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Abstract: The pulse duration in short-pulse schemes for Self-Amplified Spontaneous Emission Free
Electron Lasers (SASE FELs) is limited by the FEL coherence time. A recently proposed concept
allows to overcome the coherence time barrier and to get much shorter pulses. When the lasing
part of an electron bunch is much shorter than the coherence time, one can suppress the radiation
in the long main undulator while preserving microbunching within that short lasing slice. Then a
short radiation pulse is produced in a relatively short radiator. A possible suppression method, an
excessive reverse undulator taper, is discussed and illustrated numerically in this paper. We also
performed first experimental tests of this method at the soft X-ray FEL user facility FLASH. The
measured pulse duration approaches 1 fs (FWHM) at the wavelength of 5 nm.
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1. Introduction

A possibility to generate few- and sub-femtosecond pulses in Extreme Ultraviolet (XUV) and X-ray
FELs was studied theoretically over last twenty years [1-7], and successful experimental demonstration
of production of sub-femtosecond pulses was achieved recently [8-11]. Typically, the shortest pulse
that can be generated in a SASE FEL is limited by FEL coherence time [12] which is given by the
slippage of radiation with respect to electrons per FEL gain length.

A method to go beyond the coherence time limit in SASE FELs was proposed in [13]. One can
create a short lasing slice within the electron bunch (much shorter than FEL coherence time). In the
long main undulator due to the SASE process a microbunching (density modulation at the resonance
wavelength) is generated within that short slice but the radiation pulse is much longer (on the order
of coherence time) due to the slippage in the undulator. At the second step the modulated electron
bunch produces a short radiation pulse in a short radiator, and the long radiation pulse from the main
undulator is suppressed or separated from the short pulse. A specific way of selection of a short lasing
slice, a laser manipulation of electron bunch with subsequent use of so-called chirp-taper scheme [6]
was considered in [13]. However, the general principle can be used for different ways of creation of a
short lasing slice, also without a laser. Different methods of suppression (separation) were discussed
in [13], one of them is the application of an excessive reverse taper in the main undulator. In this
communication we discuss this method in more details and illustrate it with numerical simulations for
a short electron bunch, produced in the accelerator without laser manipulation of its properties. We
also present first experimental results from XUV and soft X-ray FEL user facility FLASH [14].

2. The concept of excessive reverse taper

To generate short X-ray pulses (much shorter than FEL coherence time) in a SASE FEL, one can
make two steps:

*  to generate a short electron bunch (or a short lasing part within longer bunch) and
*  toapply a slippage-suppression mechanism in the undulator.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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The latter can be realized in different ways proposed in [13]. In this paper we consider one of
them, reverse undulator taper (see Figure 1). The scheme is based on the effect discovered in [15]:
in a reverse-tapered undulator the radiation power is strongly suppressed while bunching in the
electron beam survives. Reverse taper means an increase of the undulator K value along the undulator
length (this can be done by reducing the gaps of undulator segments), in contrast to the standard sign
of taper when the K decreases in order to maintain resonance after FEL saturation thus increasing
radiation power. A long electron bunch was considered in [15] but the concept also works for short
bunches as will be illustrated numerically below in this paper. A short electron bunch propagates in
a reverse-tapered main undulator where a strong microbunching is created but the radiation is very
weak (and the radiation pulse is much longer than the modulated part of the electron bunch). Then the
bunch enters a short radiator, tuned to the resonance with the modulated beam, and produces a short
(much shorter than FEL coherence time) and intense radiation pulse. An optimal number of periods
in the undulator is approximately equal to the number of cycles in the microbunching. By a proper
adjustment of parameters, the radiation background from the main undulator can be made negligible.

E-beam Reverse-tapered main undulator Short radiator

Figure 1. Conceptual scheme of ultrashort pulse production. A short electron bunch propagates in the
reverse-tapered main undulator followed by a short radiator.

