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A wake monochromator based on a large-area diamond single crystal for hard
X-ray self-seeding has been successfully installed and commissioned in the hard
X-ray free-electron laser (FEL) at the Pohang Accelerator Laboratory with
international collaboration. For this commissioning, the self-seeding was
demonstrated with a low bunch charge (40 pC) and the nominal bunch charge
(180 pC) of self-amplified spontaneous emission (SASE) operation. The FEL
pulse lengths were estimated as 7 fs and 29.5 fs, respectively. In both cases, the
average spectral brightness increased by more than three times compared with
the SASE mode. The self-seeding experiment was demonstrated for the first
time using a crystal with a thickness of 30 um, and a narrow bandwidth of
0.22 eV (full width at half-maximum) was obtained at 8.3 keV, which confirmed
the functionality of a crystal with such a small thickness. In the nominal bunch-
charge self-seeding experiment, the histogram of the intensity integrated over a
1 eV bandwidth showed a well defined Gaussian profile, which is evidence of the
saturated FEL and a minimal electron-energy jitter (~1.2 x 10~*) effect. The
corresponding low photon-energy jitter (~2.4 x 10~*) of the SASE FEL pulse,
which is two times lower than the Pierce parameter, enabled the seeding power
to be maximized by maintaining the spectral overlap between SASE FEL gain
and the monochromator.

1. Introduction

A millijoule-level femtosecond tunable hard X-ray laser
source is now available from large-scale free-electron laser
(FEL) facilities with lengths of a few hundred metres to a few
kilometres. The lasing process of all of the facilities is based on
self-amplified spontaneous emission (SASE), in which the
electron-bunch length is typically hundreds of times longer
than the temporal coherence length in the nominal bunch-
charge mode (150-250 pC) so that hundreds of separated
longitudinal modes are present and fluctuate in single-shot
spectra within the SASE bandwidth (generally, 0.2-0.4% of
a photon energy) (Huang & Kim, 2007; Gutt et al., 2012).
Currently self-seeding is the only available method to
generate a millijoule FEL X-ray pulse in a single longitudinal
mode, in the absence of external seeding in this high photon-
energy range. The initial idea of self-seeding was based on the
utilization of Bragg diffraction (BD) from a four-bounce
diamond-crystal monochromator as a bandpass filter (Saldin ez
al., 2001). A transmission self-seeding with simple alignment

J. Synchrotron Rad. (2019). 26, 1101-1109

https://doi.org/10.1107/51600577519005460

1101


http://crossmark.crossref.org/dialog/?doi=10.1107/S1600577519005460&domain=pdf&date_stamp=2019-06-18

research papers

requirements was proposed using forward Bragg diffraction
(FBD) from a single diamond crystal (Geloni et al., 2011). The
FBD diamond wake monochromator was used in the first
demonstration of hard X-ray self-seeding at the Linac
Coherent Light Source (LCLS) (Amann et al., 2012).

The hard X-ray FEL at the Pohang Accelerator Laboratory
(PAL-XFEL) was successfully commissioned in the SASE
operation mode as the third hard X-ray FEL in 2016 (Kang et
al., 2017). In an effort to diversify its applications, the self-
seeding based on the FBD monochromator was chosen. PAL
collaborated with Argonne National Laboratory and the
Technological Institute for Superhard and Novel Carbon
Materials especially for designing the monochromator and
manufacturing large-area defect-free diamond crystals and
those characterizations of crystallinity. The monochromator
was manufactured by a Korean company (Seinyung Vactron
Co. Ltd, Bucheon, South Korea) based on the engineering
design and was installed in February 2018. The mono-
chromator accommodates two diamond single crystals in the
[100] and [110] orientations to satisfy various optimization
conditions (Yang & Shvyd’ko, 2013). To reduce the X-ray
absorption and the FBD spectral width, one crystal in the
[110] orientation is specially designed to a smaller thickness of
30 um compared with 90-100 pm thicknesses of other crystals.

In this commissioning paper, we describe the installation
and the crystal calibration process, self-seeding with both low
and high bunch charges, and self-seeding with the ultrathin
30 pm crystal. The seeding performance can be limited by the
electron-energy jitter, as shown in a previous report (Amann
et al., 2012). Our electron-energy jitter with a modern radio-
frequency (RF) system was only ~0.01%, which is one order
of magnitude smaller than the SASE bandwidth. Therefore,
the seeded FEL X-ray pulse energy was minimally affected by
energy jitter. To demonstrate this, the experiments and the
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simulations using SIMPLEX code were compared at the high
bunch charge.

