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Application of a modified chirp-taper scheme for generation of attosecond
pulses in extreme ultraviolet and soft x-ray free electron lasers
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Typically, in self-Amplified spontaneous emission free electron laser (SASE FEL) based short-pulse
schemes, pulse duration is limited by FEL coherence time. For hard x-ray FELs, coherence time is in a few
hundred attosecond range while for XUV and soft x-ray FELs it is in the femtosecond regime. In this paper
the modification of so-called chirp-taper scheme is developed that allows to overcome the coherence time
barrier. Numerical simulations for XUV and soft x-ray FEL user facility FLASH demonstrate that one
can generate a few hundred attosecond long pulses in the wavelength range 2—-10 nm with peak power
reaching hundreds of megawatts. With several thousand pulses per second this can be a unique source for

attosecond science.
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I. INTRODUCTION

Attosecond science [1] is rapidly developing nowadays
thanks to the laser-based techniques such as chirped-pulse
amplification and high-harmonic generation. There are also
different schemes proposed for generation of attosecond
x-ray pulses in free electron lasers [2-9]. Many of these
schemes make use of a few-cycle intense laser pulse to
modulate electron energy in a short undulator, and then to
make only a short slice (a fraction of wavelength) effi-
ciently lase in a SASE undulator. In particular, in the chirp-
taper scheme [7], a slice with the strongest energy chirp is
selected for lasing by application of a strong reverse
undulator taper that compensates FEL gain degradation
within that slice. The lasing in the rest of the bunch is
strongly suppressed due to uncompensated reverse taper.

Creation of a short lasing slice can also be done without
using a laser. In particular, nonlinear compression of multi-
GeV electron beams [10] and self-modulation in a wiggler
of a bunch with the special temporal shape [11] allowed
to generate a few hundred attosecond long pulses at the
Linac Coherent Light Source (LCLS). However, creation of
subfemtosecond features in the electron bunch at lower
electron energies (~1 GeV) is problematic.

Typically, pulse duration in SASE-based short-pulse
schemes is limited by FEL coherence time [12]. For hard
x-ray FELs, coherence time is usually in a few hundred
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attosecond range. For such a case an adequate choice of a
laser could be a Ti:Sapphire system providing a few m]
within 5 fs (FWHM) with the central wavelength at 800 nm.
However, for XUV and soft x-ray regimes the coherence
time is in femtosecond range, and a longer wavelength laser
is needed [13] to match a lasing slice duration and coherence
time. In this paper a simple method is developed [14] to
overcome this barrier and to produce XUV and soft x-ray
pulses that are much shorter than FEL coherence time, and
can be as short as few hundred attoseconds.

II. PRINCIPLES OF OPERATION

Conceptual representation of the attosecond scheme is
shown in Fig. 1. Few-cycle laser pulse is used to modulate a
central part of an electron bunch in energy in a short
(typically, two-period) modulator undulator. The wave-
length 4; is chosen such that the lasing slice is much
shorter than FEL coherence length. In particular, for
generation of attosecond pulses in XUV and soft x-ray
regime one can consider Ti:sapphire laser. A typical shape
of energy modulation after the modulator undulator is
shown in Fig. 2.

Then the bunch enters a long SASE undulator tuned to a
wavelength A. The undulator is operated in the same way as
in the classical chirp-taper scheme [7]: it is reverse-tapered
to compensate for the energy chirp within the central slice
(positioned at t = 0 in Fig. 2). In this way the FEL gain
degradation within this slice is avoided, and the amplifi-
cation proceeds up to the onset of saturation. The rest of the
bunch suffers from the uncompensated reverse taper, and
the lasing is strongly suppressed (except maybe for two
satellites positioned around ¢t = +2.7 fs on Fig. 2 with the
negative time derivative). The difference with the standard
scheme is that now the central lasing slice is much shorter
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FIG. 1.

than FEL coherence time. The distribution of bunching
(density modulation amplitude) is rather narrow and is
localized at the end of that slice but the radiation slips
forward, and a relatively long pulse (on the order of
coherence time) is produced.

