Home

Search

Collections

Journals

About

Contact us

My IOPscience

The effect of a radio-frequency phase of accelerating columns on the attosecond ESASE
scheme

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
2013 J. Phys. B: At. Mol. Opt. Phys. 46 164004
(http://iopscience.iop.org/0953-4075/46/16/164004)
View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 141.223.100.244
The article was downloaded on 13/08/2013 at 15:29

Please note that terms and conditions apply.

IOP PUBLISHING

JOURNAL OF PHYSICS B: ATOMIC, MOLECULAR AND OPTICAL PHYSICS

doi:10.1088/0953-4075/46/16/164004

J. Phys. B: At. Mol. Opt. Phys. 46 (2013) 164004 (7pp)

The effect of a radio-frequency phase of
accelerating columns on the attosecond
ESASE scheme
Sandeep Kumar 1 , Heung-Sik Kang 1 and Dong Eon Kim 2,3
1

Pohang Accelerator Laboratory, San 31, Hyoja-dong, Pohang, Kyungbuk, 790-784, Korea
Department of Physics, Center for Attosecond Science and Technology (CASTECH), Pohang
University of Science and Technology (POTECH), Pohang, 790-784, Korea
3
Max Planck Center for Attosecond Science, Pohang, 790-784, Korea
2

E-mail: skumar@postech.ac.kr and kimd@postech.ac.kr

Received 24 October 2012, in final form 11 December 2012
Published 13 August 2013
Online at stacks.iop.org/JPhysB/46/164004
Abstract
The generation of an isolated attosecond pulse at 0.1 nm has been proposed in an ESASE
scheme where an 800 nm, 5 fs FWHM carrier-envelop-phase stabilized laser is employed in
the 10 GeV Pohang accelerator laboratory—x-ray free electron laser (PAL-XFEL). The
radio-frequency (RF) phase effect has been studied on the current profile after the chicane and
on the x-ray radiation power at 50 m along the undulator. This study leads to the tolerance in
the RF phase. The results show that a single isolated attosecond radiation pulse could be
produced inside the undulator; however, the RF phase should be controlled down to 0.05◦ in
the linac section of the PAL-XFEL in order to satisfy the requirement for RF jitters suitable for
pump–probe experiments.
(Some figures may appear in colour only in the online journal)

1. Introduction

sub-femtosecond, even down to attosecond x-ray pulses
[3–11].
PAL-XFEL, the fourth generation light source based on
SASE FEL, will be operating at 10 GeV, a shorter electron
bunch (e-bunch) length of 50 fs and an average peak current
of 3.4 kA. The RF guns are unable to produce such a highenergy, short-pulse e-bunch. To achieve such a pulse, an
RF photo-injector at 135 MeV and the four S-band linear
accelerator columns will be used to boost the energy up to
10 GeV. The three bunch compressors will be utilized for bunch
compression. One X-band RF section is used for linearization
of energy and time correlation.
The current enhanced SASE is the scheme proposed by
Zholents et al [12, 13]. According to the scheme, the energy
distribution of e-bunch is manipulated with an optical laser
to enhance the SASE FEL performance. In this technique,
the electron peak current is enhanced in a significant way by
modulating e-bunch energy in a wiggler magnet. It is done
by resonance interaction with an optical laser, followed by
microbunching the modulated e-bunch energy before entering
the SASE undulator. High-current spikes within the e-bunch

PAL-XFEL is a Korean-XFEL project which is expected to be
in the commissioning stage by 2015 providing femtosecond
x-ray pulses [1]. Korea’s third generation light source—
the ‘Pohang light source’ (PLS)—has been operating at
3 GeV, serving the research community since 1994. The
third generation synchrotron light facility typically provides
picosecond x-ray pulses. These pulses are not suitable
for the study of real-time electron–electron correlation in
atomic, molecular and nanoscopic systems beyond the Born–
Oppenheimer approximation. These investigations demand
tools with attosecond temporal resolutions. The generation of
an isolated attosecond pulse of a higher photon flux at different
photon energies is desirable.
The self-amplified spontaneous emission (SASE) in a free
electron laser (FEL) has been a favourite choice as a potential
source for sub-femtosecond x-ray pulses. The basic concept
of SASE-FEL was proposed in 1984 [2]. Exploiting the SASE
scheme, several experiments and simulation works have been
done so far for the generation of picosecond, femtosecond,
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Figure 1. Schematic diagram of the Korean-XFEL.