2. Installation and calibration of FBD self-seeding
monochromator

The schematic layout of the self-seeding instrumentation and
photographs of the two sets of diamond double-crystal
systems mounted on holders are shown in Fig. 1. The diamond
wake monochromator is located after eight 5 m-long out-
vacuum undulators with K >~ 1.87 and is served by a bandpass
filter with a delay time of tens of femtoseconds. The delayed
seed with a narrow spectrum is further amplified using twelve
undulators downstream. The additional undulator spaces are
reserved to increase the seeding power and to obtain satura-
tion at the higher photon energy. Two sets of the diamond
double-crystals systems, with the (100) and (110) crystals
having the same size, 4 mm X 5 mm, are each mounted on a
separate holder. Each holder contains two diamond crystals in
the [100] and [110] orientations, and, in one holder, a chal-
lenging 30 pum ultrathin crystal with the [110] orientation is
mounted to reduce optical absorption and FBD seeding
linewidth. The crystals are mounted on chemical vapor
deposition (CVD) diamond bases for good heat dissipation
using CVD diamond clamps and graphite levers. The spring
constant of the graphite levers is optimized to minimize the
residual stress in maintaining enough holding force. The
quality of the crystals was confirmed by double-crystal X-ray
topography. The mounting strain was less than 1.5 prad root
mean square (r.m.s.) in the 2 mm x 2 mm working area, which
corresponds to less than 0.02 eV r.m.s. in most of the seeding
conditions (Shvyd’ko et al, 2017). Only the 30 pm ultrathin
crystal required an annealing process at 920 K to remove
residual stress from manufacturing, and became whitish due to
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Figure 1

(a) Schematic layout of the self-seeding implementation at the hard X-ray undulator line of PAL-XFEL; 8 and 12 undulators are currently installed
before and after the self-seeding system, respectively. The spaces for additional undulators in the future upgrade are shown in gray. The motion of the
diamond crystal is automated for the angular motion of pitch (6) and yaw (¥), and for the translational motion of X and Y. (b, ¢) Photographs of two
batches of crystals. (b) C*[100] (left) and C*[110] (right) crystals with thicknesses of 100 pm and 90 pm, respectively, were installed in the first batch.
(c) C*[100] (left) and C*[110] (right) crystals with thicknesses of 100 pm and 30 pm, respectively, were installed in another batch. The 30 pm-thick crystal

became foggy after the annealing process.
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the roughen surface, which was not expected to degrade its
crystallinity (Shvyd’ko et al., 2017). The spectrum of the
seeded FEL was measured by a Si(111) or Si(333) single-shot
spectrometer (Zhu et al., 2012). The low- and high-charge
experiments were carried out using a Si(111) bent crystal with
a spectral resolution of 0.6-0.8 eV. A recently installed Si(333)
single-shot spectrometer with an improved resolution of
0.2 eV was used for the test with the 30 um-thin crystal.

Fig. 2(e) shows a 3D drawing of the self-seeding section
integrated onto the one-girder system. This monochromator
system fits into one undulator as a modular design so that it
can be replaced with any undulator in the future. The mono-
chromator design is based on an LCLS mechanical drawing
(Amann et al, 2012) and was modified to accommodate a
longer crystal holder with two crystals. The two rotation angles
of the crystal were automated with the pitch angle 6 in the
range 32° < 6 < 95°, and the yaw angle ¥ in the range
—5.5° < <4.4°. The beam propagation and the crystal plane
are orthogonal when 6 = 90° and = 0°. The weak four-dipole
chicane has a momentum compaction factor Rse in the range
Sum < Rss < 30 um for a delay time of 8-50 fs. Various
diagnostic tools were implemented to monitor the position
and size of the electron and photon beams and possible
mechanical flaws: stripline beam-position monitor, in-line
screen monitor, wire scanner, screen monitor for Bragg
reflections and the surveillance camera. In the installation, the
initial position and angle offsets of the crystals were checked
with an aligned ultraviolet laser at 450 nm, which was visible in
the screen monitor for Bragg reflections after a Be filter was
detached. The piezo translational stage tended to induce a

large deviation of about 1 mrad of reflected ultraviolet laser
radiation due to vibration when moving, and the deviation
became less than 10 prad (the resolution limit of the screen
monitor) when it stopped.

