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Double chirp-taper x-ray free-electron laser for attosecond
pump-probe experiments
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In this paper we propose a double chirp-taper method to produce two subfemtosecond x-ray free-
electron lasers (XFELs) using electron beams with sinusoidal energy modulation. The taper of the
undulator is optimized to control the power profile of each XFEL pulse to obtain a single-spike power
shape. We present start-to-end numerical simulations of this method to demonstrate the generation of two
XFEL pulses with ~0.4 fs full width at half maximum, with a time separation tunable from O to tens of fs
and energy separation limited by the available undulator tuning range. The output of this method provides a
powerful tool for XFEL pump-probe experiments at the attosecond timescale.
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I. INTRODUCTION

X-ray free-electron lasers (XFELs) are routinely used for
resolving dynamical processes in molecules and materials
at the femtosecond timescale [1,2]. While much progress
has been made with femtosecond XFELs, the ability to
access subfemtosecond (sub-fs) timescales would enable an
entirely new class of experiments (see, e.g., [3]). In fact, the
typical timescale for valence electronic motion is hundreds
of attoseconds [4], which means that time-resolved experi-
ments at the femtosecond timescale can resolve atomic
motion but they are blind to the motion of electrons. The
ability to understand electronic motion at the relevant
timescale is critical to our understanding of atomic and
molecular physics [5] and, ultimately, chemistry [6].

The path to sub-fs time-resolution requires not only the
generation of sub-fs pulses, but also the ability to syn-
chronize two or more pulses of different energies with
attosecond precision. Two-color FEL schemes have been
demonstrated and successfully applied to a wide range of
experiments in the femtosecond regime. Two-color FELs
typically have better arrival time stability compared to x-ray
pump/probe schemes that rely on external lasers. This is
because both colors are either emitted by the same electron
bunch [7-10] or by two electron bunches generated within
the same 1f bucket [11]. This, in turn, effectively decouples
the relative timing jitter of the two pulses from the absolute
arrival time jitter of the electron beam. Timing stability of a
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few fs or better is routinely achieved in two-color experi-
ments (see, e.g., [12]).

In this paper we propose a method to generate pairs of
sub-fs x-ray pulses with attosecond timing stability and
controllable separation based on a double chirp/taper
scheme driven by self-modulation in a magnetic wiggler
technique [13,14]. Since this method relies on variable-gap
undulators to generate two independent FEL pulses, the
energy of the two pulses can be varied arbitrarily, allowing
for pump/probe experiments at different atomic sites and
enabling the study of charge and energy transfer in
molecules at the attosecond timescale.

Our scheme is an extension of previous work on chirp-
tapered FELs [15-20]. An electron beam with a large energy
modulation travels through a tapered undulator. If the energy
modulation is larger than the FEL energy bandwidth and the
chirp-taper matching condition is satisfied, lasing is only
supported on a short fraction of the electron bunch (namely
the fraction where the local energy chirp is matched to the
undulator taper). By dividing the undulator in two parts and
using two different tapers, one can lase independently on
two different slices of the electron bunch, generating two
independent pulses. A magnetic chicane placed between the
two undulators can be used to delay the second pulse with
respect to the first with sub-fs precision, allowing for
continuous control of the delay between the two pulses.

While this scheme can be realized with any beam
modulation technique, in this paper we analyze in detail
the case of a two-stage self-modulation scheme. This
method was recently developed at LCLS and it uses
coherent undulator radiation emitted by the tail of the
bunch as an infrared seed to generate a quasisingle cycle
modulation with carrier-envelope phase stability [13,14].

This method allows for sub-fs timing stability while, at
the same time, allowing full saturation and full time delay
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tunability through zero delay. Compared to previous meth-
ods our proposal offers a way to generate sub-fs pulses and
combines the excellent timing stability of the split undulator
[7,9] with the peak power and timing tunability of the fresh-
slice method [10]. Furthermore, the use of a passive
modulator makes this method scalable to high-repetition
rate machines, enabling attosecond pump/probe at the next
generation of superconducting XFELs.

The remainder of the paper is organized as follows. In
Sec. II, simulations with an ideal electron beam that has a
sinusoidal energy modulation are performed to demonstrate
the proposed method. And then a start-to-end simulation
with the LCLS-II copper linac beamline parameters,
including the self-modulation in the wiggler, is presented
in the following section. Some discussions about the
proposed method are presented in Sec. IV and a short
summary is given in Sec. V.

