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Abstract

A robust method for producing half-cycle—few-cycle
pulses in mid-infrared to extreme ultraviolet spectral ranges
is proposed. It is based on coherent undulator radia-
tion of relativistic ultrathin electron layers (nanobunches),
which are produced by nanobunching of ultrashort electron
bunches by a TW power laser in a modulator undulator.
According to our numerical calculations it is possible to
generate shorter than 7 nm long nanobunches in this way,
where the key points is to use a single-period modulator un-
dulator, rather than a multi-period one, having an undulator
parameter of only K = 0.25 and a significantly shorter pe-
riod than the resonant period length. By using these elec-
tron nanolayers the production of carrier-envelope-phase
stable pulses with up to a few nJ energy and down to 18 nm
wavelength and 35 as duration is predicted.

INTRODUCTION

Waveform-controlled few-cycle laser pulses enabled the
generation of isolated attosecond pulses and their applica-
tion to the study of electron dynamics in atoms, molecules,
and solids [1]. Intense waveform-controlled extreme ul-
traviolet (EUV)/X-ray attosecond pulses could enable pre-
cision time-resolved studies of core-electron processes by
using e.g. pump-probe techniques [2]. Examples are
time-resolved imaging of isomerisation dynamics, nonlin-
ear inner-shell interactions, or multi-photon processes of
core electrons. EUV pump-EUV probe experiments can
be carried out at free-electron lasers (FELs) [3, 4]; how-
ever, the temporal resolution is limited to the fs regime and
the stochastic pulse shape is disadvantageous. The shortest
electromagnetic pulses reported to date, down to a duration
of only 67 as, were generated by high-order harmonic gen-
eration (HHG) in gas targets [5, 6]. Isolated single-cycle
130-as pulses were generated by HHG using driving pulses
with a modulated polarization state [7]. One drawback of
gas HHG is the relatively low EUV pulse energy due to
the ionization depletion of the medium. The use of long
focal length for the IR driving field, or using strong THz
fields for HHG enhancement [8] were proposed to increase
the EUV pulse energy. The generation of half-cycle 50-
as EUV pulses with up to 0.1 mJ energy is predicted for
coherent Thomson backscattering from a laser-driven rela-
tivistic ultrathin electron layer by irradiating a double-foil
target with intense few-cycle laser pulses at oblique inci-
dence [9, 10]. Various schemes, such as the longitudinal
space charge amplifier [11, 12], two-color enhanced self-
amplified spontaneous emission (SASE) [13, 14], the in-
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Figure 1: Scheme of the proposed setup.

teraction of an ultrarelativistic electron beam with a few-
cycle, intense laser pulse and an intense pulse of the coher-
ent x-rays [15], or ultraviolet laser induced microbunching
in electron beams [16] were proposed for attosecond pulse
generation at FELs. However, the realization of these tech-
nically challenging schemes has yet to be demonstrated and
precise waveform control is difficult. In our previous work
we proposed a robust method for producing half-cycle—
few-cycle pulses in the MIR-EUV spectral range [17, 18].
It is based on coherent undulator radiation of relativistic ul-
trathin electron layers, which are produced by nanobunch-
ing of ultrashort electron bunches by a TW-power laser in
a nanobuncher undulator. In this contribution we further
examine this method and discuss in more detail the impor-
tant findings of optimal electron nanobunching in a non-
resonant undulator.

SIMPLE SETUP

The proposed setup is shown in Fig. 1. The method
based on ultrahin electron layer generation and subsequent
coherent undulator radiation. A relativistic electron beam,
e.g., from a linac is sent through a single-period modula-
tor undulator where a TW-power laser beam is superim-
posed on it in order to generate nanobunches by inverse
free-electron laser (IFEL) action. The nanobunched elec-
tron beam then passes through a radiator undulator consist-
ing of a single or a few periods. The radiator undulator is
placed at a position behind the modulator undulator where
the nanobunch length is shortest.

Efficient ultrashort pulse generation by coherent undu-
lator radiation is possible only if the (micro/nano)bunch
length is shorter than the radiation’s half period. We note
that the previously reported shortest microbunch length
was about 800 nm, where the beam of a CO, laser was
used in the modulator undulator [19].
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Figure 2: Dependence of the FWHM of the nanobunch on
the undulator period.

