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PAL-XFEL utilizes a three-chicane bunch compression (3-BC) scheme (the
very first of its kind in operation) for free-electron laser (FEL) operation. The
addition of a third bunch compressor allows for more effective mitigation of
coherent synchrotron radiation during bunch compression and an increased
flexibility of system configuration. Start-to-end simulations of the effects of
radiofrequency jitter on the electron beam performance show that using the
3-BC scheme leads to better performance compared with the two-chicane bunch
compression scheme. Together with the high performance of the linac
radiofrequency system, it enables reliable operation of PAL-XFEL with
unprecedented stability in terms of arrival timing, pointing and intensity; an
arrival timing jitter of better than 15 fs, a transverse position jitter of smaller
than 10% of the photon beam size, and an FEL intensity jitter of smaller than
5% are consistently achieved.

1. Introduction

PAL-XFEL is Korea’s first, and the world’s third, hard X-ray
free-electron laser facility, following the Linac Coherent Light
Source (LCLS) (Emma et al., 2010) in the USA and the
SPring-8 Angstrom Compact Free Electron Laser (SACLA)
(Ishikawa et al., 2012) in Japan. After the successful commis-
sioning of PAL-XFEL in 2016, its user service operation began
in June 2017 (Kang et al., 2017). Hard X-ray free-electron
lasers (XFELs), including the European XFEL (Weise &
Decking, 2017) and SwissFEL (Milne et al, 2017), have
successfully provided users with high-spectral intensity photon
beams, proving to be invaluable tools in the research and
development of many disciplines across all science.

Electron beam based alignment incorporating undulator
radiation spectrum analysis is fully utilized for better perfor-
mance of hard XFELs (Kang et al., 2017). The electron beam
itself, which undergoes the process of acceleration and
compression to ultra-relativistic energies (~10 GeV) and
durations of tens of femtoseconds (~50fs at FWHM),
contributes to the FEL performance as well. During transport
to the undulators, the electron beam experiences a myriad of
effects that could potentially spoil its quality and consequently
degrade the FEL performance. The longitudinal space charge
(LSC), coherent synchrotron radiation (CSR) and micro-
bunching instability (MBI) are among the most predominant
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phenomena that a beam encounters during transport. These
effects have motivated many studies in efforts to minimize
them and improve the FEL machine performance (Venturini
et al., 2015; Saldin et al., 2002, 2004; Heifets et al., 2002; Huang
& Kim, 2002).

One of the main causes of poor FEL performance is the
emittance dilution induced by CSR in bunch compressors.
Hard XFELs require a beam current of over 2 kA to lower
the gain length and increase the FEL intensity. However,
increasing the beam current through magnetic bunch
compression can lead to bend-plane emittance growth and
energy spread because of CSR in the dipoles of the
compressor. The larger the bend angle of the bunch
compressor, the more the emittance growth. Also, beam
acceleration configurations with radiofrequency (RF) phases
closer to the crest are the least sensitive to RF amplitude and
phase errors (Borland, 2001a), which contribute to the jitter
performance of the electron beam. Therefore, the bend angle
of the dipoles in a bunch compressor is preferred to be small
to reduce emittance growth caused by CSR, and beam accel-
eration with RF phases closer to the crest is preferred to
reduce energy jitter of the electron beam. However, a smaller
bend angle to reduce emittance growth entails a larger linear
energy chirp, 4, at the preceding RF sections, meaning the RF
phase moves farther away from the crest; having RF phases
closer to the crest for the reduced energy jitter entails a larger
Rs6, meaning a larger bend angle of the bunch compressor.
Having both small 4 and small Rss is incompatible in this
sense.

To realize both a small Rs¢ at the last bunch compressor to
reduce emittance growth caused by CSR and a small energy
chirp to reduce energy jitter at the end of the linac, a three-
chicane bunch compression (3-BC) scheme was adopted for
PAL-XFEL (see Fig. 1). It is feasible because the overall Rsg
of the 3-BC scheme can be made larger than the two-chicane
bunch compression (2-BC) scheme so that the required energy
chirp can be reduced. This scheme allows both beam accel-
eration with RF phases closer to the crest and a smaller bend
angle at the last bunch compressor (Kang et al., 2011, 2012a).
The addition of the third bunch compressor also allows an
increased flexibility of the system configuration with respect
to the compression factor and energy chirp among the
compressors. MBI is expected to be more pronounced in the
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3-BC scheme than the 2-BC because the additional stages of
bunch compression may introduce a greater MBI gain.