II. SIMULATIONS WITH IDEAL BEAM

In this section, we illustrate the double chirp-taper
method described above with numerical simulations assum-
ing an idealized beam. Specifically, we use a beam with no
variations in current, energy spread, and emittance along
the longitudinal direction. The main parameters are shown
in Table I and the longitudinal phase space of the electron
beam is presented in Fig. 1. A sinusoidal energy modu-
lation with 4,, = 2 ym period and Ay = £50 amplitude is
added onto the electron beam. For the beam with sinusoidal
energy modulation, the maximum slope of the energy chirp
can be estimated by the modulation period and amplitude

dr
ds

2w

:EA% (1)

The chirp-taper matching condition [17,21-23] can be
written as

,K(0) dK  2A.dy

14+ K(0)2/2dz ¢y, dt

()

where K(0) is the undulator strength at the beginning of
each section, y, the resonance beam energy and c the speed

TABLE 1. Parameters of the electron beam and undulators.
Parameter Value Unit
Beam energy y 9500

Slice energy spread o, 8

Normalized emittance ey 0.5 pm
Beam current / 4.5 kA
Modulation period 4,, 2 um
Modulation amplitude Ay 50

Photon energy hv ~900/1100 eV
Undulator period 4, 3 cm
Undulator strength K* 3.82/3.41

*Values at the beginning of taper.
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FIG. 1. Longitudinal phase space of the ideal electron beam.
The shaded area is spoiled to suppress lasing in the undulator. The
dotted lines denote the peak slopes of the energy chirp. The left
slope is used to generate the first color and the right one is for the
second color. The beam’s head is to the right.

of light. If the correlated energy spread in a cooperation
length (i.e., the slippage length accrued in a gain-length), is
larger than the FEL bandwidth then lasing can only happen
in the regions of the bunch where Eq. (2) is verified. By
splitting the undulator in two parts with different taper
amplitudes, we can enable lasing on two independent slices
of the electron bunch (namely the ones with the maximum
positive and negative chirps), therefore generating two
independent x-ray pulses.

The layout of the double-taper scheme is shown in Fig. 2,
with the undulator divided in two parts separated by a
magnetic chicane. The time delay between the two pulses is
given roughly by:

Amod
At =+ 4 5t + 6t 3
5, T ot +étc (3)

where A,,q 1S the modulation wavelength, &7, is the
slippage length in the second undulator, and 6¢, is the
time-delay introduced by the magnetic chicane. The =+ sign
ambiguity is due to the possibility of choosing either the
positively or negatively chirped parts of the bunch to emit
the first color. To enable scanning through zero delay it is
convenient to generate the first pulse with the tail of the
electron bunch and the second pulse with the head. In this
way the initial delay (i.e., the delay when the chicane is off)
is negative and the total delay can be increased to positive
values by increasing ot.

To accomplish this the left energy chirp with positive
slope (with reference to Fig. 1) is used to generate the first
color in an undulator section with gradually increasing
strength while the right one with negative slope will lase in
the second undulator section with gradually decreasing
strength. We note that for the delay to be repeatable the
phase of the modulation needs to be stable, which means
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FIG. 2. The layout of the double-taper scheme to generate sub-fs two-color FEL pulses, including two undulator sections with
opposite taper directions and a magnetic chicane between them. The colors in the beam represent the beam energy distribution.

that a carrier-envelope phase stable modulator is needed for
this scheme to work.

The energy separation of the two colors is limited by the
tunable range of the undulator strength, which allows 100%
energy separation of the colors. In this paper the photon
energies of the two colors are ~900 eV and ~1100 eV.

Based on Eq. (2) we can estimate and optimize the taper
with the aim of maximizing peak power and achieving
single-spike lasing. All simulations in this paper are
conducted by the three-dimensional, time-dependent code
GENESIS [24]. As the energy separation of the two colors
(200 eV) is much larger than the FEL bandwidth, we have
to simulate FEL lasing process separately in the two
sections. The input electron beam of the second section
is the output beam after lasing in the first section. In the
simulations as shown in Fig. 1, we spoil the beam quality of
the neighboring modulation periods to suppress the lasing
from those parts which also have matched energy chirp
with the taper. Experimentally this can be achieved either
with an emittance-spoiling foil in the magnetic chicane
[25,26] or by shaping the temporal shape of the laser heater
[27]. The latter option is the preferred method for high-
repetition rate FELs.

