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Abstract: The isolated terawatt (TW) attosecond (as) hard X-ray pulse will expand the scope of
ultrafast science, including the examination of phenomena that have not been studied before, such as
the dynamics of electron clouds in atoms, single-molecule imaging, and examining the dynamics of
hollow atoms. Therefore, several schemes for the generation of an isolated TW-as X-ray pulse in X-ray
free electron laser (XFEL) facilities have been proposed with the manipulation of electron properties
such as emittance or current. In a multi-spike scheme, a series of current spikes were employed
to amplify the X-ray pulse. A single-spike scheme in which a TW-as X-ray pulse can be generated
by a single current spike was investigated for ideal parameters for the XFEL machine. This paper
reviews the proposed schemes and assesses the feasibility of each scheme.
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1. Introduction

The attosecond (as) X-ray free electron laser (XFEL) is a next-generation light source that will
open a new area of science that has not yet been explored [1–8]. When the laser was invented in 1960,
no one imagined that it would affect almost every area of modern life. Likewise, it is difficult to grasp
the scope of XFEL’s impact in science. As such, here we review three topics of study that we envision
will be immediately pursued with attosecond XFEL. We acknowledge that the impacts of attosecond
XFEL are not limited to these topics.

1.1. Direct Observation of Electron Clouds in Atoms and Molecules

Most X-ray photons are scattered by electrons in atoms and molecules. Given that the time
scale of electron dynamics in atoms is a few femtoseconds or less, an attosecond X-ray pulse enables
electrons’ motion to be followed, enabling time-dependent measurements of the probability density
distribution in quantum mechanics. Real-time imaging of the quantum motion of electrons with
real-space resolution is essential for understanding various chemical reaction dynamics, such as bond
breaking, formation [2], and charge migration [3] in molecules. The quantification of experimental
results in ultrafast time-resolved X-ray imaging demands a better understanding of the X-ray scattering
process in ultrashort (or equivalently ultrabroad) pulses. Recent theoretical work [4,5] has revealed
that the simple extension of the classical picture of X-ray scattering may fail, and proper treatment
demands quantum electron dynamics (QED) treatment. Attosecond XFEL will certainly address this
fundamental issue and open a new field for the manipulation of electrons in their real time and space.
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1.2. Dynamics of New Material Status: Hollow Atoms and Warm Dense Matter

Hollow atoms and warm dense matter, which do not exist in the Earth (but do in the universe),
are created by powerful lasers or X-rays. The electrons in the K-shell can be selectively removed by
using a resonant X-ray, which results in hollow atoms [6]. A hollow atom is at a very highly excited
state and is unstable, hence it transitions quickly to a stable state via various paths. Such highly excited
hollow atoms result in highly-ionized atoms that take various paths. The dynamic change through
these paths occurs within a few femtoseconds, and has not been investigated; attosecond pulses are
required for this exploration. Warm dense matter (WDM) is a broad range of the states of a material in
which the electron temperature is comparable to the Fermi energy and the density of ions is sufficiently
high, so that ion–ion coupling is significant. Such states are governed by the complex interplay
between the excitations of electrons, their degeneracy, and strong ion–ion correlation. This WDM
is typically produced by illuminating materials with intense femtosecond lasers. WDM manifests
dual properties: a condensed matter and a plasma state. This dual nature adds both intrigue and
challenge to the research on WDM. Advances have been made during the past decades. One bizarre
observation is the discovery of a superheated solid phase in nonequilibrium [7]. The investigation of
electron–ion coupling dynamics is a prerequisite for the understanding of energy relaxation in this
nonequilibrium state. Despite the theoretical progress, ultrafast electron–ion energy relaxation in
WDM remains an open question. Future progress would undoubtedly require not only substantial
theoretical efforts, but also more measurements related to electron–ion coupling dynamics in a wide
range of independent experiments. These experiments certainly require attosecond XFEL pulses.