PAL-XFEL consists of a 10 GeV S-band normal conducting
linac and two undulator lines: a hard X-ray undulator line
(HX1) and a soft X-ray undulator line (SX1) (see Fig. 1). The
hard XFEL line contains five acceleration sections, three
magnetic bunch compressor chicanes (BC1, BC2 and BC3H),
an achromatic dogleg transport line with a bend angle of
0.5° and the hard X-ray line undulators (HX1). In Fig. 1,
LO represents the 135 MeV injector, consisting of a photo-
cathode RF gun and two S-band accelerating structures. A
laser heater system to reduce MBI is placed immediately after
the injector (Lee et al., 2017). A 75 cm-long X-band cavity is
located immediately after L1 for linearization. The soft XFEL
line, which branches out from the end of L3A, at which point
the beam energy is 3 GeV, consists of two double-bend
achromats whose dipole bend angles are 3°, one RF station
(L3S), the third magnetic bunch compressor chicane (BC3S),
and the soft X-ray line undulators (SX1). The third bunch
compressor for each beamline (BC3H for HX and BC3S for
SX) is placed after the switch yard of the 3 GeV point of the
linac. The peak current after the second bunch compressor is
designed to be below 1 kA to minimize CSR kicks along the 3°
achromatic beam transfer line to the soft X-ray line undula-
tors. Twenty undulator segments are installed in HX1, and
seven segments are installed in SX1. We adopted the
European XFEL undulator design (Pflueger et al, 2013),
which features a 5 m-long, planar, permanent magnet, and an
out-vacuum variable-gap undulator, and modified its magnet
design according to the PAL-XFEL undulator parameters.
Designed and measured parameters of PAL-XFEL are listed
in Table 1.

Even though the 3-BC scheme operation is the baseline
for PAL-XFEL, three configurations of bunch compressors
are available for operation, as shown in Table 2: 3-BC
operation (BC1-BC2-BC3) and 2-BC operations (BC1-BC2
and BC1-BC3). The RF phase and bunch compressor para-
meters of the 3-BC configuration (BC1-BC2-BC3) are the
parameters currently used in normal operation.

The manuscript is organized as follows. In Section 2, we
discuss the analytical estimation of the CSR kick for the three
configurations of bunch compressors. In Section 3, we discuss
the results of start-to-end simulations to compare the three
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Schematic diagram of PAL-XFEL. LO: injector; L1, L2, L3A, L3B, L4 and L3S: acceleration sections; X: X-band linearizer cavity; DF1, DF2H and DF2S:
deflector cavities; LH: laser heater; BC1, BC2, BC3H and BC3S: magnetic bunch compressor chicanes, whose dipoles are rectangles in blue; BASO,
BAS1, BAS3H and BAS3S: beam analysis stations, each of which consists of a dipole (rectangle in blue), a YAG screen and a dump (rectangle in black).
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Table 1
Designed and measured parameters of PAL-XFEL.
Designed Measured
Electron beam
Electron energy (GeV) 10 9.47
Slice emittance (mm mrad) 0.5 0.4
Beam charge (nC) 0.2 0.18
Peak current at undulator (kA) 3.0 35
Pulse repetition rate (Hz) 60 60
Undulator (HX1)
Undulator period (m) 0.026
Undulator parameter, K 1.5-1.9
Undulator length (m) 5.0
Number of undulators 20
Photon beam
FEL radiation wavelength (nm) 0.1 0.1
Photons per pulse (10') 2.6 7.0

configurations in terms of the RF jitter effects on the electron
beam properties. In Section 4, we discuss the electron beam
performances achieved from the 3-BC scheme operation with
the measured data of projected emittance, relative mean
energy jitter, arrival time jitter, transverse orbit jitter, and
laser heater impact on FEL performance. Finally, in Section 5,
we discuss the FEL performance in terms of FEL intensity,
central wavelength jitter and pointing jitter.

2. Analytical estimation of the CSR kick for the three
configurations of bunch compressors

In a chicane-type bunch compressor, the mean energy offset
and the standard deviation of the energy offset with 6 =
(p —p,)/p,, Where p, is the central momentum, are as follows
(Borland, 2001b),

L
() = —0.3505 e QLv__ )
ey(R2o)'"?
L
5, — 02459 QL ?)
e ey(R2)'""

where L, is the length of the dipole, e is the electron charge,
y is the relativistic factor of the electron beam, R is the bend
radius of the dipole, Q is the bunch charge, and o is the r.m.s.
bunch length. The r.m.s. geometric emittance, ¢, increases by a
factor (1 4+ 62(x2)(A8?)/€?)'?, where 6 is the dipole bend
angle, which is minimized by minimizing the r.m.s. beam size at
the exit of the last dipole of the chicane (Borland, 2001a). The
adoption of optics with smaller betafunction, §,, in the second
half of the bunch compressor, as well as a smaller bend angle
in the bunch compressor, can diminish the emittance growth
caused by CSR.