laser pulse is timed to overlap the central area of the e-bunch.
A laser pulse acts as a seed source inside a two period wiggler.
Following the energy modulation, the e-bunch enters a chicane
where its density is modulated. The chicane is made up of four
rectangular dipole magnets; they are spatially arranged in such
a way that the length between the first two and the last two
magnets is equal. The slower electrons follow the shorter path
and the faster electrons follow the larger one. Following the
density modulation, the e-bunch enters the x-ray undulator.
The radiation amplification in this undulator develops in the
same way as in a conventional x-ray SASE FEL.

Figure 2. ESASE scheme for an attosecond x-ray source.

amplify the SASE radiation much faster than the rest of
the bunch, allowing for a shorter saturation length, a natural
synchronization with the optical laser and a controllable x-ray
time structure.
In a simpler layout, a train of 300 attosecond x-ray pulses
with GW power at 0.1 nm was obtained [14]. The manipulation
of the energy profile of an e-bunch may also lead to the
generation of an isolated attosecond pulse of ∼100 attosecond
FWHM at 0.1 nm wavelength [11].
In this paper we study the effect of the RF phase
parameters on the generation of an isolated attosecond pulse
on the ESASE scheme using Korean-XFEL parameters. In
section 2, we present the Korean-XFEL design and the ESASE
design. In section 3, we present start-to-end simulation results
for the Korean-XFEL and the ESASE schemes. The offcrest RF phase of the accelerator columns affects the e-bunch
properties very sensitively and thereby the undulator radiation.
We show the effect of the RF phase of L1, L2 and the X-band
RF section on the current profile of the e-bunch taken after
the chicane and on the radiation power inside the undulator.
Finally in section 4, we present the summary and conclusions.

3. Simulation results
Here we present start-to-end simulation results using the
Korean-XFEL combined with the ESASE scheme. Particle
tracking is performed from the exit of a gun injector at 135
MeV to the end of the chicane followed by the undulator at
10 GeV. The e-bunch parameters are as follows: beam energy
is 10 GeV (γ = 20 000), beam charge is 0.2 nC, normalized
bunch emittance is 0.5 μrad and there are 1 × 109 electrons
per bunch. For energy modulation, we used a carrier phase
envelope (CPE) stabilized laser with a laser power of 26 GW,
a pulse duration of τ = 5 fs and a focal spot size of w0 =
350 μm at the 800 nm wavelength, which is currently available.
The wiggler is a magnet with the number of period
=
 2, B02 
λw
1 + K2 .
1.0514 tesla, L = 2λw (45 cm), where λL = 2λ
2
A six-dimensional tracking is carried out to examine the
relevance of the Korean-XFEL parameters and their impact
on the ESASE scheme. The ELEGANT [15] particle code
has been used, which includes non-linearties such as the
second and higher order compression terms (T566, U5666),
longitudinal and transverse wakefields, RF voltage and the
incoherent and coherent synchrotron radiations (CSRs) in the
bending magnets. For CSR calculation, the code utilizes a onedimensional line-charge model. Beam tracking is performed
from the exit of the injector at 135 MeV to the end of the
chicane followed by the undulator.
We used three bunch compressors. In the case of two
bunch compressors, the CSR becomes severe inside the bunch
compressors and chicane section, resulting in the emittance
growth. A three bunch compressor scheme can make it possible
to minimize the CSR-induced emittance growth as well as to
reduce the correlated energy spread below the FEL parameter.
To dilute the emittance growth, the third bunch compressor is
introduced at a small angle.