Crystal angle offsets of C*[100] were obtained using
undulator radiation and a double-crystal monochromator
(DCM), as shown in Fig. 3. Only three offsets for angular
motion were considered here, and any couplings between
those motions were ignored for simplicity. Figs. 3(b)-3(e) show
the transmitted undulator radiation spectrum where the
photon loss was caused by Bragg reflections from various
crystallographic planes. The 20 times lower resolution of the
DCM compared with the Bragg reflection linewidth reduced
the signal-to-noise ratio by 20 times and also made the
absorption peaks 20 times broader, which gave a photon loss
of 5% in the data. The pitch and yaw offsets were obtained by
finding the center of the (004) reflection line near normal
incidence while scanning each axis. The roll offset without the
access of a remote motion was deduced from an iterative
comparison between models and two measurements at
¥ = 0.61 and 1.11°. The final calculations using the offset
angles (0, ¥, ¢) = (0.055°, 0.63°, —1.43°) were in good agree-
ment with the experiments (see Fig. 3).

For a machine setting, electron bunches with a wide range
of energy, 4-11 GeV, are used to tune a FEL energy of
2.5-15 keV while the undulator parameter remains constant
(K = 1.87) with a period of 28 mm. The electron-bunch
centroid energies for 6.95 and 8.3 keV are 7.23 and 7.90 GeV,
respectively. A linear and a quadratic tapering of the 2nd-20th
undulators are manually optimized to maximize FEL power
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(a)—(e) Pictures and a 3D model of the self-seeding section. (a) The X-ray Bragg reflections from the diamond crystal monitored near the glancing angle
of incidence, 62.5°, using a YAG:Ce scintillator. The motorized assembly at the pitch angle of (b) 90° and (c) 32°. (d) A surveillance camera installed to
monitor the crystals for a diagnostic purpose. (¢) A 3D model of the self-seeding section.
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with a peak current of 2-3 kA. The beam parameters with
a slice emittance of 0.5 mmrad (180 pC) and 0.3 mm rad
(40 pC) and a slice energy spread of 2 x 10~* are used for FEL
simulations.

3. Self-seeding at low bunch charge

In April 2018, we performed the self-seeding experiment at
the PAL-XFEL with a low charge of 40 pC with a repetition
rate of 30 Hz at 8.3 keV. This short FEL pulse has advantages
in that it can be overlapped with the first maximum of the
monochromatic wake from the FBD and the electron-beam
energy loss due to the wakefield effect in the undulator can be
negligible. The diamond crystal in the [100] orientation with
a thickness of 100 pm was inserted with the pitch angle
0 = 56.9° with respect to the desired photon energy.

To change the self-seeding mode, we optimized the SASE
spectrum by changing the RF phase of accelerators to produce
a narrow spectrum at the end of the eight-undulator segment
using the single-shot spectrometer. The SASE FEL energy
was measured to be 110 pJ using the E-loss method, while the
self-seeded energy was ~40 puJ measured using the integrated
intensity from the spectrometer calibrated by the E-loss
method.

Fig. 4(a) shows the average intensity of the SASE operation
with a full width at half-maximum (FWHM) bandwidth of
12 eV and the self-seed FEL with a FWHM bandwidth of

X

0.91 eV. The peak of the average intensity for the seeding was
~4 times higher than that of the SASE. The intensity inte-
grated over the 1 eV bandwidth of the seeded FEL around the
seeded line was 3.1 times higher than that of the SASE. The
spectrum was measured by using a Si(111) single-shot
spectrometer with a resolution of 0.8 eV and a wide spectral
range, which could cover the full SASE spectrum.

Fig. 4(b) shows the single-shot spectra, where the FWHM
bandwidth of seeding was 0.89 eV, which was larger than the
0.4 eV measured at the LCLS under similar experimental
conditions (Amann et al., 2012) because the spectral resolu-
tion of the Si(111) spectrometer was estimated to be lower
than the actual bandwidth of the seeded FEL. This will also
underestimate the peak spectral intensity of the seeded FEL.
The FWHM bandwidth of the average intensity was close to
that of the single-shot intensity, which implies that the seeding
and the amplification process were stable within the spectral
resolution of the spectrometer.