The CSR-induced perturbation kick is Ax’ = n'0jcgr,
where o g is (8) of equation (1), given at the end of the last
dipole magnet of a bunch compressor, where, for a small bend
angle (0 < 1), n’ >~ 6. The CSR-induced perturbation kicks
for the three configurations of bunch compressors, which are
calculated with the parameters of the last bunch compressor,

Table 2
Three configurations of bunch compressors for start-to-end simulation.
BC1-BC2-BC3 BC1-BC2 BC1-BC3

RF phases (°)

L1 —11.6 —16.6 —16.6

X —178.0 —178.0 —178.0

L2 —21.95 —32.38 —39.5

L3 —8.0 0.0 —39.5

L4 1.0 1.0 1.0
BC1

0 () 497 4.97 497

Rss (mm) —66.7 —66.7 —66.7
BC2

0 (°) 3.0 2.5 0.0

Rs6 (mm) —36.7 —26.9
BC3

) 1.6 0 22

Rss (mm) —-116 —22.0
Peak current (kA) 2.94 297 2.94
CSR-induced kick, Ax’  2.65 x 107° 763 x 107°  4.50 x 107°

are listed in Table 2. It is clear that the 3-BC configuration
is superior to BC1-BC2 and BC1-BC3 in terms of the CSR-
induced kick. The BC1-BC3 configuration takes advantage of
the fact that BC3 can perform the final compression at a much
higher energy than that of BC2, thereby reducing the impact
that the CSR will have on the induced energy spread via its
y~! behavior in equations (1) and (2).

Cancelation of CSR kicks can be achieved by setting the
phase advance 7 between the bunch compressors such that
the kicks cancel each other out (Douglas, 1998; Mitri et al.,
2013; Hajima, 2003). The idea of the m-phase advance CSR
cancelation is not implemented in the current 3-BC scheme
operation of PAL-XFEL. In the current design, the betatron
phase advances from the end of BC1 to the end of BC2 and
from the end of BC2 to the end of BC3 are 1.706 and 0.773,
respectively, away from the m-phase advance (the phase
advance is described as 27v, and a m-phase difference corre-
sponds to 0.5 of v). The 3-BC scheme enables the dipole bend
angle of the chicane to be relatively small, which results in
reduction of the CSR kick amplitude to a level not necessary
to use the m-phase advance CSR cancelation. In the actual
accelerator operation, it is not practical to maintain the fixed
phase advance between bunch compressors.

3. RF jitter effect simulation for the three
configurations of bunch compressors

The CSR-induced perturbation kicks listed in Table 2 are
simple estimations based on equation (1) using only the
parameters of beam energy (3.6 GeV for the 3-BC and BCl-
BC3, and 2.5 GeV for BC1-BC2), peak current (3 kA) and
dipole magnet at the last bunch compressor. It does not take
into consideration the variations of actual electron beam
properties during the bunch compression, which depend on
the configuration of bunch compressors. In the process of
acceleration and compression, the electron beam properties
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are quite variable because they are subject to errors like the
RF amplitude and phase jitters. Each electron bunch must see
a different amplitude and phase of the RF field at each RF
station because of the RF system jitters, so that all the beam
parameters, such as peak current and energy, and thus CSR
kick amplitude, are different from pulse to pulse.

Start-to-end simulation using the Elegant code (Borland,
2000) was carried out to evaluate the RF jitter effect on the
electron beam properties. We compared the electron beam
performances in terms of projected emittance, relative energy
jitter and arrival time jitter for the three configurations
of bunch compressors of the PAL-XFEL linac. For this
comparison, the parameters of the three configurations are
chosen to have the peak current after the last bunch
compressor to be around 3 kA and the correlated energy
spread at the end of linac smaller than the FEL parameter
(see Table 2).

Fig. 2 shows the actual stability of the RF system (phase and
amplitude jitters in r.m.s.) measured in December 2017 and in
April 2018. The RF system performance was improved in the
beginning of 2018 by changing the focusing magnet power
supplies of the S-band klystrons from the 1000 p.p.m. stability
class to the 100 p.p.m. for the L0, L1 and L2 sections. The
phase and amplitude jitters of the L1 section were improved
to better than 0.015° and 0.01%, and better than 0.03° and
0.015% in the L2 section. However, the stability of the X-band
linearizer RF system was still poor, 0.07° in phase and 0.15%
in amplitude, even though it was improved from 0.12° in phase
and 0.23% in amplitude of the December 2017 data.

For the jitter study, we used four different cases of RF
stability (phase and amplitude jitters in r.m.s.) of the 47 RF
stations in the hard X-ray line. The jitter of April 2018 of Fig. 2
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Figure 2

REF stability of 47 RF stations, phase jitter (upper figure) and amplitude
jitter (lower figure) measured in December 2017 and April 2018. RF
station No. 1 is the gun, Nos. 2 to 3 belong to the injector (L0), Nos. 4 to 5
belongs to the L1 section, No. 6 is an X-band linearizer, Nos. 7 to 16
belong to the L2 section. The jitter measured in April 2018 was used as
the RF jitter case RJ-1 and the jitter measured in December 2017 was
used as RJ-2 for the RF jitter effect simulation.

was used as the RF jitter case RJ-1, RJ-2 is the jitter of
December 2017, RJ-3 (not depicted in Fig. 2) was selected to
have the phase jitter of 0.05° and amplitude jitter of 0.02% in
L1 and L2, and the phase jitter of 0.1° and amplitude jitter of
0.05% in L3 and L4 (assumed as the bad jitter case, on average
two times higher than RJ-2), and RJ-4 was selected to have the
phase jitter of 0.1° and amplitude jitter of 0.05% in L1, L2, L3
and L4 as the worst case. In this simulation, other errors such
as the incoming timing jitter from the injector and the jitters of
magnet power supplies are not included; thus, the jitter esti-
mated from the simulation would be an underestimation of the
actual jitter performance of the linac.