The next task is to get rid of this relatively long radiation
pulse (as well as of the background radiation from the rest
of the bunch) while preserving the bunching. This can be
done in different ways. In Fig. 1 a possible realization is
illustrated: an offset chicane with a reflector or absorber
inside. Alternative options are discussed below in this
Section: excessive reverse taper, an achromatic bend, a kick
with a quadrupole, a dogleg, and a harmonic afterburner.

Finally, the microbunched beam radiates in a short
radiator undulator. The bunching is strong in the central
slice, it is weaker in the two satellites around r = +2.7 fs,
and much weaker in the rest of the bunch. Note that reverse
tapering is very efficient in suppression of the radiation but
the bunching can reach high values, depending on con-
ditions [16]. We use sufficiently strong chirp and taper to
make sure that the bunching stays at low level in the whole
bunch except for the mentioned slices. In addition to that,
another feature of the process is used to strongly suppress
the radiation from unwanted parts of the bunch, including
satellites. Namely, the central slice is stretched in the main
undulator due to a strong energy chirp so that the frequency
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FIG. 2. Energy modulation induced by the laser. Bunch head is
on the left side.
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Conceptual scheme for generation of attosecond pulses. Dashed rectangle illustrates a particular realization of suppression
(separation) of a radiation background from the SASE undulator.

of the bunching is redshifted with respect to the resonance
frequency at the entrance of SASE undulator. The satellites
have a weaker red shift. The rest of the bunch also has a red
shift due to undulator taper [17] but it is even weaker. The
radiator undulator is set to the resonance with the central
slice, and the number of periods is approximately equal to
the number of cycles of density modulation within that
slice. The other parts of the bunch are nonresonant and
radiate very weakly. Below in this section the operation of
the radiator is discussed in more details.

As aresult, few hundred attosecond long pulses with low
background can be produced in XUV and soft x-ray ranges.
The prerequisite for operation of this scheme is a suffi-
ciently long SASE undulator. Note that there is always the
range of photon energies at XUV and x-ray FEL facilities
for which the saturation occurs well before the undulator
end, and there is a reserve for operation with different
advanced schemes.

A. Chirp-taper compensation effect

If there is a linear energy chirp at the undulator entrance,
it can have a significant effect on SASE FEL properties, in
particular on the gain. The strength of this effect can be
characterized by the energy chirp parameter [7]:

3 (1)

where p is the well-known FEL parameter [12,18], and y is
relativistic factor. Factor y, for a reference particle and
reference frequency w, are connected by the FEL reso-
nance condition: wy = 2ck,y3/(1 + K*/2). Here K is the
undulator parameter and k,, = 27z/4,, with 4,, being the
undulator period.

It was shown in [7] 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+K3/2° 1 dy

e L 2
dz Ko  rpicdt @)

Here K, is the value of undulator parameter at the undulator
entrance. Note that the condition (2) is applicable when
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4rpa < 1, and a perfect compensation is only possible in
the limit p — 0. However, for practical applications a
perfect compensation is usually not required.

B. Chirp-taper compensation for a short lasing slice

Operation of SASE FELs with short bunches was studied
in [19,20]. A relevant parameter to characterize an effect of
bunch length on FEL operation is pwo,/c with ¢, being
rms bunch length. When this parameter is smaller than one
(i.e., when bunch is shorter than FEL coherence length
c(pw)~'), one can observe an increase of saturation length
and a reduction of FEL efficiency.

The condition (2) is also valid for short bunches or for
short lasing slices (as it was mentioned above, an ideal
compensation is only possible when p — 0). In this paper
we deal with long bunches but short lasing slices having the
strongest laser-induced energy chirp. For such a case,
instead of ¢, one can consider a reduced laser wavelength,
%, = A./(2x). Thus, a relevant parameter is now pi; /A
where A = 2zc/w is the FEL wavelength. It follows from
numerical simulations with laser-modulated beam that an
increase of saturation length for a short lasing slice with
respect to a normal SASE with long bunches can be
approximated as follows:

Lo A0\ "1/2 AL
Wﬁ(pj forp==<1 (3

sat

The dependence is similar to that for short bunches
[19,20]. For the purpose of the proposed scheme, one
should stop at the onset of saturation (typically 80% to 90%
of saturation length) to avoid an increase of the width of
bunching distribution within the lasing slice. Thus, a total
increase of the required undulator length can be acceptable
in many practical cases even for a small parameter pA; /.