Figs. 4(¢) and 4(d) show the measured sequence of 200
consecutive shots for the SASE operation and the self-seeded
FEL, and the associated histogram of intensity integrated over
a 1 eV bandwidth. The shot-to-shot jitter of the seeded FEL
was over 50% because of the natural shot noise of the SASE
seed, and the self-seed pulse could not reach the saturation
region.

To obtain the optimal delay time of electron bunches for
good overlap for the seeding, we used FBD theory (Shvyd’ko
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(a) Identification of the offset angles of the C*[100] crystal based on Bragg reflection loss measurements using undulator radiation and a Si DCM.
(b, ¢) Pitch- and yaw-angle offsets identified near normal incidence. (d, e) The roll-angle offset obtained from the comparison between the theoretical
model and experiments at two different yaw angles. Three offset angles (0, ¥, ¢) = (0.055°, 0.63°, —1.43°) were obtained.

1104

Chang-Ki Min et al. -

Hard X-ray self-seeding commissioning at PAL-XFEL

J. Synchrotron Rad. (2019). 26, 1101-1109



research papers

@ - ®
—— SASE —— SASE
—— Self-Seeded —— Self-Seeded
515 52
s S
2z 1 =
= =
g 2 1
- (0]
Zo05 =
0 0
-20 -10 0 10 20 20 -10 0 10 20
E- EC (eV) E- EC (eV)
(0 (d) 30
SASE | Self-Seeded SASE
e [ Self-Seeded
fill 1l 8
s i ]
S ; < 20
%0 ‘ 8
w ©
y £ 10
o g
c
0
2 200 400 0 1 2 3
Shot number Intensity (a. u.)
Figure 4

Short-bunch case with a low charge of 40 pC at 8.3 keV. (a) The average
spectral intensities with an FWHM bandwidth of 12 eV (SASE) and
0.91 eV (self-seeded), respectively. (b) The seeded FWHM bandwidth for
the typical single-shot spectra is 0.89 eV. (¢) The 200 consecutive spectra
for the SASE (#1-#200) and self-seeded FEL (#201-#400) operations.
(d) The histograms of the integrated intensity over a 1 eV bandwidth for
the SASE operation and the self-seeded FEL.

& Lindberg, 2012; Lindberg & Shvyd’ko, 2012). The FBD time
response of a diamond crystal can be calculated as

1 @)+ @]
2Ty (y/T,) "[1 + ¢/ Ty)]

|G00(t)i2 o8 1)

where T, = 2A%sin6/(cd) is the characteristic time para-
meter, T; = 2dsin 9/[c}sin(9 - 17)|] is the total propagation
time through the crystal, d is the crystal thickness, A is the
extinction length, 6 is the incident angle between the X-ray
and the reflecting atomic plane, n is the asymmetry angle
between the crystal surface and the reflecting atomic plane, c is
the speed of light, and J, is the Bessel function of the first kind.
As a result, the first maximum of the trailing wake of the FBD
time response f, =~ 26T, its duration t; ~ 167, and the
spectral bandwidth AE o 1/7, are all defined by 7},. For the
(400) Bragg reflection, the calculated delay of the first wake
was t; > 20 fs with Ay = 3.63 pm, 7, = 0.78 fs, and 6 = 56° at
8.3 keV.

Fig. 5 shows the peak intensity of the seeded FEL as a
function of chicane delay for the calculated monochromatic
wake from the crystal (black line) and its convolution with the
SASE FEL with a bunch duration of 7 fs (FWHM) (blue line)
using equation (1), which agrees well with the experimental
results (red dots). One can see that the seeding occurred when
the time delay was earlier than 10 fs. The optimum time delay
was expected to be the first trailing maximum, ¢, >~ 20 fs
(Amann et al., 2012), but we observed that the seeded FEL at

5 T T
¢ Seeded FEL
4.5 -
——FBD
4F 7 fs FWHM

Intensity (a. u.)
N
(9]

20 30 40
Chicane delay (fs)
Figure 5
The peak intensity of the seeded FEL as a function of chicane delay. By
using FBD theory, the blue line represents the convolution of the wake
from FBD theory (black line) and the SASE FEL with an FWHM pulse
duration of 7 fs, which agrees well with the experimental results (red
dots).

the minimum chicane delay of 8 fs, which is in the zeroth
trailing wake from the FBD, can also produce a two times
higher seeded peak than that of the optimal time delay, while
the FWHM bandwidth in the zeroth trailing wake increased by
10% more than one in the first trailing maximum (Yang &
Shvyd’ko, 2013). This experimental evidence shows that the
zeroth trailing wake of the FBD (not to be overlapped with
the SASE) can be used as more efficient seeding than the
maxima of the trailing wake.