1.3. Single-Molecule Imaging

Single-molecule imaging provides a method to obtain direct structural information without
crystallization, and has been regarded as the ultimate goal of biological molecule imaging. To obtain
reasonably strong scattering signals from a single molecule or for a better signal-to-noise ratio,
a sufficient number of photons (~1012) per pulse is desired. This strong X-ray pulse can destroy
a single fragile molecule. Hence, a very short pulse is needed to extract the structural information
from a molecule before its structure is changed by the pulse. It was thought that a femtosecond X-ray
free electron laser (XFEL) such as the Linac Coherent Light Source (LCLS) would satisfy this criterion.
However, after the operation of LCLS, scientists realized that a femtosecond X-ray pulse is still too long
to obtain the information, highlighting the necessity of attosecond X-ray pulses [8]. Thus, terawatt-level
XFEL pulses with a pulse duration of a few hundred attoseconds or less are indispensable for
single-molecule imaging, which creates new possibilities for research and development in bio-medical
science and engineering.

Several XFELs have been constructed or are under construction [9–13]. All have produced a few
to a few tens of femtosecond pulses. The experimental effort toward the realization of attosecond
XFEL has begun. The X-ray Laser-Enhanced Attosecond Pulses (XLEAP) project at the LCLS started
in 2017 [14–16]. There have been many published research works related to attosecond XFEL [17–45].
Most showed only gigawatt (GW)-level power or a pulse duration longer than 100 as. Because the
lengths of attosecond X-ray pulses are about a thousand times shorter than femtosecond X-ray pulses
(~GW level), the power of attosecond X-ray pulses should be around the terawatt (TW) level for the
same level of scattered photon numbers per pulse. All the experiments that have been performed with
current XFEL facilities could be performed with an even higher temporal resolution.

This article reviews several schemes among the previously published studies [37–44], assessing the
feasibility of each scheme for the realization of the TW-as XFEL. The methods involved in beam
emittance modulation or beam tilting are reviewed in Section 2. Schemes with a current modulation
are reviewed in Section 3. Section 4 provides a summary and thoughts for future research directions.
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2. Methods without Current Modulation

2.1. Good Emittance Region Method

A low-emittance electron beam amplifies the radiation pulse faster than a high-emittance beam.
If there are two regions within an electron beam, one with high emittance and the other with low
emittance, the radiation will grow in the low emittance region faster than in the high emittance
region. This means that we can generate a FEL pulse with a duration shorter than the electron pulse.
This process was utilized to devise the idea of generating a TW-as XFEL pulse without a laser for
modulating the electron beam energy [38]. By using a slotted foil in a bunch compressor, the emittance
of the electron beam can be deteriorated locally. If there are many slots in the foil with an irregular
spacing, the emittance of the electron after passing through the foil is modulated as shown in Figure 1a.
Only the electrons in the good emittance region (GER) will contribute to the radiation process. In the
first undulator unit, we can obtain several radiation pulses spaced exactly the same as in the GER.
By using an electron delay unit, we can delay the electron beam to match the last radiation pulse—called
the “target radiation pulse” (TRP)—to the second-last GER. Notably, the exact meaning of TRP
is different from proposal to proposal, which will be described in the following sections. In this
delay process, the other radiation pulses cannot access a GER because the spacing is not regular.
Repeating this process, we can amplify the TRP to the end. The other radiation pulses do not have
chances for further amplification. From this method, we can obtain ~1 TW power for both 0.1 nm and
0.5 nm X-ray cases, as shown in Figure 1b for Swiss-FEL parameters, in which the beam energy was
5.8 GeV. The pulse length was about 222 ± 28 as for the 0.5 nm X-ray and 142 ± 37 for the 0.1 nm X-ray.

The target X-ray pulse is not inherently synchronized with any other external laser, which may be
a pump or probe laser in a typical pump–probe experiment, because no laser is used in the emittance
modulation process. Hence, this scheme is not suitable for typical pump-and-probe experiments.
However, this scheme is suitable for experiments which need only short and high-power X-ray pulses.