Fig. 3 shows the electron beam jitter performance at the
entrance of the undulator line (HX1), calculated for the three
configurations of bunch compressors (BC1-BC2, BC1-BC3
and 3-BC) with the four different RF jitter cases of Fig. 2. Both
the relative energy jitter and arrival time jitter are the r.m.s.
values of their corresponding outputs from the 300 Elegant
runs. The projected emittance (&,) is the mean value with
error-bar from the 300 Elegant outputs.

The simulation result in Fig. 3(a) shows that the projected
emittances (&,) of the 2-BC configurations (BC1-BC2 and
BC1-BC3) are significantly larger than that of the 3-BC as
expected from the analytical estimations of the CSR kick in
Table 2, and the error bar increases significantly as the RF
jitter increases in all three configurations. The error bar is
most dominant in the BC1-BC2 configuration because the RF
jitter changes beam properties significantly such that CSR is
stronger or weaker. The vertical emittances of the three
configurations are the same as 4.7 x 10”7 mm mrad and not
affected by the RF jitters.

Both the relative energy jitter and arrival time jitter
increase significantly as the RF jitter increases as shown in
Figs. 3(b) and 3(c). The relative energy jitter performance is
worst in the BC1-BC3 configuration and similar in both the
3-BC and the BC1-BC2 configuration. The arrival time jitter
performance is worst in the BC1-BC2 configuration and
similar in both the 3-BC and the BCI1-BC3 configuration.
Under the current condition of RF system jitter of RJ-1, the
3-BC configuration shows the best performance in terms of
projected emittance, relative mean energy jitter and arrival
time jitter, indicating the 3-BC can provide the best FEL
performance among the three.

4. Electron beam performance achieved from the 3-BC
scheme operation

PAL-XFEL uses the 3-BC scheme as the nominal operation
mode. As discussed in the previous section, the 3-BC scheme is
less vulnerable to RF jitters. This scheme enables the delivery
of a very stable electron beam to the undulators, which
subsequently generates a very stable FEL beam.

The RF and bunch compressor parameters of the 3-BC
scheme operation currently in use, listed in Table 2, have been
optimized since June 2017 when the FEL commissioning
was completed with the 2-BC scheme (BC1-BC2). The 2-BC
scheme had been used for one year, in 2016, for the FEL
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Electron beam jitter performance obtained from the Elegant simulation
for the three configurations of bunch compressors (BC1-BC2, BC1-BC3
and 3-BC) and the four different RF jitter cases of Fig. 2: (a) projected
emittance (&,), (b) relative mean energy jitter, and (c) arrival time jitter.
Both the relative mean energy jitter and arrival time jitter are the r.m.s.
values of their corresponding outputs from the 300 Elegant runs. The
projected emittance (&) is the mean value with error bar from the 300
Elegant outputs. In the simulation, other errors such as the incoming
timing jitter from the injector and the jitters of magnet power supplies are
not included; thus, the jitters, particularly the arrival time jitter, estimated
from the simulation would be an underestimation of the actual jitter
performance of the linac.

commissioning because this scheme was simple to set up. The
compression ratios of the 3-BC scheme are 2.0/4.8/13.0. The
compression ratio of BC1 is quite small, which helps to reduce
the CSR kick at a relatively low beam energy of 350 MeV at
BC1, while the compression ratio of BC3 is relatively high, but
the CSR kick is not serious because the beam energy is
relatively high, 3.6 GeV. The bunch length measured with a
deflector at the exit of BC3 is 6.18 £ 0.46 um, and with this
and the beam charge of 180 pC the peak current is calculated
to be 3.5 kA.

4.1. Projected emittance

There are five locations of the emittance measurement in
the hard X-ray FEL line: three locations using a quad scan
with a YAG screen [at the end of LO (injector), at the entrance
of the X-linearizer, and at the entrance of L2], and two loca-
tions using five wire scanners, at the end of L4 and the
undulator line. There are four to five matching quads
upstream of each emittance measurement location (except at
the end of LO, where there is no matching quad).