4. Seeding at the nominal bunch charge

In May 2018, we carried out the self-seeding experiment for
the normal-bunch mode, where the electron charge was
170-190 pC with a peak current of ~2.5 kA at 7 keV. The
nominal SASE FEL pulse had a bunch duration of 25-30 fs
(FWHM) and a pulse energy of 1.2 mJ. Fig. 6 shows the FEL
pulse length measurement result using the cross-correlation
between the SASE pulse from the eight undulators used
earlier and the electron bunch as a function of the chicane
delay. The deconvoluted FEL pulse length was 29.5fs
(FWHM) assuming a Gaussian temporal profile (Ding et al.,
2012).

For the long electron bunch, the wakefield effect can no
longer be negligible, because the electron energy is decreased
in the long undulator. Thus, we slightly modified the linear
undulator tapering (where the energy loss due to the wake-
field effect is compensated by changing the K value to keep
the resonant photon energy) for the second undulator section
(U9-U20). In this case, the self-seeded FEL reached the
saturation region, so we applied quadratic tapering for the last
two undulator segments (U19-U20). We observed that the
maximum of the seeding was produced with a chicane delay
of 60 fs, where the second maximum of the trailing wake

J. Synchrotron Rad. (2019). 26, 1101-1109
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Measurement of SASE FEL pulse duration using the cross-correlation
between the SASE FEL and the electron beam as the chicane delay
changes in the self-seeding section. The FEL pulse duration was
measured to be 29.5 fs (FWHM), assuming a Gaussian profile.

t> 2~ 60 fs was calculated using equation (1) with a T, of 0.86 fs
for 6 = 89.5 ° and a (400) Bragg reflection. The energy of the
seeded pulse (photon energy 6.95 keV) was measured to be
~430 pJ by the E-loss method.

Figs. 7(a) and 7(b) show the average spectral intensity with
1000 consecutive shots and the typical single-shot spectral
intensity. The measured FWHM bandwidths for the average
intensity are 12eV (SASE) and 0.72eV (seeded FEL),
respectively. In a typical single-shot spectrum of the seeded
FEL, the measured FWHM bandwidth was 0.64 €V, which is
similar to the average one due to the very stable operation of
the self-seeding system.

Figs. 7(c) and 7(d) show a sequence of 1000 consecutive
shots for the SASE operation and the self-seeded FEL and
their associated histograms. The seeding probability, which is
defined when the peak intensity of the seeded FEL is higher
than the average SASE one, was measured to be ~82%. The
histogram of the integrated intensity over a 1 eV bandwidth
for the seeding had a Gaussian profile, and the r.m.s. shot-to-
shot jitter was 45%, which was lower than that of the short-
bunch case because the seeded FEL reached the saturation
region. The peak intensity of the self-seeding was ~3.5 times
higher than that of the SASE, and the summed intensity of
the seeding in a range of 1eV around the seeded line was
~2.3 times higher than that of the SASE mode. One can
compare the maximum flux F,, [photons pulse ' (1eV)™]
between the long-bunch and short-bunch modes. As a result,
the F,, of the long-bunch mode was an order of magnitude
higher than that of the short-bunch mode.

We performed simulations using the 3D FEL code
SIMPLEX (Tanaka, 2015) with the PAL-XFEL parameters
and the crystal configuration used in the experiments for the
long-bunch mode. The electron beam had a length of 6 um
(r.m.s.) and a peak current of 2400 A. The wakefield effect due
to the resistive wall impedance of the undulator chamber was
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Figure 7

Long-bunch case with a nominal charge of 180 pC at 7 keV, similar to
Fig. 4. (a) The averaged spectral intensity with an FWHM bandwidth of
12 eV for the SASE operation and 0.72 eV for the self-seeded FEL.
(b) For the single-shot spectrum, the FWHM bandwidth for the self-
seeded FEL is 0.89 eV. (¢) The 1000 consecutive spectra for the SASE
(#1-#1000) and the self-seeded FEL (#1001-#2001) operations. (d) The
histograms of the integrated intensity over a 1eV bandwidth for the
SASE operation and the self-seeded FEL.