PRODUCTION OF ULTRATHIN
ELECTRON LAYERS BY IFEL ACTION

We used the General Particle Tracer (GPT) [20] nu-
merical code for simulation of microbunching by inverse
free electron laser (modulator or nanobuncher undulator).
This code takes into account space-charge effects by us-
ing the model described in [21]. In the first simulations,
we used the bunch parameters of an existing injector [22]
(before the nanobunching). In order to produce shorter mi-
crobunches a laser wavelength of 1.3 ym was chosen first,
the laser power was increased to 4 TW, and only a single
undulator period was used. Other parameters of the setup
are described below.

Optimal Versus Resonant Undulator Period
Lengths

In our calculation the A,, undulator period was first cho-
sen to satisfy the well-known
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resonance condition [23]. This choice of A, , = 9.7 mm
resulted in a nanobunch length of about 34 nm being al-
ready much shorter than the previously reported shortest
one [19]. However, the interesting result in our simulations
(with fixed considered injector parameters) is that a shorter
nanobunch can be achieved by using a shorter undulator
period length than the A, , resonant length. Figure 2 dis-
plays the calculated full width at half maximum (FWHM)
values of the nanobunches as a function of the undulator
period with all other parameters having fixed values. For
an optimal undulator period of A\, , = 5.5 mm as short as
about 16 nm electron nanobunches were obtained, which
is shorter by more than a factor of two as compared to the
resonant case.
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Figure 3: Snapshots of distributions of macroparticles after
compression by the IFEL process. The panels show the rel-
ativistic factor +, the spatial distribution in the z — 2 plane,
and the distribution along the z axis a) with the resonant
and b) with the optimal undulator period.

The two important cases of resonant and optimal undu-
lator periods are shown in more detail in Fig. 3. The lower
part of Fig. 3 displays the histograms for the longitudi-
nal distribution of the electrons (numerically represented
by macroparticles). The FWHM widths of these distribu-
tions are 34 nm and 16 nm for the resonant and the optimal
cases, respectively, as mentioned above. The middle part of
Fig. 3 shows the corresponding particle distributions in the
plane of the undulator. Comparison of the upper panels of
Figs. 3a and 3b indicates that the main reason of the shorter
nanobunch in case of the sub-resonant undulator period is
the stronger modulation of the electron energy.

The reason why a shorter nanobunch length is obtained
with sub-resonant undulator period can be explained in
more detail by observing the work of the external (transver-
sal) fields, i.e., that of the laser and the modulator undu-
lator, on individual electrons (macroparticles). Figure 4
shows this work as a position inside the single-period mod-
ulator undulator. Considering electrons with nearly maxi-
mal energy gain or loss (green or blue circles in the inset
of Fig. 4) in the resonant case reveals that the energy mod-
ulation reaches a maximum inside the undulator but subse-
quently it also gets reduced. Such a reduction is not present
in case of the shorter, optimal undulator period, where the
electrons leave the undulator with approximately the max-
imum energy modulation.

Effect of Undulator Parameter

We also analyzed the achievable minimum nanobunch
length for various undulator parameter values. The result
of such a series of calculations is shown in Fig. 5. The
shortest nanobunches where obtained with KX = 0.25 un-
dulator parameter value. We note that this value is by one
order of magnitude smaller than the X' = 3 value used in
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Figure 4: Work of the laser and undulator fields done on
electrons with different trajectories in the optimal and the
resonant cases as a position inside the single-modulator un-
dulator. The insets show the corresponding electron energy
distributions at the position of maximum nanobunch com-
pression.
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Figure 5: Dependence of the minimum nanobunch length
(FWHM) on the undulator parameter.

Ref. [19]. Using such small K was essential in obtaining
the extremely short nanobunches in our case. These ultra-
thin electron bunches allow to generate coherent undulator
radiation even in the EUV spectral range. This will be dis-
cussed in the next Section.

WAVEFORM-CONTROLLED
ATTOSECOND PULSE GENERATION

We used the following handbook formula to calculate the
temporal shape of the electric field of the radiation gener-
ated by the ultrathin electron layers described above in a
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Figure 6: Examples for generated attosecond pulses with
different CEP which is determined by the magnetic field
distribution of the undulator. v = 900 was assumed.