Figure 1. (a) Schematic diagram for the good emittance region (GER) method in Prat et al. [38]. The first
blue line on the top: GERs have different spaces with respect to the neighborhood GER. The first red
line: the radiation pulses generated from the electron beam in the first undulator. The last red peak in
the “tail” part is our target radiation pulse (TRP). The second blue line: the electron beam is delayed to
match the second GER to the TRP. The second red line: the TRP is amplified in the second undulator.
The third blue line: the electron beam is delayed further to match the third GER to the TRP. The third
red line: the TRP is amplified further by the third GER in the third undulator unit. (b) Simulation
results: “1 A” (“5 A”) means a wavelength of 0.1 nm (0.5 nm). Reproduced with permission from
Prat et al. [38]. XFEL: X-ray free electron laser.

2.2. Good Trajectory Region Method

Only the electrons that stay in a straight path in an undulator—called the good trajectory region
(GTR) [39]—can participate in the FEL radiation process. This also means that the FEL duration can be
shorter than the electron pulse itself. Recognizing this fact, a new scheme was proposed for the TW-as
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XFEL pulse, in which an electron beam was tilted in an undulator entrance [39]. If we can control
a part of the electron beam to stay in a straight path and the other parts not to, we can introduce the
delay used in Prat et al. [38], as explained in Figure 2a, and amplify a photon pulse several times by
using electron delay units between undulators. In Figure 2a, the green dashed line represents the
GTR in the undulator. The blue line shows the electron beam distribution in space. We can see that
the longitudinal beam distribution is tilted to GTR. We can control the tail part to stay in the GTR at
the first stage of the undulator line. During the first undulator section, the electrons overlapped with
the GTR will radiate. This radiation is now the target radiation pulse (TRP) (the red line represents
the TRP). In the second undulator unit, the tilted electron beam is delayed to match the TRP to the
middle part of the electron beam, as shown in the middle part in Figure 2a. At the third undulator
unit, the electron beam is delayed further to match the TRP to the head part of the electron beam for
the final amplification. There are several methods to tilt an electron beam, one of which is a transverse
deflector structure [39].

By using this simple idea, it was shown that an attosecond X-ray pulse at a wavelength of 0.1 nm
with a power of 2.38 ± 0.94 TW and a pulse duration of 363 ± 6 as for Swiss-FEL parameters can be
obtained, as shown in Figure 2b.

Figure 2. (a) Schematic drawing for the tilting method in Prat et al. [39] for amplification. The blue
solid line represents the longitudinal direction of an electron beam. The green dashed line shows the
good trajectory region (GTR). The red lines show the amplification process of the TRP. (b) Simulation
results for radiated power in the tilt method. The different colors in (b) represent the different offset of
the electron beam at the entrance of the undulator. See Prat et al. [39] for details. Reproduced from
Prat et al. [39] with permission.

3. Methods with Current Modulation

A high peak current is also helpful for increasing the power of an FEL radiation pulse. Thus,
the important issue is how and how high the peak current value of an electron beam can be increased.
To increase the peak current value, the electron beam needs to be compressed. In FEL facilities, a bunch
compressor has been used to increase the current value from a few A to a few kA. However, if the
desired peak current is larger than ~10 kA, a huge bunch compressor is necessary, which is not good
for the construction of a compact FEL and its efficient operation.

3.1. Current Modulation Method

The distance between two electrons with different energies changes in a chicane-type bunch
compressor, which is composed of four dipole magnets. A high-energy electron passes the chicane
with a short path length, whereas a low-energy one passes through the chicane with a longer path.
This path length difference results in the density modulation of an electron beam after passing the
chicane. This means that intentional energy modulation is needed for a density modulation by
a chicane.
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A method of modulating the electron beam energy by using a laser pulse in a wiggler has been
proposed, as shown in Figure 3 [20]. A few-cycle laser pulse co-propagates with an electron beam in the
wiggler. By the interaction with the electric field of a laser pulse under the magnetic field of a wiggler,
some electrons gain energies and others lose energies, so that the energy modulation resembles
the pattern of the electric field of the laser, as shown in the inset in the middle of Figure 3. This
energy-modulated electron beam experiences density modulation when it passes through a chicane,
as shown in the inset on the right of Figure 3. This simple idea initiated proposals in the accelerator
physics community to realize a TW-as XFEL, as described in the following sections.