applied. Fig. 8(b) shows the evolution of the FEL energy as
a function of the undulator length. The SASE energy was
~800 pJ with a pulse duration of 26 fs (FWHM). The seeded
FEL was then amplified and saturated at the end of the second
undulator section, where the FEL energy was ~400 pJ with a
bandwidth of 0.43 eV (FWHM) using a resolution of 0.7 eV, as
shown in Fig. 8(a). The peak of the averaged spectral intensity
was ~3.5 times higher than that of the SASE, which agrees
well with the experimental result. The r.m.s. shot-to-shot
fluctuations of the peak intensity were 25.5% (SASE) and
51% (self-seeded), respectively. This shot-to shot fluctuation
of the seeded FEL was twice that of the SASE because of the
varying seeding power generated from the spiky SASE spec-
trum.

The PAL-XFEL has a very low shot-to-shot electron-energy
jitter of 0.012%, as shown in Fig. 9. The resultant shot-to-shot
fluctuation of the center energy of the SASE was measured to
be 0.025%, which is two times smaller than the calculated FEL
gain bandwidth E/E, ~ p = 5 x 107* where p is a dimen-
sionless Pierce parameter. In addition, the effect of electron-
energy jitter on the seeded FEL intensity is shown in Fig. 10.
As a result, the r.m.s. electron-energy sensitivities of self-
seeded intensity are 3.2 x 107 for the FEL simulation and
2.4 x 10~ for the experiment, which is double our electron-
energy jitter, 1.2 x 10~*. These results have good agreement
with the estimation based on the Pierce parameter. Therefore,
the current electron-energy jitter does not degrade the seeded
FEL intensity when maintaining the spectral overlap between
SASE FEL gain and the monochromator.
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FEL simulation results. (a) Averaged intensity over 30 shots. (b) The FEL
energy evolution for the SASE operation (black) and the self-seeded
FEL (red). The shaded regions represent the r.m.s. shot-to-shot
fluctuation.

5. Self-seeding using 30 um diamond crystal

In October 2018, we used the thinner diamond crystal for the
self-seeding experiment for the first time. The diamond crystal
with a thickness of 30 pum in the [110] orientation can cover the
spectral range from 3.3 keV to 5 keV. However, at this time,
we tested this crystal at 8.3 keV using the Si(333) single-shot
spectrometer with a better resolution of ~0.2 eV. Here, we
performed the self-seeding in the (220) Bragg reflection with
the pitch angle 6 = 36.5°. The electron delay was 40 fs, which
was the second trailing maximum of the wake from the crystal.

According to FBD theory (Yang & Shvyd’ko, 2013), when
the characteristic time T, decreases, the seed spectrum of the
actual FBD has a double-peak structure which results in the
separation between the two peaks. This separation is inversely
proportional to the characteristic time 7. For the (220) Bragg
reflection, using 7, >~ 0.5 fs with A,,; = 1.92 pm, the band-
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Figure 9

The shot-to-shot energy jitter distribution for the electron beam and the
SASE FEL. The r.m.s. shot-to-shot fluctuations are 0.012% (electron
beam) and 0.025% (SASE FEL), respectively. The dimensionless Pierce
parameter p for PAL-XFEL with the parameters used in the experiment
is calculated to be ~5 x 107*,

width was calculated to be AE >~ 0.4 eV, which was larger than
that of thicker crystals (e.g. 100 um in the [100] orientation).
Thus, if double-color peaks are amplified in the large band-
width, the Si(333) single-shot spectrometer can resolve these
two peaks.

Fig. 11(a) shows the average intensity of the FWHM
bandwidth of 0.52 eV for the self-seeded FEL, in which the
total bandwidth consists of two peaks. We observed that one
out of the two competing peaks for the seeding was mostly
amplified due to the low probability of equal-intensity double-
color seeding (Yang & Shvyd’ko, 2013). As a result, over 1000
shots were observed including; 672 shots for the single-color
seeding, where 310/362 shots were for the right/left peak; 235
shots for the double-color seeding; and 93 shots for no seeding
as shown in Fig. 11(c).

When both peaks appear at the same time in the spectrum,
then the peak intensity is lower than that of only single-peak
amplification because the seeding power is distributed into
two [see the green line in Figs. 11(a) and 11(b)]. Fig. 11(d)
shows that the distribution of the center energy of each peak
for the double-color seeding, where the separation of two
peaks is ~0.2 eV. The FWHM of the center energy for each
peak is ~0.05 eV, which shows very stable seeding operation.
The FWHM bandwidth of each peak for the single-shot
spectrum is ~0.22 eV, which is the shortest bandwidth
measured for the seeding experiment.