second (radiator) undulator [24]:

ret

where ¢ is the electric charge of a macroparticle, u is the
vacuum permeability, R is the vector pointing from the po-
sition of the particle at the retarded time to the observation
point, ¥ is the velocity of the macroparticle, and E = /e,
where c is the speed of light, and N is the number of the
macroparticles. During the radiation process the accelera-
tion, velocity, and position of the macroparticles were fol-
lowed numerically by taking into account the Lorentz force
equation:

d(ymv)

dt

where B is the undulator magnetic field at the position of
the macroparticle. The Coulomb interaction between the
macroparticles was neglected during the radiation process.
This simplification is justified by the short interaction time.
The electric field was calculated in a plane perpendicular
to the propagation direction of the electron nanobunch sit-
uated at 8 m behind the middle of the radiator undulator.
In a series of calculations a modulator laser with power
of 10 TW and wavelength of 516 nm; and an electron bunch
with v = 900 relativistiv factor and 80 pum transversal size,
and radiator undulator with a few different magnetic field
distributions were assumed. The results of these calcula-
tions (see Fig. 6) indicate the versatility of the proposed
method for the generation of ultrashort pulses with pre-
defined waveforms. Pulses with a few oscillation cycles
and relatively narrow spectra can be generated by an undu-
lator consisting of a few magnetic dipole pairs. The carrier-
envelope phase [25] can also be controlled by the undula-
tor’s magnetic field distribution for our attosecond pulses.
Figure 7 displays results of calculations in which the un-
dulator parameter of the radiator undulator was kept con-
stant at K = 0.5, the relativistic factor was varied in the
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Figure 7: Dependence on « of the generated pulse fluence
for 30 nm (orange dots), and 60 nm (green squares) radia-
tion wavelength, the needed undulator period of modulator
undulator (black dash), and of radiator undulator for 30 nm
(orange dash) and 60 nm (green dash). The inset shows the
radiated fluence as a function of the radiation mean wave-
length for the nanobunch and for a single electron.

range of v = 280--2000, and for each  value the \,, undu-
lator period was chosen such that the radiation wavelength
given by resonance equation becomes A, = 30 nm and
60 nm, respectively. At small and medium values of ~y the
fluence curves indicate a square dependence which is ex-
pected from a simple consideration of spatial interference
[18]. At large ~ values the fluence is significantly smaller
than predicted by the square dependence. The reason for
this is that for large v values development of nanobunches
needs as long as a few meters of drift space whereby the
transverse size of the bunch increases significantly.

By using electron bunches with v = 1960 single-cycle
pulses with 0.2 nJ, 0.6 nJ and 2 nJ energy can by gener-
ated at 20 nm, 30 nm and 60 nm, respectively. These ener-
gies are high enough to use these pulses as pump in pump-
probe measurements. We note that even though the radia-
tion pulses in our setup are one order of magnitude longer
than in Ref. [26], but our method is simpler and it provides
perfect waveform control.

Since in our proposed setup the electron bunch consists
of many nanobunches separated by the modulation laser
wavelength, a pulse sequence is generated. The ratio of
separation time to pulse duration, depending on the wave-
length of the generated radiation and the relativistic factor,
is between 20-50. The best value of 50 is reached for 35 as
generated EUV pulses with mean wavelength of 18 nm.
This value is 3 times larger than predicted in [26]. So we
can conclude that the pulses with the predicted unique pa-
rameters can enable time- and CEP-resolved measurements
with sub-100-as resolution.

We notice that there are possibilities for further increas-
ing the ratio of pulse separation time to pulse duration sig-
nificantly, for example using two modulation lasers with
substantially different wavelength in the modulator undu-
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lator [14]. This might also increase the charge of the
nanobunch and the energy of the generated pulses. How-
ever, investigation of this possibility and the combination
of our schemes with other ones, such as the longitudinal
space charge amplifier [11, 12], is out of the scope of this
short article.

Another possible application of our investigated setup is
seeding of FELs. Because of this we simulated generation
of multi-cycle (10-cycle) attosecond pulses too. The ener-
gies of these EUV pulses are a few nJ, which is sufficient
for saturating seeded FELs [27].

CONCLUSION

A robust method for producing half-cycle—few-cycle
pulses in the MIR-EUV spectral range was described. It
is based on coherent undulator radiation of relativistic ul-
trathin electron layers, which are produced by nanobunch-
ing of ultrashort electron bunches by a TW-power laser in
a shorter-than-resonant single-period modulator undulator.
A detailed numerical study of the nanobunching process
revealed that the larger modulation of the electron energy
is responsible for the shorter nanobunch length in case of
the optimal sub-resonant undulator period. Nanobunches
as thin as 7 nm are predicted. The temporal shape and
energy of the attosecond pulses generated by such ultra-
thin electron layers in a radiator undulator was investigated.
Carrier-envelope-phase stable pulses with up to a few nJ
energy and down to 18 nm wavelength and 35 as duration
are predicted.
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