The lattice of the hard X-ray undulator line (Kang et al.,
2014) is 15 periods of FODO lattice with drift space that
can potentially accommodate 30 undulators, although only 20
undulators are currently in place situated between the quads.
The betatron phase advance of the lattice is 40° per cell. Five
wire scanners (Kim et al., 2016, 2018) are placed at the center
of the drifts of the undulator line FODO lattice. The locations
of the wire scanners were selected among drift spaces, where
undulators are not placed, aiming to have an accumulated
betatron phase advance of greater than 120° between the first
wire scanner and the last: three wire-scanners are placed
upstream of the first undulator, one wire scanner is located at
the self-seeding section in the middle of the undulator line,
and one wire scanner is placed immediately after the last
undulator, such as at 0, 40, 80, 160 and 260°, respectively. The
wire material is a 34 pum-thick carbon wire. It takes 2 min
to finish one plane emittance measurement using five wire
scanners, so it takes only 4 min for both horizontal and vertical
planes. The five-wire-scanner measurement gives us the beam
profiles at five different places of the undulator line, the
projected emittance, and the Twiss parameters at the matching
point. By adjusting the five quadrupoles located upstream of
the FODO lattice, the measured Twiss parameters can be
matched to the design lattice. This kind of arrangement of
wire-scanners enables us to measure the exact size of the
e-beam interacting with the photon beam along the undulator
line.

The injector section, consisting of a photocathode RF gun
(Chae et al.,, 2011) and two S-band accelerating structures,
generates a low-emittance beam with a projected emittance of
0.34 mm mrad (horizontal) and 0.33 mm mrad (vertical) at an
energy of 135 MeV and a beam charge of 150 pC. To remove
the horn shapes from the compressed bunch current profile
(Zhou et al., 2015; Ding et al., 2016), an energy collimator was
used at the first bunch compressor (BC1). This helps to
increase the FEL intensity, so that the injector beam charge
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was increased to 240 pC; then, the beam charge at BCl
was reduced to 180 pC by the collimator. Accordingly, the
projected emittance of the injector increased to 0.45 =+
0.02 mm mrad (horizontal) and 043 =+ 0.01 mm mrad
(vertical) as a result of the higher bunch charge.

Fig. 4 shows the beam sizes along the undulator line,
emittances and Twiss parameters of the horizontal and vertical
planes measured with the wire scanners in the undulator line.
The measured emittances (y¢) at the undulator line are 0.72 &
0.03 mm mrad (horizontal) and 0.58 =+ 0.03 mm mrad
(vertical). The right-hand figures in Figs. 4(a) and Fig. 4(b)
represent a phase space normalized to a 1 mm mrad emittance
beam, depicted by the green circle. The mismatch parameter
in the figure, & = (1/2)(By — 2aa + B7), is defined as the
difference between the measured Twiss parameters and the
design lattice Twiss parameters, where «, B and y are the
design Twiss parameters and &, 8 and y are the measured
Twiss parameters. The perfect matching case of @ = &, B = B
and y = y corresponds to & = 1. The mismatch parameter (&)
in the figure is as small as 1.01 (horizontal) and 1.02 (vertical),
close to the perfect matching, and the beam sizes of both
planes are almost uniform along the undulator line. Opti-
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Measurement of beam sizes and emittances using wire scanners in the
undulator FODO lattice. Beam sizes along the undulator line and
normalized phase space of the horizontal plane (a) and the vertical plane
(b). The horizontal axis of the beam size figures [left-hand figure in (a)
and (b)] represents the distance along the undulator line and the second
wire-scanner is located at z = 0. ye, B, « in the left-hand figures of (a) and
(b) are the measured Twiss parameters at z = 0. The green circle in the
phase space diagrams [right-hand figures in (a) an (b)] represents a phase
space of a 1 mm mrad emittance beam. The five colored lines of the phase
space diagram represent the position and angle of the measurement
for the five wire scanners and those inside the circle represent betatron
phase advance.

mizing the matching of the electron beam along the 100 m-
long undulator line facilitates maximizing the spatial overlap
between the e-beam and photon beam.

Fig. 5 shows the horizontal beam profiles measured at two
different wire scanner locations (WS3 and WSS5) of the
undulator line before and after the Twiss parameter matching.
The distance marked in the figure represents the peak position
shift of the electron beam distribution after the matching,
while the position of the center of mass appears unchanged
through the matching. After the matching, the electron beam
distribution recovered from an asymmetrical to a Gaussian
distribution.

The measured emittances from the injector to the undulator
line are listed in Table 3. The quad scan emittance measure-
ment using a YAG screen is reliable only for the injector and
the X-linearizer, while others (at the entrance of L2), not
listed in the table, give a high value of emittance, higher than
1.5 mm mrad, with a large error. The vertical emittance at the
entrance of the X-linearizer is 0.54 £ 0.02 mm mrad, similar to
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Figure 5

Horizontal e-beam profiles measured at WS3 (a), the third scanner in
Fig. 4, and WS5 (b), the fifth scanner, before and after the lattice
matching. The distance marked in the figure represents the peak position
shift of the electron beam distribution after the matching, while the
position of center of mass appears unchanged after the matching.
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Table 3
Measured projected emittances from the injector to the undulator line.
Horizontal Vertical