C. Suppression of background from the main undulator

One of the advantages of the proposed scheme is that one
can get a clean attosecond pulse from the afterburner.
However, we need to get rid of the background produced in
the main undulator. Let us consider possible ways of
doing this.

1. Excessive reverse taper

Reverse taper is efficient in suppression of the radiation,
although under some conditions the bunching can survive
[16]. In case of the considered scheme one can apply
reverse taper which is stronger than the one needed for
compensation of the energy chirp in the main lasing slice.
With some delay of the saturation, one can get a strong
bunching there but almost no radiation. Excess of reverse
taper would then be even stronger in the adjacent slices
with the same sign of energy chirp but a weaker amplitude.
There one can suppress the radiation even stronger, and the

bunching factor saturation is delayed also stronger than in
the main slice. In general, the intensity of the radiation from
the main undulator can be made sufficiently small. Then,
in the radiator a strong power is produced only within the
main slice, also due to a frequency offset mentioned above
[21]. A disadvantage of this method is that it requires a
longer main undulator which is not always possible. Also,
bunching within the main slice can be weaker than in a case
without over-compensation, depending on parameters.

2. Achromatic bend or a kick with a quadrupole

Another way to produce clean attosecond pulses in the
afterburner is to create an angle between the radiation from
the main SASE undulator and from the radiator by using an
achromatic bend [22] or a kick with a quadrupole [23]. The
latter technique (in combination with reverse taper) was
successfully used for generation of circularly polarized
radiation with high purity at LCLS [24].

3. Chicane or dogleg

One can also create an offset between the electron beam
and the radiation from the SASE undulator with the help of
a chicane, as shown in Fig. 1. Then the radiation is either
absorbed directly or reflected to an absorber. A possible
difficulty is that the longitudinal dispersion, characterized
by a transfer matrix coefficient Rsq, is generated in the
chicane. This can be a useful effect: additional bunching
can be created, so that one can stop earlier in SASE
undulator; moreover the lasing slice is stretched even
stronger which helps in suppression of background in
the radiator. The upper limit on Rsq is given by the
condition that the beam modulations are not smeared in
the dispersive element [25]:

Rsq < A7 (4)
4

where o, is uncorrelated energy spread in units of the
rest energy.

Note that the two functions of the chicane (a technically
reasonable offset and an optimal Rs4) should be matched
which is not always easy to do. A more flexible system
could be a chicane with quadrupoles in the dispersion
regions [26] so that one can efficiently control Rss while the
required offset is kept.

Another possible solution is a dogleg that creates a
sufficient offset but the Rsq is typically too small to
influence longitudinal dynamics.

4. Harmonic afterburner

Radiation at the even harmonics of SASE undulator is
weak. Thus, tuning the radiator to the second harmonic,
for example, would help to provide low-background atto-
second pulses. Radiation at the fundamental of the undu-
lator can be filtered out if it disturbs an experiment.
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D. Suppression of satellites in the afterburner

One of the problems of laser-based methods for pro-
duction of the attosecond pulses is an insufficient contrast
of laser modulation that leads to generation of satellite
pulses shifted in time by a cycle of the laser light [6]. They
are weaker than the main pulse but can still be a problem for
user experiments. In the proposed scheme we rely not only
on a less efficient generation of bunching for the satellites,
but also (and mainly) on the fact the frequency of bunching
in the main slice is different (more red-shifted) from that in
the satellites. In the case when the chirp is compensated
by the undulator taper, the redshift due to a decompression
in the main undulator can be estimated as

1
T = 2ANgg 2 ®)
- und ¢y dr
where N4 1S a number of periods in the main undulator,
and 2AN,,q is the Rsq of the main undulator. The time
derivative of energy is negative in the considered case, so
that the compression factor C is smaller than one.