2. Attosecond pulse generation using the
Korean-XFEL
Figure 1 shows the schematic layout of the Korean-XFEL
based on a 10 GeV e-bunch. The required bunch parameters—
such as a length of ∼30 μm, an e-bunch energy of 10 GeV
and an e-bunch charge of the order of nano-Columb (nC)—are
not readily achievable by a present photo-cathode RF gun. To
obtain the required bunch parameters, e-bunch is accelerated
by four acceleration columns L1, L2, L3 and L4 and compressed
by three bunch compressors BC1, BC2 and BC3 as shown in
figure 1. At the end of column 4, a 10 GeV e-bunch is obtained,
which is then sent to a 100 m long undulator for radiation
generation. In our ESASE scheme in the Korean-XFEL (see
figure 2), a few-cycle femtosecond laser pulse will be utilized
for the energy modulation before entering the undulator. The
2
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Figure 3. (a) The longitudinal energy spread of the e-bunch. (b) The current profile of the e-bunch. (c) The normalized emittance (x, y) of
the e-bunch at the entrance of the undulator. (d) The undulator radiation at a position of 50 m along the undulator.

we optimize the wiggler wavelength and wiggler field for a
maximum main peak current (after the chicane).
Figure 4(a) shows the energy spread of the e-bunch. The
modulation by laser can be noticed in the central part. This
energy modulation is clearly manifested in the current profile
shown in figure 4(b) and also in the radiation power at 50 m
shown in figure 4(d). Moreover, the saturation length is also
reduced down to 60 m. The radiation generated due to the
modulated part is two orders of magnitude higher than the
unmodulated part. The total radiation power is 3.6 GW at a
position of 50 m along the undulator.

3.1. Femtosecond pulse generation using the Korean-XFEL
To minimize the CSR and jitter, we optimized the accelerator
columns and bunch compressor parameters for a longer ebunch with a lower peak current of 2 kA.
The e-bunch current at the entrance of the undulator is
2 kA with a 10 GeV bunch energy. The bunch length is around
25 μm (∼83 fs) long. Figure 3(a) shows the longitudinal
energy distribution at the entrance of the undulator. This
spread always remains within the FEL parameter condition
ρ < 5.4 × 10−4. Figure 3(b) is the current profile of the ebunch at the entrance of the undulator. The average current is
∼2 kA. Figure 3(c) shows the normalized emittance εx and εy,
both of which are less than the projected normalized emittance
0.5 mm-mrad in the middle part of the e-bunch at the entrance
of the undulator. Figure 3(d) shows the radiation generated
by the e-bunch at 50 m along the undulator. This radiation is
obtained using a three-dimensional, time-dependent numerical
simulation code, GENESIS [16]. One can see in figure 3(d)
that there are several radiation peaks in the radiation profile,
indicating that the x-ray FEL radiation starts from short noises.
The shortest possible x-ray pulse duration generated by XFEL
is limited by the intrinsic bandwidth of the SASE process;
saturation is achieved at an undulator length of about 100 m.

3.3. RF phase study of linear accelerator column L1
The Korean-XFEL accelerator is made up of four S-band linac
columns L1, L2, L3 and L4. Each of them requires their own
lattice design to minimize the emittance growth due to the
wakefields and synchrotron radiations. To check the stability of
the optimized parameters, tolerance studies of the RF phase of
the accelerating columns L1, L2 and the X-band column were
performed, mainly on the e-bunch length, the current profile
after the chicane and on the radiation power at 50 m along the
undulator. The RF phase angle in the L3 column that accelerates
the bunch from 2.4 to 3.6 GeV followed by compression in
BC3 is set to 0.5◦ . The RF phase in the L4 column that produces
a final bunch energy of 10 GeV is set to 0.5◦ .
The linac L1 accelerates an e-bunch from 135 to 314 MeV
with an off-crest phase angle of 27.3◦ . The L1 column produces
a linear correlation in energy and time, thus the first bunch
compressor (BC1) compresses the bunch length. The RF
phase error causes the variations in the bunch length, the
magnitude of the current spikes and the radiation power. RF
phase scanning of the accelerator column L1 has been done

3.2. Attosecond pulse generation using the ESASE scheme
At the end of accelerator column L4, we introduce a fewcycle laser, a two-period wiggler magnet and one chicane of
four-dipole magnets. A laser pulse of ∼130 μJ, 5 fs FWHM
at 800 nm are chosen for the modulation inside the wiggler
magnet with B0 = 1.054 tesla (T). The laser beam-waist
size is chosen as 350 μm. For the FEL resonance condition,
3
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Figure 4. (a) The longitudinal energy spread of the e-bunch. (b) The current profile of the e-bunch. (c) The normalized emittance (x, y) of
the e-bunch at the entrance of undulator. (d) The undulator radiation at a position of 50 m along the undulator.