Short electron bunches can be generated in accelerator systems by a strong (linear or nonlinear)
compression of initially long bunches. In case of nonlinear compression one typically gets a short
high-current leading peak (that is lasing) and a low-current long tail [8,14]. One can also use self-fields
of the bunch to create high-current spikes in a dedicated chicane [9]. Alternatively, manipulations of
long electron bunches with optical lasers, creating a lasing slice that is shorter than the laser wavelength,
can be used. There are two most popular laser-based schemes: chirp-taper [6] and eSASE [5]. In the
chirp-taper scheme there is a short slice with the strong energy chirp being created by a laser beam in
a short undulator. It was shown in [6] that a degrading effect of a linear energy chirp on SASE FEL
gain can be compensated for by applying a linear undulator taper as soon as the following condition is
satisfied:

dK _ (1+K§/2)* 1 (dy O
dz Ky vo \ds ),

Here K| is the value of undulator parameter at the undulator entrance, (d7y/ds);, is the energy chirp at
the undulator entrance, z is the coordinate along the undulator length, and s is the coordinate along
the bunch length. The compensation takes place within the slice with the strongest chirp. The rest of
the bunch is unchirped (or weakly chirped) and suffers from a strong uncompensated taper, i.e. it
practically does not lase.

In the eSASE scheme the laser-induced energy modulation is converted into a density modulation
in a chicane, so that a sharp current spike is created that lases most efficiently in the SASE undulator in
a similar way as a short bunch generated without a laser. The energy chirp can be created by collective
fields of the short bunch itself. The main effect is usually Longitudinal Space Charge (LSC) in the X-ray
undulator. It scales there as 1/92 = (14 K?/2)/~? [16], i.e. it can be much stronger than in a drift
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(where K = 0). When the chirp is mainly accumulated in the undulator and the bunch is sufficiently
short, the linear taper in Eq. (1) can be substituted by quadratic taper:

*K  (1+K§/2)* 1 d>y
dz2 Ko v dsdz

@

with d?v/dsdz being the rate of change of the energy slope d-y/ds along the undulator length. When
the energy chirp is accumulated inside and in front of the undulator, the tapering law for compensation
can be described as follows:

K(z) =Ko+ 12z + 7 a2” (3)

with the derivatives from (1) and (2). Thus, for compensation of LSC-induced energy spread one can
use both a reverse linear taper and a reverse quadratic taper. Of course, the LSC-induced chirp is
nonlinear while the conditions (1) and (2) are valid for a linear chirp. It means that these conditions
can provide only a partial compensation which might be sufficient in some practical situations. The
LSC-induced chirp has a positive derivative d-y /ds so that K must increase along the undulator length
for compensation, i.e. one has to use a reverse taper.

For the purpose of the considered scheme, one should use a stronger reverse taper than that
needed for chirp compensation, that is why we call the method “excessive reverse taper”. One can
choose excessive linear or quadratic taper in order to suppress the radiation while keeping the strong
bunching (more sophisticated taper laws can be considered as well). The proposed scheme works for
chirped and unchirped bunches as will be illustrated in the next Section. The concept is easy to realize
in practice since the undulator systems of X-ray FELs consist of relatively short segments. Thus, a
reverse taper can be applied to a long string of segments while the last one can be used as a radiator. If
it is too long, one can install a dedicated short radiator.

3. Numerical example

We illustrate the concept of excessive reverse taper with the parameters of FLASH2 undulator
of FEL user facility FLASH, see detailed description in the next Section. The variable-gap undulator
consists of twelve segments, each of them has a period of 3.14 cm and is 2.5 m long. We consider an
electron beam with the following parameters: energy is 1.2 GeV, rms bunch duration is 1 fs, peak
current is 2 kA, rms normalized emittance is 0.8 mm mrad, and rms uncorrelated energy spread is 300
keV. Average beta-function in the undulator is 7 m. FEL wavelength is 5 nm which corresponds to K =
1.24. The FEL simulations are performed with the code SIMPLEX [17].