Figure 3. Current modulation method introduced in Zholents [20]. The blue arrows represent the
propagation of a laser pulse. The electric field of a few-cycle laser is shown in the inset (left part).
The energy modulation of the electron beam through a wiggler is shown in the inset (the middle
part). The shape of energy modulation is almost the same as the profile of the few-cycle laser field.
The chicane turns the energy modulation into density modulation, as shown in the inset (right part).
The number of current peaks is the same as the number of cycles of the laser field. The peak value of
a current spike is determined by the amplitude of the energy modulation.

3.2. Regularly Spaced Multi-Current Spikes

The number of current spikes in the method proposed in Zholents [20] can be as many as
desired. If a many-cycle laser pulse is used, multiple current spikes are generated [37]. However,
if a many-current spike electron beam is sent into undulator units, each current spike independently
generates radiation. If a method is devised in which all current spikes contribute only to a single
radiation pulse, the radiation power will be increased, so that an over 1 TW radiation pulse can
be achieved.

One idea is to introduce a large delay to the radiation pulses with respect to the current spikes
at the initial stage of an undulator line [37]. X-ray pulses can be delayed by using a series of mirrors
(see Kumar et al. [42] for the method of X-ray pulse delay): the first radiation pulse (“Target Pulse” in
Figure 4a) is delayed to the tail current spike (“Tail Peak” in Figure 4a). This first radiation pulse is
called the target radiation pulse (TRP). After a large delay, the TRP is amplified at the next undulator
unit because this TRP is only matched with the tail current spike. Other radiation pulses are not
matched with other current spikes. For the third amplification process, the electron beam is further
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delayed to match the amplified TRP with the second-last current to the tail current spike. During the
radiation process in the third undulator unit, the TRP is amplified further due to the interaction with
the current spike. This process is repeated until the first current spike (“Head peak” in Figure 4a) is
matched to the TRP. From this method, Tanaka [37] reported that the Spring-8 Angstrom Compact
free electron LAser (SACLA) XFEL can generate an X-ray pulse with a radiation power of 6.6 TW and
a pulse width of 53 as at a wavelength of 0.1 nm, as shown in Figure 4b.

A drawback to this process should be pointed out. In the first step, all the current spikes radiate
independently and generate many radiation pulses. In the subsequent steps, these unwanted radiation
pulses may also be amplified by other current spikes because the spacing between the current spikes
is the same as that between the radiation pulses. Of course, the amplification speed of the other
radiation pulses is lower than the fresh current spike because the energy spread of the matched current
spike is larger due to the amplification process of the TRP. However, the matched current spike still
has the ability to amplify the radiation pulses. Thus, creating a truly isolated X-ray pulse using
regularly-spaced current spikes is challenging. There would always be satellite radiation pulses beside
the main TRP, as shown in Figure 4b, where two small (about few hundred GW) satellite radiation
pulses are depicted.

Figure 4. (a) Amplification process of the TRP (“Target Pulse” in the figure) by using regularly-spaced
current spikes. The electron bunch has multiple current spikes with the same spacing (top). (i) Multiple
radiation pulses are generated from the first undulator unit. (ii) The radiation pulses are delayed
to match the target pulse to the tail peak. (iii) In the second undulator unit, only the target pulse is
amplified. (iv) We now delay one more time the electron bunch to match the amplified target pulse
to the second -last current spike (just before the tail peak). This step is repeated. (b) A result of this
process: a strong main radiation pulse with side peaks. Reproduced from Tanaka [37] with permission.