Fig. 12(a) represents the intensity of the seeding as a
function of chicane delay from FBD theory with 7, >~ 0.5 fs.
The FWHM duration of the electron beam is ~50 fs which can
be overlapped with more than one FBD wake as shown in
Fig. 12(a). Fig. 12(b) shows the spectrum of the seeding
radiation as covered by this long electron beam. The two
peaks with an energy separation of ~0.17 eV comes from FBD
theory which results in the double-color seeding. Therefore,
these experimental results agree well with FBD theory.
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Figure 10
The self-seeded FEL intensity in FEL simulation (a) and the FEL
intensity over a 1 eV bandwidth in experiments (b) as a function of the

electron-energy detuning. The RMS widths for Gaussian fittings are
3.2 x 107* for the simulation and 2.4 x 10~* for the experiment.

6. Summary

The PAL-XFEL hard X-ray self-seeding instrumentation has
been successfully commissioned without any design flaws. To
prepare the user service of the self-seeded FEL in the next
year, the low bunch-charge (or short-pulse) mode and the
nominal bunch-charge (or high photon-flux) mode were
tested, and a more than three times improvement in spectral
brightness was observed compared with the corresponding
SASE mode. The 30 pm ultrathin crystal in the [110] orien-
tation was specially added. It demonstrated that the spectral
bandwidth of the seeded FEL can be as small as 0.22 eV
(FWHM). The experimental and theoretical parameters
related to this commissioning are summarized in Table 1. We
plan to continue this commissioning below 5 keV to study the
advantage of its low optical absorption. In our two-crystal
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Figure 11

The thinner diamond crystal case. The diamond crystal in [110]
orientation and the thickness of 30 um are used for the (220) Bragg
reflection with 0 = 36.5° at 8.3 keV. (a¢) The FWHM bandwidths are
0.52 eV for the average intensity of all (black solid line), 0.33 eV
(0.27 eV) for average intensity of each side peak [blue (red) dotted line],
and 0.43 eV for the double-color seeding (green dotted line). (b) The
FWHM bandwidth of each single-shot spectra is 0.22 eV for the single-
color peak (red, blue lines) and is 0.45 eV (green line) for the double-
color seeding. (¢) The 1000 consecutive spectra. (d) The histogram of the
relative center position of each peak. The separation energy between the
two peaks is ~0.2 eV.

i3
x10 b
@49 ®) 4
8 — FBD 0.8
-~ ===+ Electron beam G
=) 3
K 806
> 2
7] B
5 4 § 0.4
€ 15
- 2 0.2
L S
YA 0
0 20 40 60 80 100 -1 -0.5 0 0.5 1
Chicane delay (fs) E-E,(eV)

Figure 12

(a) Intensity of the seeding radiation as a function of the chicane delay
from FBD theory for the same parameters as that of Fig. 11. The electron
beam (blue dotted line) has an FWHM duration of 30 fs and a chicane
delay of 40 fs. (b) The spectrum of the seeding radiation as covered by the
electron beam that is overlapped with many wakes from FBD, which
shows two separate peaks with an energy separation of 0.17 eV.

system, two differently oriented crystals with [100] and [110]
orientations are accommodated in a single holder and will
provide more choices of 7|, in the optimization of the seeded
FEL. The histogram of the integrated intensity over a 1 eV
bandwidth shows that our electron-energy jitter does not
greatly degrade our seeding performance.
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Table 1
Summarized parameters calculated from FBD theory and measured
parameters from the self-seeding commissioning period.

Parameters Short-bunch mode Long-bunch mode
Charge (pC) 40 180 180
FEL pulse length (fs) 7 29.5 29.5
Crystal thickness d (um) 100 100 30
E. (keV) 83 7 83
0 (%) 56.6 89.5 36.5
FBD theory

H (hkl) 400 400 220

Ay (um) 3.63 3.63 1.92

T, (fs) 0.78 0.86 0.5

tq (fs) 12.5 13.8 8

ts (fs) 20.3 224 13

AE (eV) 0.287 0.24 0.40
Experiment

Chicane delay (fs) 20 60 40

AE (eV) 0.89+ 0.641 0.56%

+ Si (111) spectrometer used. # Si (333) spectrometer used.
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