First, we simulate standard SASE regime and ignore LSC effects. The number of undulator
segments is 9, and the amplification process is stopped at the onset of saturation. If the undulator
is longer, the radiation pulses are getting longer too, but the peak power does not increase. Three
typical shots are presented on Figure 2 (upper plot), as three color lines, typical pulse duration is 3 fs
(FWHM). The current distribution I(t) is shown with dashed line while the solid black line represents
the function [I(#)|b(t)|]* with b(t) being the bunching factor [12] for a typical shot. If the bunching
factor is real, the function [I(t)|b(t)|]? gives a radiation power profile from a short radiator. One can
notice that the radiation pulses on Figure 2 (upper plot) are essentially longer due to the slippage in
the last part of the undulator.
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Figure 2. Typical radiation pulses (color lines) for three different configurations: standard SASE, no

LSC (upper plot), reverse linear taper in the main undulator plus short radiator, no LSC (middle plot),
and excessive reverse quadratic taper in the main undulator plus short radiator, LSC in the undulator
included (lower plot). Black dashed lines represent the current profile I(¢) (bunch head is on the right),
black solid lines show the product [I(#)|b(t)|]? for a typical shot, dotted line on the lower plot shows
the shape of LSC-wake. All black curves are presented in arbitrary units for a vertical scale, the color
curves show radiation power in gigawatts.
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Second, we simulate the reverse-tapered configuration, assuming again no energy chirp due
to LSC. We use eleven undulator segments and apply the linear reverse taper with the strength
dK/dz = 1.5 x 1073 m~! to obtain a strong bunching (~ 0.4 — 0.5) while suppressing the radiation in
this undulator. The radiator has the same period as segments of the main undulator but the number
of periods is reduced to 50, the value of K is optimized at 1.243. We also focus the electron beam
stronger in the radiator, the beta-function is 2 m. This helps us to increase the radiation power and
improve the contrast of short pulses. The results of numerical simulations are shown on Figure 2
(middle plot). Three typical shots are shown as color plots, the pulse duration is now about 1 fs. The
function [I(t)|b(t)|]?> has now smaller width than that for the standard SASE regime shown on the
upper plot, thus we can conclude that the excessive reverse taper effectively reduces the width of
generated bunching distribution.

Third, we include the LSC-induced energy chirp [16] in the undulator in our simulations. The
shape of LSC-wake is shown in Figure 2 (lower plot), it has zero crossing at the location of the maximum
current (note that the dotted line is shifted vertically). At the end of the undulator the peak-to-peak
energy deviation is about 12 MeV. The main undulator consists of eleven segments, we apply the
excessive reverse quadratic taper d?K/dz?> = 5.5 x 10~*m~2. The number of periods in the radiator
is 50, K equals 1.39, beta-function is 2 m. From Figure 2 (lower plot) one can see that the width of
the function [I(t)|b(t)|]? is reduced further, this is the consequence of nonlinear energy chirp [18] and
excessive reverse taper. Radiation pulses have average duration of 0.6 fs.

We can conclude that our concept (excessive reverse taper in the main undulator plus a short
radiator) works well with and without energy chirp, but a strong chirp helps further reduce pulse
duration. In principle, the reduction of pulse duration with respect to a standard SASE case can be
much stronger than in the considered numerical example provided that one can generate ultrashort
electron bunches (or their lasing parts). In other words, there is no conceptual lower limit for FEL
pulse duration except the applicability of the standard FEL theory (a pulse must contain many cycles).

4. Experiment at FLASH

FLASH [14] is the first free-electron laser for XUV and soft X-ray radiation. It covers a wavelength
range from 4 nm to about 90 nm with GW peak power and pulse durations between a few fs and 200
fs. The electron bunches with maximum energy of 1.35 GeV are distributed between the two branches,
FLASH1 and FLASH?2 [19], see Figure 3. The facility is based on the superconducting accelerator
which allows to operate in a “burst mode” with long pulse trains (several hundred pulses) at 10 Hz
repetition rate. Presently, the facility is being upgraded towards high repetition rate seeding in the
FLASH]1 branch [20]. The segmented variable-gap undulator of FLASH? has a period of 3.14 cm and
can provide a maximum undulator parameter K about 2.7. FLASH2 hosts twelve 2.5 m long segments
with quadrupoles in the intersections.