Location of Measurement emittance emittance
measurement method (mm mrad) (mm mrad)
Injector Quad scan with YAG 0.45 £ 0.02 0.43 £ 0.01
X-linearizer Quad scan with YAG 0.44 £ 0.02 0.54 + 0.02
End of L4 Five wire scanners 0.68 &+ 0.02 0.56 £ 0.03
Undulator line Five wire scanners 0.72 + 0.03 0.58 £+ 0.03

the undulator line. The horizontal emittance was increased
from 0.45 pm at the injector to 0.72 pm at the undulator line.
The horizontal and vertical emittances measured at the
undulators are 0.72 pum and 0.58 pm, respectively, while those
of the Elegant simulation results are 1.12 um and 0.47 pm,
respectively. The fact that the horizontal emittance of the
simulation is much bigger than the measurement is because in
the simulation the horn shapes from the compressed bunch
current profile is not properly removed by an energy colli-
mator at BCI.

The CSR-induced tilt along the bunch in the horizontal
plane was corrected using the tweak quads at the chicanes, and
the vertical plane tilt along the bunch was also minimized by
placing the e-beam on the axis of the X-band linearizer, which
exerts a strong time-dependent RF kick on the beam. After
the beam tilt along the bunch was minimized, the Twiss
parameters obtained from the projected emittance measure-
ments were valid for both the center and along the bunch
(Kang et al., 2019), which enables a proper setting of matching
quads to be found for matching the measured Twiss para-
meters to the design. Using this emittance measurement and
lattice matching, we could maintain the projected emittance
at less than 0.72 mm mrad (horizontal) and 0.58 mm mrad
(vertical) from the injector to the undulators.

4.2. Relative mean energy jitter

The e-beam energy jitter performance strongly depends on
the RF system jitter performance, as shown in Fig. 3(b). Fig. 6
shows the relative e-beam mean energy jitter measured at four
dispersive locations in December 2017 and in April 2018,
which accounts for the effect of RF jitter improvement of
Fig. 2. The energy jitter at BC2 was improved by a factor of
two, which was attributed to the stability improvement of both
the L2 and X-band RF system, as shown in Fig. 2. The e-beam
mean energy jitter at the dump was also improved from
0.019% of December 2017 to 0.013% of April 2018.

4.3. Arrival time jitter

The arrival time of the electron beam was measured with a
2.826 GHz phase cavity located at the end of the hard X-ray
undulator line (HX1), just prior to the main dump dipole
(Shin et al., 2018). The phase cavity has two output pickups
(BAM1 and BAM2), whose detected RF signals are processed
using the same electronics to evaluate the systematic error of
the measurement system. The arrival time measured before
December 2017 was 18.8 fs r.m.s., and the deconvoluted jitter
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Figure 6
Relative e-beam mean energy jitter measured at four dispersive locations
in December 2017 (a) and April 2018 (b): the BPMs at the center of the
bunch compressors (BC1, BC2 and BC3H) and the BPM at the main
dump.

of the electron bunch arrival time is 15.1 fs. The arrival time
jitter measured in April 2018 was improved to 15.3 fs, as
shown in Fig. 7. Deconvoluting the systematic error of 9.4 fs in
Fig. 7(b), the actual arrival time jitter is as small as 12.1 fs r.m.s.

4.4. Transverse orbit jitter

As discussed in Section 3, the amplitude and phase jitters of
the RF system introduce a different amplitude of the CSR-
induced transverse kick, Ax’, for each pulse bunch. This kind
of transverse kick induces betatron oscillation of the orbit
along the downstream of the source point and down to the
undulator line. A large variation of orbit along the undulator
line may degrade the overlap between the e-beam and FEL
beam. The pulse-by-pulse orbit jitter lasts only while the
source of the transverse kick exists and is as fast as the elec-
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(a) Histogram of electron bunch arrival times measured with a 2.826 GHz
phase cavity at the end of the HX undulator line HX1 with data being
sampled for 3.3 min. (b) Correlation plot of BAM1 and BAM2. In (a), the
Gaussian fit of electron bunch arrival time jitter is 15.3 fs in r.m.s.

tron beam pulse length, so that it is not possible to correct the
orbit jitter of its own. Minimizing the transverse kick ampli-
tude is the only way to minimize the orbit jitter. Nevertheless,
to correct a slow change in orbit due to ground motion and
others, we use an orbit feedback covering from the injector
end to the end of the undulator line with a correction speed of
1 Hz for the 30 Hz beam rate.

To observe a pulse-by-pulse orbit jitter caused by a very fast
transient kick, 1000 shots of the orbit from the injector to
the main dump for the horizontal and vertical planes were
measured (see Fig. 8). The slow orbit feedback was turned off
for this measurement (for 33 s at the 30 Hz beam rate). The
r.m.s. of the orbit variation along the undulator line (from
BPM-112 to BPM-133) is smaller than 4.2 pm in the horizontal
plane and 2.5 um in the vertical plane, which are in the range
of 10% of the e-beam size, as shown in Fig. 4. The pulse-by-
pulse orbit jitter caused by the fast-transient kick is not serious
in the 3-BC scheme operation.
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Figure 8

Orbit r.m.s. of 1000 shots of orbit for the horizontal (top) and vertical
(bottom) planes, from the injector to the main dump. The beam repetition
rate is 30 Hz. The BPMs at the dispersive points (BC1, BC2 and BC3H)
are 18, 46, and 63, respectively. The HX undulator line (HX1) is from a
BPM number of 112 to 133.