3.3. Irregularly-Spaced Multi-Current Spikes

It would be nicer to have an isolated pulse without the satellite pulses shown in Figure 4b. If the
current spikes can be produced with irregular spacing, the satellite radiation spikes in Tanaka [37]
can, in principle, be removed. This idea was first proposed in Tanaka et al. [40] as shown in
Figure 5a. Three different ideas have been proposed to generate the irregularly spaced current
spikes (see Tanaka et al. [40] for details). The most important and realistic idea among these three is
a chirped-laser method. If a chirped laser was used in the energy modulation process in the wiggler in
Figure 3, the current spikes would be generated with irregular spacing followed by the wavelength
change in a chirped laser pulse [40,41].

Simulation results with five different cases are shown in Figure 5b. The highest XFEL power with
the chirped laser method reached a power of 1.8 ± 0.45 TW with a pulse duration of 62 ± 3 as.
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Figure 5. (a) Irregularly-spaced current spikes. The electron bunch has multiple current spikes with
different spacing (top). Multiple radiation pulses (green small spikes) are generated from the first
undulator unit (second line). The red colored line is now our TRP. The radiation pulses are delayed to
match the TRP to the second-last current (third line). In the second undulator unit, only the TRP is
matched with a current spike, and is amplified. The electron bunch is then further delayed to match the
amplified TRP to the third-last current spike (fourth line). This process is repeated to the end (bottom).
(b) Simulation results with four different conditions. (i) The original method used in Tanaka [37].
(ii) Linearly tapered wiggler (the field between each magnet pole is changed linearly along the beam
propagation direction) in Figure 3 with a 1.5 cycle laser pulse. (iii) Well-type tapered wiggler n Figure 3
with a 1.5 cycle laser pulse. (iv) Chirped laser method which shows highest radiation power. (v) Laser
pulse stacking method (a laser pulse is divided to several pulses and is summed again with different
arrival times, such as τ1, τ2, . . . as shown in the top part of Figure 5a). See Tanaka et al. [40] for the
details. Reproduced from Tanaka et al. [40] with permission.

The method proposed in Tanaka et al. [40] is a brilliant idea for solving the satellite radiation
pulses that appeared in Tanaka [37]. In this proposal, there is no optical delay unit (X-ray mirrors),
which increases the feasibility of this method compared to Tanaka [37]. There is still the stability
issue related to the electron beam delay. The output of a power supply to control the field of the
magnets in an electron delay unit may fluctuate with the voltage level; hence, there would be an error
in the field amplitude, which would lead to a mismatch between the radiation pulse and the electron
current spikes.

3.4. Single Current Spike I: Recycling Method

A different approach has also been undertaken. Instead of using multiple current spikes,
the possibility of a single current spike for TW-as X-ray generation has been examined. Note that
whereas a current of ~10 kA peak was used in the multi current spikes method, a higher peak current
such as 30 kA is needed in the single current spike method.

The first idea introduced was to recycle a single current spike to amplify an X-ray pulse many
times [42]. Because an X-ray pulse quickly slips out from a current spike, the current spike still shows
low energy spread and good emittance. Hence, the electrons in the current spike may contribute
several times to the amplification process. In other words, if an X-ray pulse is delayed again to match
the same current spike, the electrons contribute further to the amplification, as shown in Figure 6.



Appl. Sci. 2018, 8, 1588 8 of 14

Figure 6. Single current spike method-recycling. (a) An electron beam is modulated by a single-cycle
laser pulse to have a single current spike; (b) In the first long undulator unit, a single radiation
spike (red peak) is generated from a single current spike (blue peak); (c) With a delay unit which is
composed of magnets and X-ray mirrors, the radiation spike can be rematched to the current spike.
See Kumar at al. [42] for more details of the X-ray pulse delay shown in (c); (d) This step is repeated to
the end. Reproduced from Kumar et al. [42] with permission.