RF Stations Accelerating Structures Xseed FLASH1 Photon
Fixed Gap Undulators THz Diagnostics

000

RF Gun Bunch Compressors
Lasers
5 MeV 150 MeV 550 MeV 1350 MeV

Kai Siegbahn
FEL Experiments

[]
FLASHForwary

315m

Figure 3. FLASH layout.

Electron bunches for FLASH2 are produced in the photoinjector and then longitudinally
compressed in three bunch compressors at different electron energies. The last compressor is placed in
front of the undulator and the compression takes place at the final beam energy. This simplifies the task
of formation of short high-current bunches because the impact of collective effects such as coherent
synchrotron radiation and space charge on a quality of short electron bunches are reduced with respect
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to a final compression at lower energies. Nevertheless, the LSC effect can still be significant as soon as
the bunches are strongly compressed.

The experiment was performed in March 2023. The electron energy was 1.2 GeV, the FEL
wavelength was 5 nm, undulator K was 1.24. We used a photoinjector laser with 1 ps duration
to generate an electron bunch with a charge 80 pC. We performed nonlinear compression [14] in
order to generate a short high-current leading peak for production of short radiation pulses. The
undulator configuration was as follows: eleven segments were linearly reverse-tapered with the
strength dK/dz = 2 x 1073 m~!. The 12th undulator segment played the role of the radiator, the
value of K was 1.265. In order to effectively reduce the length of this radiator, we used an ambient
field correction coil to turn the beam inside that segment, and then we used an iris to cut a part of the
photon beam that was horizontally streaked. Average pulse energy in this configuration was 1.5 yJ
during the measurement. We used the grating spectrometer [21] to make sure that we generate a single
SASE spike [12], or a single longitudinal mode in other words.

To measure pulse duration, we used the autocorrelation method. The split-and-delay unit [22]
with the time resolution 120 as was used, the two beams were combined on the screen creating
interference fringes. By scaning the delay and measuring the visibility of fringes, we can measure the
field autocorrelation: ning the delay and measuring the visibility of fringes, we can measure the field
autocorrelation:

A7) /°° E(H)E*(t — 7)dt @)

—00

where E(t) is the complex amplitude of the electric field. More precisely, we measure the
ensemble-averaged modulus of the field autocorrelation.

The measured autocorrelation trace is shown in Figure 4. The full width at half maximum (FWHM)
of this trace is 1.88 £ 0.21 fs.
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Figure 4. Field autocorrelation trace (measurement).
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The next task is to estimate pulse duration from this measurement. For a Gaussian laser pulse

without a frequency chirp, the relation between the FWHM of the intensity distribution t/"VM and

the FWHM of the field autocorrelation Tg‘éVHM is given by a simple relation:

TP WHM _ o 5oEWHM ©)
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Our pulses are, in general, non-Gaussian and they can have frequency chirps. To estimate the
pulses duration from autocorrelation measurement we can use the coefficient found in numerical
simulations. We ran simulations of the considered scheme with different parameters of electron bunch
resulted in different energy chirps, and we also considered the case with no chirp. We compared the
average pulse duration and the width of the average autocorrelation function in those simulations. We
found that instead of factor 0.5 in Eq. (6) we should use the factor 0.67 +0.12, i.e.

TFWHM _ 0 677FWHM ©)
Thus, to our best knowledge, we can estimate pulse duration in this experiment at t/"V/M =

1.26 £0.37 fs.

5. Discussion

In this communication we demonstrated in numerical simulations the validity of previously
proposed method [13] of generation of short pulses in SASE FELs, namely excessive reverse taper in
the main undulator in combination with a short radiator. Moreover, we performed the experiment
at the soft X-ray FEL user facility FLASH and obtained record short pulses for this facility using the
proposed undulator configuration. In the future we plan to reduce bunch charge further and to try
nonlinear as well as linear compression, and to operate at a higher electron energy and a shorter
wavelength (below 4 nm) in order to be able to produce sub-femtosecond pulses at FLASH.
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