4.5. Laser heater impact on FEL performance

MBI was expected to be more pronounced in the 3-BC
scheme than in the 2-BC schemes. However, the actual
3-BC scheme operation revealed that this is not as serious an
issue as expected, and in some cases MBI is too weak to
deteriorate the FEL performance. The laser heater imple-
mented at the PAL-XFEL successfully suppresses micro-
bunching instability. Fig. 9 shows the 9.7 keV FEL intensity as
a function of the laser heater IR laser energy. One can see that
the laser heater system helps to suppress the microbunching
instability to increase the FEL intensity, whereas a further
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Figure 9

9.7 keV FEL intensity as a function of the laser heater IR laser energy.
The inset shows a finer measurement around the peak of the FEL
intensity.
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increase in IR laser energy reduces the FEL intensity because
of the corresponding increase in slice energy spread.

5. FEL performance achieved by the 3-BC scheme
operation

5.1. FEL intensity

Fig. 10 shows the available FEL intensity per pulse as a
function of photon energy, which has been gradually improved
since the FEL user service operation began in June 2017 and is
now routinely deliverable to beamlines. The mJ-level intensity
was achieved for photon energies from 2.8 keV to 14.4 keV,
and it is below 0.5mJ from 2.0keV to 25keV. The
improvement of FEL intensity is still going on towards the
2 mJ level as at the photon energy of around 9 keV. To deliver
a different wavelength FEL, we are changing the e-beam
energy from 10.4 GeV for 14.4keV to 3.88 GeV for 2 keV
FEL instead of changing the undulator gap (Yang et al., 2018).
The undulator parameter, K (Huang & Kim, 2007), is kept at
1.87, which is highest at the practically reachable undulator
gap distance of 9.0 mm, to maximize the FEL gain for those
photon energies.

We have improved the FEL intensity remarkably through
the Twiss parameter matching at the X-linearizer, L4 and
the undulator line, optimizing the transverse position of the
electron beam at the X-band linearizer to minimize a trans-
verse RF kick along the bunch, and a proper undulator
tapering (Yang et al., 2018). The FEL beam pulse duration
measured by the cross-correlation method is 24.7 4 0.7 fs at
FWHM (Ding et al., 2012), and the measured e-beam length is
6.18 £ 0.46 pm (48 fs at FWHM), which means that roughly
51% of the electron beam pulse in length contributes to FEL
lasing. The portion of lasing in the e-beam bunch has increased
as the FEL intensity was increased by minimizing the tilt along
the bunch in the transverse planes. A relatively low FEL
intensity at the photon energy of 2-2.5 keV is due to a lower
e-beam energy.
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Figure 10

FEL intensity per pulse as a function of photon energy depicted with
error bars representing the r.m.s. statistical uncertainties in the measured
values. The FEL intensity was measured by using the electron energy
loss scan.

The highest FEL intensity at 9.7 keV we achieved is 1.94 £+
0.03 mJ, which corresponds to 1.2 x 10'? photons pulse . The
FEL intensity was measured by performing an electron energy
loss scan, which measures the electron energy loss across
undulators by observing the changes in the electron beam
position of beam position monitors (BPMs) located at the two
different dispersive sections: upstream of the undulator line
and the main dump (Loos, 2011). A horizontal plane corrector
upstream of the undulator line is used to change the orbit
along the undulator line while, at the same time, measuring
both the incoming e-beam energy at the undulator upstream
BPM and the e-beam energy at the beam dump.

Fig. 11 shows the 9.7 keV FEL beam intensity measured
with a quadrant beam position monitor (QBPM) at the
beamline for 3.3 min (a), demonstrating the short-term
stability performance, and for 10 h (b), demonstrating the
long-term stability. The QBPM sum value was calibrated by
the electron energy loss scan to be translated to the FEL
intensity. The measured intensity fluctuation is as small as
3.1% in r.m.s., calculated from the short-term data. The long-
term stability performance of the FEL intensity is also quite
impressive, with a 10 h amplitude jitter of 4.3% in r.m.s., and a
drop of FEL intensity caused by e-beam loss did not occur at
all during the 10 h operation time. Fig. 11(b) reveals that all
accelerator systems exhibit a high reliability of performance,
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9.7 keV FEL beam intensity measured for 3.3 min (a) and 10 h (b) during
the user service operation using QBPM at the beamline. In (a) and () the
QBPM data are converted to FEL intensity calibrated with the electron
energy loss scan.
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particularly the klystron modulators, which utilize state-of-the
art technology (Kim et al., 2015).

