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INTRODUCTION

The ability to study ultrafast phenomena has been re-
cently advanced by the demonstrated production and mea-
surement of a single, 650-attosecond (10�18 sec), VUV x-
ray pulse[1] and, latter, a 250-attosecond pulse[2]. The
next frontier is a production of the x-ray pulses with a
shorter wavelengths and in a broader spectral range. Sev-
eral techniques for a generation of an isolated, attosecond
duration, short-wavelength x-ray pulse based upon the pon-
deromotive laser acceleration [3], SASE and harmonic cas-
cade FELs ([4] - [6]) had been already proposed. In this
paper we briefly review a technique proposed in [5] and
present some new results.

METHOD AND ILLUSTRATIONS

Generation of attoseond x-ray pulses in [5] requires an
ultra-relativistic electron beam, a few-cycle, intense opti-
cal laser pulse and an intense pulse of the coherent x-ray
radiation, together with a number of magnetic undulators
and transport elements. Fig.1 schematically shows how all
these components are used. On the left is a source produc-
ing a coherent 2-nm wavelength,� 100�fs,� 100�MW
peak power x-ray pulses. While such sources do not exist
today, studies of harmonic cascade FEL’s (HC FEL) ([7]
-[9]) have suggested approaches which are feasible in prin-
ciple. HC FEL can be configured such that only part of the
electron bunch is used for the x-ray generation, thus leav-
ing another part near the bunch head whose instantaneous
energy spread�E has not been degraded by previous FEL
interaction in the upstream cascade or even by SASE gain.

After exiting the HC FEL, an achromatic bend inserts the
electrons into a two-period wiggler magnet “800-nm mod-
ulator”. Simultaneously, a 800-nm wavelength,� 1mJ, 5-
fs laser pulse enters this wiggler and co-propagates with the
electrons. The technical feasibility of such optical pulses
has already been proven[10]. The relative timing between
the arrival of the electron beam and the optical pulse is set
such that the latter temporally overlaps “virgin” electrons.
We presume that the x-ray HC FEL pulse will be seeded
with a laser pulse which originates from the same laser
source as the few-cycle laser pulse which consequently
permits tight synchronization between the two. Since the
“virgin” ultra-relativistic electrons and the HC FEL x-ray
pulse come from the same electron bunch, one can thus en-
sure temporal synchronization between each of these three
beams.

The carrier-envelope phase of the few-cycle laser pulse

is adjusted so that the peak electric field appears at the
peak of the envelope when the laser pulse passes the wig-
gler center. The wiggler’s magnetic period and undula-
tor parameterK are adjusted such that fundamental FEL
resonance occurs at the laser wavelength�L = 800 nm.
The interaction with the laser light in the wiggler then
produces a time-dependent electron energy modulation ex-
tended over few optical cycles. For the laser pulse parame-
ters mentioned above, we expect a central peak energy off-
set�Eo � 15MeV which is a factor of 1.35 times larger
than those of its two nearest neighbors. This relative differ-
ence is important when considering the 2-nm energy mod-
ulation to be induced in a following undulator.

A second isochronous bend after the wiggler magnet re-
turns the electrons back to the original axis. The electrons
now enter a long undulator-modulator (UM) (not shown to
scale in Fig. 1), which serves as an energy modulator at
2-nm wavelength. The coherent,� 100�fs long, 2-nm
output pulse from the HC FEL co-propagates in the UM
with electrons and arrives simultaneously with those elec-
trons that experienced the strong energy modulation at 800
nm. The undulator parameterK of the UM is tuned such
that only those electrons very near the peak of the 800-
nm energy modulation have the correct energy for resonant
FEL interaction with the 2-nm light. The other electrons
fall outside the energy bandwidth of the UM and are not
significantly modulated. The UM is shorter than one full
FEL gain length so there is little SASE action leading to
unwanted microbunching at 2-nm wavelength throughout
the 2-ps long electron bunch.