The radiator is tuned to the frequency of the main slice,
and the radiation from the adjacent slices is strongly
suppressed because of the offset from resonance.
Spectral properties of the radiator are characterized by
the well-known sinc-function:

(sin(Nwzr %)) 2

0=
N, g~
wt "o,

filw) = (6)

Here w, is the resonance frequency of the radiator and
N,, is the number of periods. The latter parameter should be
chosen such that it is approximately the same as the number
of cycles in the bunching distribution within the main
lasing slice [27]. At the same time, as it can be seen from
(6), for an efficient suppression one needs to satisfy the
condition N,, > w,,/(w, — ®,,) with w,, being the fre-
quency of bunching in the main slice and @, in the
satellites. One can even adjust parameters such that the
satellites are positioned in frequency domain at the zeros of
the sinc function, i.e., when N,, ~ nw,,/(w, — ,,), where
n is a natural number. In this case the suppression will be
especially effective.

The density modulations in the bulk of the beam (not
modulated by the laser) are much weaker than those on the
slopes. In addition, they have a much larger frequency
offset from the resonance in the radiator, so that the
radiation is strongly suppressed. As a result, one can obtain
a clean attosecond pulse from the radiator.

III. NUMERICAL SIMULATIONS FOR FLASH

In the first XUV and soft x-ray FEL user facility FLASH
[28,29] the electron bunches with maximum energy of
1.25 GeV are distributed between the two undulator lines.

The facility operates in the wavelength range 4-60 nm with
long pulse trains (several hundred pulses) following with
10 Hz repetition rate. After the planned upgrade, the
electron energy will reach 1.35 GeV, this energy is used
in numerical simulations. Electron bunches with the charge
100 pC and the following quality [30] are considered in this
paper: peak current 1.5 kA, normalized emittance 0.5 mm
mrad, uncorrelated energy spread 200 keV. Note that a
relatively high longitudinal brightness (100 keV for peak
current of 1 kA) was measured at FLASH [31], and low
emittances are also routinely measured in the injector.
Parameters of the second undulator line FLASH?2 are used
in the simulations. Segmented variable-gap undulator with
the period of 3.14 cm and the maximum K about 2.7
consists of twelve 2.5 m long segments with quadrupoles in
the intersections. Average beta-function of the FODO
structure is 7 m. Modulator undulator has two periods
with the period length of 15 cm and the K value of 12.
The Ti:Sapphire laser system generates 5 fs long pulses
(FWHM intensity), a pulse energy is 0.25 mJ. The Rayleigh
length is chosen to be 1 m. Energy modulation of the
electron beam for this parameter set of laser-modulator
system is presented in Fig. 2, the maximum energy
deviation is 4 MeV.

FEL simulations were performed with the code SIMPLEX
[32]. The results of simulations at three different wave-
lengths with respectively optimized afterburners are pre-
sented below for illustration.

A. Case I: The fundamental at 4.7 nm

Let us first consider the case when the energy-modulated
beam (see Fig. 2) radiates in FLASH2 undulator tuned
to 4 nm at the entrance (K, = 1.25). Since the parameter p
for the considered beam and undulator parameters is
1.9 x 1073, one can use (1) to find that & ~4 for the
central slice. The reverse step-taper is applied such that K
increases by 0.025 in each undulator segment, we use ten
segments in simulations. The corresponding parameter of
taper strength [16] is  ~ —2.4. Note that the chosen reverse
taper is 20% stronger than the one needed for the perfect
compensation. This helps reduce background from the
main undulator without affecting significantly the gener-
ation of strong bunching within the central slice. However,
a much stronger excessive reverse taper would lead to a
significant increase of the undulator length and cannot be
considered as the main method of background reduction for
given parameters.