current peak to the second highest current peak and with a
larger radiation power. The e-bunch length is 26 μm (∼83 fs).
For this optimization, the L2 column RF phase was set at a
decelerating phase of −20.4◦ and the X-band RF section at
a decelerating phase of −179.4◦ . The function of the X-band
column is to linearize the energy time profile of the e-bunch,
which may cause the bunch length to be relatively shorter. The
radiation power is measured at a position of 50 m, just before
the saturation point. By optimizing the phase value of L1, a
4 GW radiation power at 50 m along the undulator is obtained
and the bunch length is also long enough, which means that it is
suitable for pump–probe experiments. By a change of 0.05◦ in
the RF phase, the change in bunch length is 1 μm (∼3.3 fs).
Moreover, the phase change of 0.05◦ does not produce a large
variation in the main peak current magnitude, in the second
highest current peak, third highest current peak and in the
radiation power as well.
Figure 5. RF phase effect of linac-column L1 on the e-bunch length,
the current profile after the chicane (main peak, second peak and
third highest peak) and the radiation power at a position of 50 m
along the undulator.

3.4. RF phase study of linear accelerator column L2
Now we scan the phase of the L2 column to check whether the
phase value of −20.4◦ is the best optimized value for L2. The
L2 accelerator column accelerates the bunch from 314 MeV to
2.44 GeV with an off-crest angle of −20.4◦ and provides the
linear energy-time correlation that is required by the BC2. The
RF phase of the L2 column is scanned to get a good contrast
ratio of the highest current peak to the second highest current
peak. The current profile especially after the chicane is chosen.
The results are shown in figure 6.
The optimized RF phase value of L1 was set to
φ rf = −27.45◦ . The scan for the L2 phase tells us that
φ rf = −20.4◦ gives the best result in terms of the radiation
power (∼6 GW) and the contrast ratio. Here the X-band phase

on the bunch length, the current profile after the chicane and
the radiation power with changes of 0.05◦ in the range of the
RF phases acceptable on the operation. The radiation power
is obtained at a position of 50 m just before the saturation
point in the undulator. In figure 5, the bunch length, the
magnitude of the main current peak and side current peaks
and the radiation power are shown for different RF phases.
The RF phase for L1 is chosen to be off-crest which introduces
an energy chirp in the e-bunch. From figure 5, the optimized
RF off-crest phase for the L1 column is chosen to be −27.45◦ ,
because this phase gives a good contrast ratio of the main
4
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Figure 8. The effect of wiggler field B0 on the current profile taken
after the chicane.

Figure 6. RF phase effect of linac column L2 on the electron-bunch
length, current profile after the chicane (main peak, second peak and
third highest peak) and the radiation power at a position of 50 m in
the undulator.

of 28 μm, a current profile with a better contrast ratio and a
good radiation power of 4 GW.
3.6. Optimization of the laser modulator
At a resonance condition, the electrons with different arrival
phases acquire different energy increments (positive or
negative), which result in the modulation of the longitudinal
energy of the electrons at a laser frequency. Here we select the
laser wavelength λL = 800 nm, 5 fs FWHM pulse duration
which is the latest available in the current technology and
a wiggler magnet with two periods. Here we investigated
the optimal value for parameters B0 and λw . Wiggler period
λw and the magnetic field are
resonance
 related by the FEL

a2w
λw
1
+
,
where
a
condition, λL = 2λ
=
eB
mck
w
0
w is the
2
2
wiggler parameter, λL the laser wavelength and λw the wiggler
period and γ is fixed at 20,000—corresponding to a 10 GeV
e-bunch; the energy modulation occurs inside the wiggler
magnet. Figure 8 shows the effect of the wiggler wavelength
λw (or B0) on the main peak and side peaks in the current
profile taken after the chicane. From figure 8, the effect of
B0 is very smooth on the current peaks. If we look for the best
contrast ratio between the main peak and the second highest
peak, we find for λw = 51 cm to be best (B0 = 1.051 T due to
the FEL resonance for a 10 GeV e-bunch and an 800 nm laser
wavelength).