Using the electron beam in Fig. 1, the optimized undu-
lator taper for two-color generation is presented in Fig. 3.
The undulator strength K at the beginning of the taper is
3.82 for the ~900 eV FEL pulse and 3.41 for the ~1100 eV
pulse. The optimized slopes of the taper dK/(Kdz) are
2.4 x 1073 for the first section and —1.8 x 1073 for the
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FIG. 3. The optimized undulator strength taper of the two
sections for the generation of two-color FELs.

second section, which are very close to the corresponding
peak taper coefficients estimated by Egs. (1) and (2),
2.5x 1073 for 900 eV and —1.9 x 10~ for 1100 eV.
The undulator settings of the two sections are shown in
Fig. 3. For each section, the end of the undulator has a
uniform strength. This allows further amplification of the
FEL power after saturation, as the FEL pulse moves toward
the neighboring slices of the beam which have zero chirp
[28]. Figure 4 shows the power profiles of a typical FEL
pulse from the fifth to eighth undulator in the first section.
Since the undulator taper matches the peak slope of the
energy chirp, the FEL power will first accumulate around
the matched part of the electron beam. As the pulse is
amplified it also slips forward with respect to the beam. As
the pulse approaches saturation the pulse duration is also
shortened thanks to the well-known superradiant behavior
of short-pulse FELs close to saturation [29-31].

One of the most important considerations in the taper
optimization is to achieve one isolated pulse for each color.
The strategy of matching the taper to the maximum energy
chirp guarantees that most shots produce single-spike FEL
pulses. Figure 5 gives examples of the power profile with
single, double, or multiple spikes and their corresponding
proportion for a series of simulations. Note that the two
pulses overlap together if the delay of the chicane between
the undulators is zero so as to illustrate the two pulses
clearly, an additional 5 fs delay from the chicane is added to
the 1100 eV pulse. The statistical result is obtained over
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FIG. 4. Power profiles of one typical FEL pulse along the first
undulator section. The dotted line shows the energy deviation
along the longitudinal coordinate of the electron beam.
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FIG. 5. Examples of simulated FEL pulses with single, double
and multiple spikes in the power profile. The pie shows the
proportion of these three shapes. An additional 5 fs delay is added
to the second-color.
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FIG. 6. Distribution of the FWHM of 900 eV (top) and 1100 eV
(bottom) pulses.
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FIG. 7. Distribution of the peak power of 900 eV (top) and
1100 eV (bottom) pulses.
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FIG. 8.
pulses.

Distribution of the time separation between pairs of

100 shots with different initial random seeds in the GENESIS
simulation. It can be seen that with the taper settings in
Fig. 3, 74 of 100 shots are of single-spike profile for both
colors and 22 of 100 shots have at least one double-spike
shape. In the simulation, most of the double-spike pulses
appear in the first color where the undulator strength
gradually increases. Only 4 of 100 shots have three or
more spikes in the power profile.

For the simulation outputs with single-spike power
profile, the distribution of the full-width-of-half-maximum
(FWHM) of each pulse are given in Figs. 6. The FWHM of
the single-spike pulses is 0.49 £ 0.12 fs for the first color
(900 eV), and 0.33 £ 0.06 fs for the second color. It can be
observed from the distribution that the FWHMs of most
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FIG. 9. Typical power profiles of the single-spike two-color
FEL pulses. An additional 2 fs delay from the chicane is added to
the second color (the left) pulse.
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FIG. 10. Spectra of the two-color FELs. The solid black line is
the averaged spectra over the single-spike shots shown in blue.

shots are centered around 0.4 fs. The distribution of the
peak power of the two-color pulses are presented in Fig. 7.
The average power of the two pulses are both about 96 GW.

The time delay of the two pulses can be calculated by the
longitudinal separation of the centroid of the two pulses.
The distribution of the time delay of the single-spike shots
is given in Fig. 8. When the delay of the magnetic chicane
between the two undulator sections is zero, the time delay
of the two pulses is 0.06 fs, meaning that the two pulses
almost overlap together at the end of the undulators.
Additional delay can be added by the chicane to vary
the delay from O to tens of or more than one hundred of fs
continuously. The jitter of the time delay is about 0.21 fs.
The power profile of 30 typical pulses are shown in Fig. 9.
To illustrate the two pulses clearly, an additional 2 fs time
delay from the chicane is added to the second pulses. It can
be seen that the main source of the time delay jitter comes
from the pulse position jitter of the first color.

In addition to the power profile, we also provide the
spectra of the two-color FELs, as shown in Fig. 10. The
solid black line in the figures is the spectra averaged over
all shots whose power profiles are single-spike shape. The
FWHM bandwidth is about 10 eV for 900 eV FEL pulses

TABLE II. Parameters of self-modulation scheme.