Let us discuss an increase of undulator length with
respect to that needed for saturation of long bunch with the
same slice parameters (which is 18 m). The parameter
pAr /A is 0.38 in the considered case, so that an increase of
saturation length is about 60% according to Eq. (3). We do
not aim at reaching saturation since there is a broadening of
the bunching distribution at that point. Lasing is stopped a
bit earlier, at about 90% of the saturation length, so that the
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required increase of the undulator length is about 40%
(from 18 m to 25 m).

The distribution of bunching factor in the modulated part
of the bunch at the exit of the tenth undulator segment is
shown for a single shot in Fig. 3 (upper plot). One can see
not only strong bunching within the central lasing slice but
also a significant bunching in the satellites. In this simu-
lation we assume that the Rs4 between the main undulator
and the radiator is negligible (to avoid an effect on
bunching distribution it should be below ~1 ym). Thus,
the electron beam without modifications is sent to the
radiator while the radiation from the main undulator is
suppressed with the help of one of the methods discussed in
the previous section.

The radiator is the short undulator with 40 periods, period
length of 2.5 cm and the undulator parameter 1.804. In Fig. 3
(lower plot) one can see the temporal profile of radiation
pulse at 4.7 nm emitted by the beam with bunching shown
in Fig. 3 (upper plot). The wavelength increase is due to

0.6
0.5
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0.1 4

0.0 T T T

300

200 +
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FIG. 3. Bunching factor at the entrance to the radiator (upper
plot) and power at its exit (lower plot) for a single shot. Bunch
head is on the left side.

stretching of the central slice in the main undulator, as
discussed in Sec. IL. D. It is interesting to compare the
numerically obtained result with the estimate (5).
Substituting 4 =4 nm, N,,q ~ 800, and the value of the
energy chirp in the main slice —4 MeV x 2z/(1350 MeV x
800 nm) into Eq. (5), we obtain C ~ 0.87 which is in a good
agreement with the value we get from the simulations,
4 nm/4.7 nm ~ 0.87.

One can also see that satellites are strongly suppressed
despite a significant bunching factor, the mechanism is
explained above. Total background (that includes satellites
and the radiation produced in the bulk of the beam) does
not exceed a few per cent level. For illustration (see Fig. 4),
we also present the spectrum of the pulse shown in Fig. 3.
The spectral modulations of the main peak are due to the
presence of satellites on Fig. 3.

Forty simulation runs were performed to study the
properties of the attosecond pulses. Four representative
shots are shown for illustration in Fig. 5. Pulse duration is
in the range 300400 as (FWHM) which is by an order of
magnitude smaller than FEL coherence time in the main
undulator. The average pulse energy is 70 nJ with the rms
shot-to-shot variations about 40%. It is interesting to note
that despite a significant variation of pulse energy, the
timing is very stable (contrary to the case of a standard
single-mode lasing of short electron bunches [33]), the rms
variation of arrival time is about 20 attoseconds. The reason
for such an exceptional stability is nonlinearity of the
energy chirp. This timing stability opens up a possibility
of pump-probe experiments with near infrared (NIR)
and soft x-ray pulses keeping subcycle synchronization.
Indeed, the laser-modulated beam after emission of an
attosecond x-ray pulse can be sent through magnetic
chicane for conversion of energy modulation into density
modulation on the scale of laser wavelength. Then it can
radiate a NIR pulse in the short undulator (similar to

1.0

0.8 4

0.6

0.4 4

Spectral flux (arb. units)

0.2+

0.0 ¥ T g T ¢ T
240 250 260 270
Photon energy (eV)

FIG. 4. Spectrum of the radiation pulse presented on Fig. 3.
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FIG. 5. Radiation power for four representative shots at 4.7 nm.

Bunch head is on the left side.

modulator undulator). Both pulses (soft x-ray and NIR) can
be transported to a user instrument through the same mirror
system thus preserving timing. At the experiment one can
either use NIR pulse directly or (if it is too weak) do cross-
correlation with a powerful laser pulse thus preserving
timing information for every shot.