Simulation results obtained using Elegant [46] and Genesis 1.3 code [47] are shown in Figure 7.
The results with three different cases are compared. The Pohang Accelerator Laboratory X-ray Free
Electron Laser (PAL-XFEL) parameters were adopted, in which the electron beam energy was 10 GeV.
When an optimal tapering to the undulator gap distribution was used, a radiation power up to 1.2 TW
with a pulse duration of 100 attoseconds could be obtained.

Figure 7. Simulation results with single current spike method-recycle in Figure 6. (a) The radiation
power growth in the undulator line. SASE (green line) means the simulation result without any
tapering in the undulator line. In the tapering case (blue line), an optimal tapering is provided in
the undulator line without the recycle of a single current spike. The result shows a radiation power
of only 0.55 TW with a pulse duration of 300 attoseconds. In the tapering with radiation alignment
case (red line), the method in Figure 6 is applied. With the recycle of a single current spike, we can
obtain radiation power larger than 1 TW. (b) The temporal profile of the FEL radiation. The main peak
(red line) is expanded in the inset (the red line in the right part with two arrows) to show the temporal
structure. Reproduced from Kumar et al. [42] with permission. FWHM: full width at half maximum.

In this method, the delay of both the electron and the X-ray is needed. There would be
a vibration problem in X-ray mirrors in addition to the power supply stability, as in the case
of Tanaka [37]. In Tanaka [37], the X-ray delay unit was used just one time at the first stage.
However, in Kumar et al. [42], the delay unit was used for every step in the amplification stage.
Multiple reflections from X-ray mirrors would decrease the overall radiated power that can be achieved.

3.5. Single Current Spike II: Single Pass Method

To solve the stability problem in the above methods, the possibility of using a single current spike
without electron or optical delay unit was pursued, as shown in Figure 8. To check this possibility,
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the following open questions should be addressed [44]: (1) How short should the current spike be?
(2) How high does the current peak need to be and how can it be created? (3) How high does the power
of a modulation laser need to be? (4) What is the best wavelength for a modulation laser? Shim et al. [44]
discussed these questions by using the two simulation codes: Elegant [46] and Genesis 1.3 [47].

To address the first and the second questions, a series of simulations for FEL radiation growth
were completed for Gaussian current spikes with different widths and heights. It was found that
a current spike with a 60 nm pulse width is appropriate to obtain an X-ray pulse with a duration less
than 100 as with a sufficient chance of increasing the peak power of the radiation pulse. It was also
shown that the peak current of a current spike has to be higher than 35 kA to obtain TW-level radiation
power. Such a current spike can be generated by the method explained in Figure 3 with an appropriate
power and wavelength of a modulation laser, as shown in Figure 8. The longer the wavelength of
a modulation laser, the higher the peak current of a current spike. However, the power of a modulation
laser and the magnetic field of the chicane were also increased simultaneously to maintain the width of
the current spike at 60 nm. These realizations provide a clue to the answers to the last two questions.

From the answers to the questions, it was concluded that a laser energy of 0.7 mJ at 2 µm
wavelength is needed to generate a current spike of 37 kA peak current for the generation of a TW-level
X-ray pulse with PAL-XFEL parameters. In this case, there was no extra component between the
undulator units.

Figure 8. Single current-spike method-single pass. An electron beam is modulated in the E-SASE section
(which is composed of a wiggler and a chicane-type magnet compressor) by the method explained
in Zholents [20]. There is no delay unit in the undulator line. Reproduced from Shim et al. [44]
with permission.

The simulation results are shown in Figure 9. An optimal tapering was applied to the undulator
line. Due to the high peak current, the power of the FEL radiation grew very quickly in the early stage
of the undulator line. In the middle part of the undulator line, the radiation pulse slipped out from the
current spike. However, there was still a background current of a few kA. This small background level
current still slowly amplified the radiation pulse. By this simple method, a radiation power larger
than 1 TW with a pulse duration of 36 attoseconds was obtained, which is the shortest pulse expected
among the schemes reviewed in this article.