Parameter Value Unit
Wiggler period 4, 35 cm
Wiggler strength K 46.4

Resonant wavelength A, 2 pm
Number of periods in 1st stage 18

Number of periods in 2nd stage 24

Four-dipole chicane Rsg —100 um

and 7 eV for 1100 eV pulses, corresponding to time-
bandwidth product of 2.6 and 1.2. The pulses of 1100 eV
are close to the Fourier transform limit while there are some
residual chirps on the 900 eV pulses.

III. START-TO-END SIMULATION

In this section, the simulation results of the two-color FEL
with a start-to-end beam are presented. We use the nominal
LCLS-II copper linac beamline parameters to produce an
electron beam with the same energy in Table I. In order to
generate the energy modulation in the electron beam, we
take advantage of the self-modulation effect of the electron
beam in a wiggler [13,14]. In the self-modulation process,
the coherent radiation field generated from the beam tail
modulates the slices of electron beam in front of it. To
maximize the energy modulation amplitude, we propose a
new two-stage self-modulation scheme, which is illustrated
in Fig. 11. In the first-stage, the radiation from the tail of the
bunch generates a small energy modulation in the core. The
energy modulation is converted into density bunching by a
magnetic chicane. The second-stage wiggler amplifies the
initial energy modulation using the short-term coherent
synchrotron radiation (CSR) wake from the existing bunch-
ing. The parameters of the wiggler and chicane for the self-
modulation are shown in Table II. For the nominal LCLS-II
copper linac beam after compression, as shown in Fig. 12(a),
the current horn is usually overcompressed, which is not
suitable for the self-modulation. To increase the peak current
and available wiggler period number, we can vary the Rsq of
the second dog-leg (DL2) in the LCLS-II beamline which is

FIG. 11.

Layout of the two-stage self-modulation scheme for the generation of two-color FELs, including the first-stage wiggler to

modulate the beam with the radiation field from the current horn, the magnetic chicane to convert energy modulation to density
modulation and the second-stage wiggler to amplify the modulation.
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FIG. 12. Longitudinal phase space of the electron beam at the
beginning of the self-modulation wiggler with different Rsq of
DL2: (a) Rss = 0 and (b) Rs¢ = 200 um. The red dotted line is the
current profile along the beam. The beam’s head is to the right.

located between the linac and undulator tunnel, optimizing
the phase space of the current horn. The Rs¢ of the DL2 can
be varied from -5 mm to 5 mm with a nominal value of zero.
This contrasts with the Rsq of a four-dipole chicane which is
negative. Figure 12(b) presents the longitudinal phase space
of the beam with DL2 Rsq = 200 ym. The current horn is
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FIG. 13. Longitudinal phase space of the electron beam (a) after
the first-stage wiggler, (b) after the magnetic chicane and (c) after
the second-stage wiggler. The enlarged phase space from figure
(c) is given in figure (d) with the energy chirp chosen for the two-
color FELs. The beam’s head is to the right.

compressed by the DL2 to be more than 20 kA, which
enhances the self-modulation.

For the simulation of the self-modulation, we employ the
model of the CSR impedance from a wiggler developed in
Refs. [13,14]. Figure 13 shows the evolution of electron
beam phase space in the self-modulation process, including
the longitudinal phase space after (a) the first-stage wiggler,
(b) the magnetic chicane, and (c) the second-stage wiggler.
In Fig. 13(d), the enlarged phase space after modulation is
given to illustrate the energy chirp which are chosen for the
two-color FEL generation. Compared with the ideal case,
the beam is not uniform in current and transverse emittance
and the chosen lasing parts have higher current, which is
helpful to suppress lasing from undesired parts. We will
assume that lasing in the head of the bunch is suppressed by
either an emittance spoiler or an energy spoiler.

The double chirp-taper scheme is optimized using the
same procedure discussed in the previous section. The
optimal taper coefficient dK/(Kdz) for the first section is
1.5 x 1073, The taper of the second section is dK /(Kdz) =
—1.5x 1073 and the last three undulators have constant
strength, which is intended to further amplify the pulse after
saturation. The required taper range can be achieved by the
variable-gap undulators in the LCLS-IL

Using the optimized undulator taper in Fig. 14, 100 runs
of GENEsIS simulation were performed with different beam
shot noise. Due to the higher peak current at the chosen
lasing parts in the start-to-end beam, the ratio of single-
spike pulses is higher than that of the ideal beam, up to
86%. The statistical results of the FWHM and peak power
of these single-spike shots are shown in Fig. 15. The
FWHM of the two pulses are both about 0.4 4= 0.1 fs. The
average peak power over 100 shots of the pulse generated
in the first undulator section is 168 GW, which is higher
than the peak power of the second pulse (107 GW). The
higher peak power is a result of the larger peak current in
this situation.

