energy change from 12 to
14.5 GeV which took about 10 min and resulted in a reduc-
tion of the X-ray pulse energy of 30% without any further
tuning of the machine.

SUMMARY

Over the last two years since user operation started the
LCLS has reliably delivered soft and hard X-ray beams to a
growing number of user experiments. The presently avail-
able parameter range far exceeds the original design and is
used to its full extend by the LCLS users. A large number
of feedback systems supports stable X-ray beam operation
and matured software applications enable fast changes of
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the machine configuration and aide machine setup and op-
timization.
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