This proposal is currently the simplest and the most realistic scheme. Achieving such a high
peak current as 37 kA should be considered. The space charge effect will also be large. However,
the investigation into the space charge effect revealed that its effect on the FEL process is minimal in
the case of a high-energy beam (e.g., 10 GeV).
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Figure 9. Simulation results with single current-spike method-single pass in Figure 8. (a) FEL
power growth in the undulator line; (b) Temporal profile for five different seeds in the simulation.
Blue line represents a specific case among the five different cases. Reproduced from Shim et al. [44]
with permission.

4. Summary and Discussion

All the results reviewed in this article are summarized in Table 1. Most schemes produced
radiation power larger than 1 TW. However, with respect to the pulse duration, the current modulation
methods result in a pulse shorter than 100 as in the hard X-ray region. For Prat et al. [38], the pulse
duration was larger than 100 as due to the width of the good emittance region. This width was
determined by the width of the slots in the foil in the bunch compressor section. For Prat et al. [39],
the intersection area between the tilted electron beam and the radiation determined the pulse duration.
This intersection area cannot be smaller than the transverse width of the electron beam itself.

Table 1. Comparison between the main parameters of the methods reviewed.

Reference

Parameter [38] [39] [37] [40] [42] [44]

Photon energy (keV) 12.4 12.4 10 7.7 12.4 12.4
FEL power (TW) 0.95 2.38 6.6 1.8 1.2 1.5

Pulse duration (as) 142 363 53 62 100 36
Beam energy (GeV) 5.8 5.8 8 7 10 10
Peak current (kA) NA NA 12–18 5 33 35

Inherent synchronization No No Yes Yes Yes Yes

The last row in Table 1 shows which method provides inherent synchronization between
an attosecond pulse and an optical pulse. Unfortunately, the methods used by Prat et al. [38,39]
did not provide the inherent synchronization. From this point of view, other methods are preferable.
However, this inherent synchronization is not sufficient to ensure successful pump–probe experiments
due to the timing jitter introduced by mechanical vibration. It has recently been demonstrated that
at FEL experimental stations, the timing jitter generated due to the free space propagation of ~100 m
and folding mirrors can be controlled with 5 fs accuracy via currently available technology [48,49].
Using a feedback loop [50] for all the mirrors (i.e., both optical and X-ray mirrors), this mechanical
vibration can be suppressed and the time delay between pump (optical laser) and probe pulse (X-ray)
can be controlled within 20 attoseconds RMS. An XFEL pulse might even be synchronized with
current spike and with optical laser on an attosecond time-scale with the help of rapidly developing
technologies in the near future.

For the realization of a TW-as XFEL with existing FEL specifications, a new undulator line needs
to be constructed with delay units between the undulator sections for most proposals, except for the
scheme in Shim et al. [44]. The existing undulator line may be modified so that the delay units are
inserted between the undulator sections. However, there is a possibility of FEL power degradation
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when the undulator line is operated in normal SASE mode to generate femtosecond FEL pulses,
because the delay unit will play the role of drift section between the undulator sections. A long drift
section is harmful for the FEL process due to the bunching factor degradation, which is caused by the
space charge force and speed difference between the electrons smearing out the microbunching in
a long drift section.

There is still a technical issue that all the schemes mentioned above have not discussed seriously.
When the beam is bunched at a bunch compressor in an XFEL machine, microbunching instability will
occur due to the space charge effect [51] or coherent synchrotron radiation [52]. The microbunching
effect on the generation of the current spikes as in Zholents [20] has to be addressed. If the
microbunching effect cannot be neglected, a laser heater is needed to increase the uncorrelated energy
spread to prevent the growth of the instability. The high slice energy spread of the base level current
results in the high slice energy spread of the current spike. For example, if the base current of 3 kA is
locally changed to a current spike of 30 kA, the slice energy spread of the current spike is also increased
about 10 times. Investigations are required to address if a current spike with such a high slice energy
spread can still produce TW-level power in X-ray pulses. This point should be examined in future
research, and if this is problematic, new ideas need to be generated for the realization of TW-as XFELs.
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