39
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FIG. 14. The optimized undulator strength taper of the two
sections for the generation of two-color FELs.
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FIG. 15. Distribution of the FWHM (top row) and peak power

(bottom row) of the two-color FEL pulses.

The time separation between the two pulses is presented
in Fig. 16. When there is no additional delay from the
magnetic chicane, the average time delay is about 4.82 fs
with 0.19 fs jitter. As the delay from the chicane is
increased, the time delay between the two pulses will first
come to zero and then increase again to the required value.
The maximum delay is limited by the longitudinal
dispersion of the delay stage. As the electrons are delayed,
they are also compressed or decompressed depending on
the sign of the energy-chirp. This effect is negligible if

dy
2| Atchicane ——| < 1. 4
’ chicane }/dt ( )

In principle even if this condition is violated, one could
rearrange the taper to compensate for the change in chirp.

15

[ Ar=4.820.1975

count

4.2 4.4 4.6 4.8 5 52
At (fs)

FIG. 16. Distribution of the absolute value of the time delay of
the two-color XFEL pulses. The first color is behind the second
when the chicane delay is zero.
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FIG. 17. Typical power profiles of the single-spike two-color
FEL pulses from the start-to-end electron beam.

However in the interest of preserving the pulse properties
it is better to operate under the condition of negligible
compression. For the beam parameters used in this paper
the maximum delay is of order 100 fs.

30 shots of typical power profiles are presented in Fig. 17
and the average spectra are shown in Fig. 18, respectively.
Similar with the case of ideal beam, the jitter of the time
delay mostly comes from the timing jitter of the first color.
The FWHM bandwidth of the 900 eV pulses is ~5 eV
and the time-bandwidth product is 1.1. For the 1100 eV
pulses, the FWHM bandwidth is ~6 eV and the time-
bandwidth product is 1.2. Both of the two colors are close
to the Fourier transform limit.
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FIG. 18. Spectra of the two-color FELs. The solid black line is
the averaged spectra over the single-spike shots shown in blue.
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IV. DISCUSSION

The method we propose enables sub-fs time resolution
with full saturation power, full control of the photon energy
(limited by the undulator tuning range) and the ability to
scan the delay through the overlap condition. Compared to
other multiundulator two-color schemes [7-9] the proposed
method is similar to the fresh-slice method [10]: in both
schemes the two colors are generated in two different
undulators using two different regions of an electron bunch,
which results in higher peak power and improved time
separation range.

With respect to the fresh-slice method based on the
dechirper, the use of a modulated electron bunch improves
the timing jitter of the two pulses. This is because in the
double chirp-taper scheme the separation of the two lasing
slices is given by half of the modulation wavelength, which
in turn is locked to the resonant condition in the wiggler,
effectively decoupling the time separation from the peak
current jitter of the electron bunch. In the fresh-slice
scheme, instead, the jitter in the bunch duration is directly
translated into timing jitter between the two x-ray pulses.
For example, data reported in [13] shows a wavelength
jitter of 3% for the self-modulation process using an
electron beam with a 10% bunch duration jitter. This
additional jitter is comparable to the intrinsic jitter of the
two pulses observed in this paper and does not significantly
affect the ability to resolve sub-fs dynamics with the
proposed scheme. Furthermore, high-repetition rate FELs
powered superconducting CW linacs are expected to have
significantly reduced peak current jitter [1], further sup-
pressing this additional source of timing jitter.

Finally, due to the use of a passive modulator this method
is directly applicable to the next generation of high-
repetition rate FELs based on superconducting accelerators.

V. SUMMARY

In this paper we proposed a method to produce pairs of
sub-fs XFEL pulses with individually controllable color
and time separation based on a double chirp-taper scheme.
An electron beam is modulated in a two-stage self-
modulation scheme. The undulator is divided in two parts
and the taper of the each undulator section is optimized to
match the energy chirp in two distinct regions of the bunch.
GENESIS simulations have been performed with an ideal
beam with a sinusoidal energy modulation and using a
start-to-end beam simulation of the LCLS-II copper linac
beam. The proposed method can generate two sub-fs
single-spike XFEL pulses individually tunable in energy.
The time-delay can be varied arbitrarily using a magnetic
chicane in between the two tapered undulators. The FWHM
duration of each pulse is ~0.4 fs with tunable time delay
from zero to roughly 100 fs. The arrival time jitter of the
two pulses is less than 0.2 fs and the peak power can reach
~100 GW. The use of the passive modulator makes this

scheme suitable for high-repetition rate machines. The
proposed method provides a powerful tool for attosecond
pump-probe experiments at x-ray FEL facilities.
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