Finally, let us discuss accuracy of the predictions with
FEL simulation codes in the considered case of the strong
energy chirp. Note that the parameter 4zpa is about 0.1
which is sufficiently small for FEL theory with energy-
chirped beams to be applicable. At the same time, one
cannot expect a per cent level accuracy of the predictions
for the radiation power, they are rather in the ten per cent
range. In particular, one can expect a significant stretching
of the central lasing slice in that range. The evolution of the
process in time-frequency domain is correctly simulated
by FEL codes [32,34-36] and described by the theory of
frequency-chirped FELs [7,37] (all the necessary informa-
tion is contained in phases), however the change of average
electron density is neglected in these codes. Thus, the
above mentioned frequency shift is properly described in
the standard FEL codes but the radiated power is slightly
overestimated in the simulations presented here. The effect
of average electron density change can, in principle, also be
kept in some codes like PUFFIN [38] and a new version of
Genesis. Such numerical studies are beyond the scope of
this work, and can be done later.

B. Case II: the second harmonic at 2.4 nm

The macroparticle distributions from simulation runs at
4 nm in the main undulator were used for simulations of the
radiation at the second harmonic in the dedicated after-
burner. The undulator parameters are as follows: period
length is 2 cm, number of periods is 20, K equals 1.134.
Three representative shots are shown in Fig. 6. Again,

50

404

30

P (MW)

20

10 4

T
-1.5 -1.0 -0.5 0.0 0.5
t (fs)

FIG. 6. Radiation power for three representative shots at
2.4 nm. Bunch head is on the left side.

due to the stretching, the wavelength of the second
harmonic is not 2 nm but 2.4 nm. Pulse durations are in
the range 250-300 as (FWHM), and the average pulse
energy is 6 nJ.

C. Case III: the fundamental at 9.3 nm

It is also constructive to illustrate the operation of the
scheme at a longer wavelength. The electron beam is the same
as it was in the previous simulations. The main undulator is
now shorter, it consists of nine segments. The period of the
afterburner is the same as that of the main undulator, but the
number of periods is only 25, so that it is shorter than a
segment of the main undulator. Four representative shots are
shown in Fig. 7. Average pulse energy is 75 nJ, and the pulse
duration is about 400 as (FWHM).

300
200
s
=
o
100
0 . . : :
1.5 -1.0 0.5 0.0 0.5
t (fs)
FIG. 7. Radiation power for four representative shots at 9.3 nm.

Bunch head is on the left side.
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Note that three different periods of the afterburners were
used in three considered cases. They are all relatively short
(about 1 m) and can be placed behind each other. In practice
one can optimize the parameters and the number of devices
depending on the operating range of the attosecond facility
and a range of electron energy (in simulations only one
energy was used).

IV. PROSPECTS FOR HARD X-RAYS

The standard chirp-taper attosecond scheme was origi-
nally intended for application in hard x-ray FELs. Indeed,
the coherence time (a few hundred attoseconds) naturally
matches lasing slice when a few-cycle short wavelength
laser (like Ti:sapphire) is used. The scheme, described in
this paper, can potentially be applied to push pulse duration
to few tens attoseconds regime if the following approach is
used. One can apply so-called eSASE scheme [6] and use
the same laser to create energy modulation in the electron
bunch with a subsequent conversion of these modulations
into density modulations (current spikes). The duration of
the central spike with the highest peak current is then in
sub-hundred attosecond range. A strong energy chirp is
accumulated along this spike due to longitudinal space
charge field in front and inside of the SASE undulator [39].
Then the chirp-taper compensation is used in the same way
as in the case of laser-induced chirp. And to avoid pulse
lengthening due to the slippage one can use the method
developed in this paper. Note that in some cases the
application of excessive reverse taper can be adequate,
and a regular segment of an x-ray FEL undulator can be
used as a radiator. One can also consider the second
harmonic generation in one segment. In other words,
application of this method might not require any modifi-
cation of existing SASE undulators.

V. CONCLUSION

A modification of the chirp-taper scheme allows to
produce FEL pulses that are much shorter than FEL
coherence time. Thus, generation of attosecond pulses in
XUV and soft x-ray regimes is enabled. Application of such
a scheme to a user facility like FLASH would make it
possible to create a unique source for attosecond science.
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