The fluctuations of the radiation pulse energy at the end of
the exponential gain regime are equal to 1/4/M, where M is
the number of longitudinal modes. The coherence length in
the exponential gain regime, [, = A,/2./7p, where p is the FEL
parameter (Huang & Kim, 2007) and X, is the radiation
wavelength, is calculated to be 0.22 fs for 9.7 keV. The FEL
beam pulse duration measured by using the cross-correlation
method (Ding et al, 2012) is 247 £ 0.7fs at FWHM,
M >~ 24.7/0.22 = 112, and the FEL fluctuation at the end of the
exponential gain regime is calculated to be 9.5%. Fluctuations
in the radiation pulse energy at the saturation point decrease
by a factor of approximately three with respect to the end of
the exponential gain regime (Schneidmiller & Yurkov, 2016,
2018), which corresponds to 3.2% for the 9.7 keV FEL, very
close to the measurement (3.1%).

5.2. FEL central wavelength jitter

Fig. 12 shows the central wavelength jitter of the 14.4 keV
SASE FEL. The measured central wavelength jitter is as small
as 3.4 eV in r.m.s. as shown in Fig. 12(b), five times smaller
than the SASE bandwidth at FWHM (15.5 eV), and corre-
sponds to a relative central wavelength jitter of 2.4 x 10~*
(=3.4eV/14.4 keV). The SASE bandwidth is calculated from
the average of 1000 shots [average spectrum in Fig. 12(a)]. The
measured central wavelength jitter of the 6.99 keV FEL is
as small as 2.0 eV in r.m.s., which corresponds to a relative
central wavelength jitter of 2.9 x 107 (= 2eV/6.99 keV).
These small wavelength jitters are attributed to the small
e-beam energy jitter of 1.3 x 10™* (see Section 4.2). The SASE
FEL wavelength jitters (2.9 x 107 for 6.99 keV and 2.4 x
10~ for 14.4 keV) are approximately two times the relative
e-beam energy jitter (0.013%).

5.3. FEL pointing jitter

Fig. 13 shows the transverse position jitter of the 9.7 keV
FEL beam measured for half an hour using the YAG screen
monitor located 29 m downstream from the last undulator (see
Fig. 1). The FEL beam sizes measured with the YAG screen
are 119.1 um (horizontal) and 133.3 um in r.m.s. (vertical). The
measured position jitter is 10.4 pm in r.m.s. in the horizontal
plane and 10.9 pm in the vertical plane, which correspond to
8.7% and 8.2% of the beam size of the horizontal and vertical
planes, respectively. It can be translated to the FEL beam
divergence angle and its pointing jitter as 1.7 prad and
0.15 prad in r.m.s., respectively, which is based on the distance
of 70 m from the FEL beam source point to the YAG screen.

6. Conclusions

Start-to-end simulations for the effects of RF jitter on the
electron beam performance show that the 3-BC scheme
compared with the 2-BC is less subject to RF jitters, which are
the most dominant error sources in actual operation. Using
the 3-BC scheme enables the delivery of a very stable electron
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(a) Single-shot spectrum of the 14.4 keV SASE FEL measured using a
single-shot spectrometer with Si-111 crystal. It is overlaid with the
average of 1000 shots and a Gaussian fit. (b) Histogram of central
wavelengths of 1000 shots of single-shot spectrum.
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Transverse positions of the 9.7 keV FEL beam measured for half an hour
using the YAG screen monitor located 29 m downstream from the last
undulator.
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beam, in terms of emittance, energy stability, arrival timing
and orbit stability, to the undulator line, which subsequently
generates a very stable FEL beam. Although initially thought
to be a potential concern in the 3-BC scheme, actual operation
revealed that microbunching instability is not as serious an
issue as expected, and in some cases the MBI is too weak to
deteriorate the FEL performance.

The measurement of the e-beam transverse profile along
the undulator line using wire scanners made it possible to
accurately measure the projected emittance and Twiss para-
meters, and apply a matching of the measured Twiss parameter
to the design lattice. Using this emittance measurement and
lattice matching, we could maintain the projected emittance
below 0.72 mm mrad (horizontal) and 0.58 mm mrad
(vertical) from the injector to the undulator line.

Together with the high performance of the linac RF system,
the 3-BC scheme allows reliable operation of PAL-XFEL with
unprecedented stability in terms of arrival timing, pointing
and intensity. A timing jitter of smaller than 15 fs, a transverse
position jitter of smaller than 10% of the photon beam size,
and an FEL intensity jitter of smaller than 5% are consistently
achieved. The measured central wavelength jitter is as small as
2.4 x 10™* two times smaller than the FEL parameter of 5.0 x
10~*, which is attributed to the small e-beam energy jitter
of 0.013%.

Still, there should be things to improve for much better
performance; for example, the X-band RF system stability
needs to be improved further, and there should be better
parameter settings with respect to acceleration and bunching
for the 3-BC scheme.
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