Figure 7. RF phase effect of the X-band column on the bunch
length, the current profile after the chicane and radiation power at
50 m in the undulator.

was taken φ rf = −179.4◦ . Further, we scanned the X-band
phase for the above optimized set of L1 and L2 phases.
3.5. RF phase study of X-band RF section
One X-band RF section is used prior to the first bunch
compressor BC1 to linearize the energy-time correlation in
the bunch. Here we study the effect of the X-band RF phase on
the bunch length, the current profile and the radiation power.
For the RF phase optimization of L1 and L2, the X-band RF
phase value was chosen to be −179.4◦ . The scan for the Xband RF phase has been performed; figure 7 shows the results.
φ rf = −179.4◦ is chosen to be the optimized phase angle for the
X-band column because it gives the required e-bunch length

3.7. Optimization of the chicane parameters
The chicane is made-up of four-dipole magnets with minimum
chromaticity as it does not contain quadruple magnets
(figure 9). The CSR is an issue within dipole magnets which
may lead to the growth of the bunch emittance. To control the
bunch transverse-emittance inside the chicane, we optimize
the momentum compaction factor R56, which depends on
the bending angle θ B of the dipole magnet and the length
5
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Figure 9. Schematic layout of the chicane used in the ESASE scheme for bunch compression.

in the RF phase will shake the arrival time of the electron
beam at the entrance to the wiggler. If the arrival time jitter
is larger than the bunch length, then for some pulses the laser
will miss the electron beam. But time-jitter simulations in the
PAL-XFEL TDR report tells us that a change of 0.05◦ in L1, L2,
and X-band RF phases gives a 40 fs time jitter at the entrance
of the undulator [17]. In this study, we considered a 100 fs long
electron bunch. So the chance of missing the electron beam by
laser during interaction will be minimal. The laser and e-beam
can be properly synchronized in the experiment.

4. Summary
For the operation of an isolated attosecond hard x-ray pulse
scheme proposed in [12], the tolerance in parameters of
the Korean-XFEL have been studied. The analysis of the
scheme also shows that even at high radiation power, isolated
pulse generation with a short saturation length inside the
undulator is possible even by a low current e-bunch based on
the Korean-XFEL parameters. The proposed ESASE scheme
can be operated in a parasitic mode not interfering with the
main mode of the XFEL operation. The advantage of the low
current e-bunch may reduce the level of CSR in the bunch
compressors and the chicane section.
A 800 nm wavelength, 5 fs FWHM pulse duration CEP
laser induces a large energy spread in an e-bunch inside
the wiggler magnet, followed by density modulation in the
chicane. The optimization of the wiggler magnet, the wiggler
period and the chicane of the ESASE scheme shows the
generation of a single isolated attosecond radiation pulse with
4 GW power in 50 m undulator length using a low current 2 kA
e-bunch. The RF phase tolerance study suggests that the RF
phase should be controlled down to 0.05◦ in the linac section
of the PAL-XFEL in order to satisfy the requirement for RF
jitters, suitable for pump–probe experiments.

Figure 10. The effect of the chicane bending angle θ B on the bunch
length and the current profile taken after the chicane.

L1 between the first two and the last two dipole magnets and
LB the effective length of the dipole in the chicane:


2
R56 ≈ −2θB2 L1 +
.
3LB
In the chicane design, bending angle θ B and length L1 are
the free parameters. A smaller bending angle is preferred for
emittance dilution and to avoid the CSR inside the dipole
magnets. The length between the dipoles is minimized so that
the length of the whole system is as small as possible.
From figure 10, we find that a chicane angle of 0.32◦ is
the best optimized value in view of the e-bunch length and
the contrast ratio in the current profile. The momentum
compaction factor R56 is 0.165 mm corresponding to a bending
angle of θ B = 0.32◦ , L1 = 2.5 m and LB = 0.3 m. One notices
that the current profile is sensitive to the bending angle. One
can manipulate the e-bunch properties effectively by changing
the chicane angle by 0.01◦ . The change in bunch length is
small but in a density modulation of the e-bunch, the spatial
arrangement of electrons is influenced by the chicane angle.
From the experimental point of view, in the ESASE
scheme, a few-cycles of an ultra-short laser needs to be
properly synchronized with the electron beam. The change
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