Downstream of the UM the electrons enter a chicane
which induces strong microbunching at�x = 2-nm wave-
length and at higher harmonics�x=n. In Fig. 2 we plot
the bunching amplitude forn = 2 (i.e. 1-nm wavelength)
as predicted using Eq.5 of Ref.[5] and as calculated by the
GINGER simulation code [11].

After the chicane, the electrons proceed to an undulator-
radiator (UR) in micro-bunches and produce coherent
emission at wavelength�x=n = 1 nm. The interference
of the waves emitted by all macroparticles defines the out-
put envelope of the radiation field. The predicted radiation
field intensity is shown in Fig. 3. The rms width�t of the
peak is 48 attoseconds for the radiator with a number of
periodsNR = 80 and 75 attoseconds for the radiator withNR = 45. This is several times shorter than the bunching
width structure shown in Fig. 2. We attribute this reduc-
tion to a destructive interference (due to temporal varia-
tion of bunching phase) occurring between waves emitted
by microbunches on opposite sides of the bunching peak.
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Figure 1: A schematic of the components involved in attosecond x-ray pulse production.
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Figure 2: Bunching efficiency at 1-nm wavelength versus
time along the electron bunch. The solid line shows analyt-
ical prediction and the dots simulation results from GIN-
GER. The FWHM of the peak is 530 attoseconds.
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Figure 3: Predicted attosecond pulse power at 1-nm wave-
length from a radiator withNR = 80 (top line) andNR =45 (bottom line). Both curves were normalized to the peak
intensity of theNR = 80 simulation results (dots).

We also plot in Fig. 4 the dependence of the peak radiation
power as the function of the detuning�1 of the electron
beam energy from the FEL resonance energy in the UM.

There is another interesting phenomenon related to in-
terference effects, namely the variation of the output elec-
tric field phase	 with time. Fig. 5 shows this varia-
tion for NR = 45 fitted by a parabola	(t) = a(t=�t)2
with a = 1:92. The quadratic component indicates a
frequency chirp and, thus, a time-bandwidth product ex-
ceeding the ultimate Fourier transform limit by a factorp1 + a2 [12]. Consequently, the output pulse for the bot-
tom curve in Fig. 3 could potentially be compressed down
to ~�t = �t=p1 + a2 = 35 attoseconds. We found, that the
variation of�1 from -3 to 3 causes only� 20% variation
in a. For a longer radiator, the frequency chirp lessens and
effectively disappears byNR = 80.

Fig. 6 shows the output spectra corresponding to both
the coherent attosecond radiation and incoherent sponta-
neous emission. In this example the coherent radiation is
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Figure 4: Predicted peak radiated power versus detuning
from the FEL resonance energy in the UM.
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Figure 5: Predicted attosecond pulse phase at 1-nm wave-
length from a radiator with 45 periods. The line shows ana-
lytical calculation while the dots show GINGER simulation
results.

constrained within a rms solid angle of� 3 � 10�11 sr.
Spontaneous radiation is emitted into a solid angle approx-
imately two orders of magnitude larger. The two spectra
are also shifted in wavelength with respect to each other by
about 1%. The shift is due to the different energy of mi-
crobunched electrons. and can be increased by the use of
a more intense laser. One may also consider to modify the
temporal dependence of the primary energy modulation in
the wiggler magnet and obtain more than a single attosec-
ond pulse separated by a short (few femtosecond) time in-
tervals. For example one could shift the phase of the laser
pulse entering the wiggler magnet by 180 degrees and ob-
tain two attosecond output x-ray pulses separated exactly
by one period of the optical cycle as shown in Fig. 7.

Presently there exist several design studies for x-ray
facilities based upon harmonic cascade FELs: LBNL
LUX[13], BESSY FEL[14], MIT-BATES FEL[15]. The
scheme described above can be added to any of them with
a relatively modest effort as compared to what would be re-
quired to build a primary facility. The physical addition of
this scheme would not require any other significant change
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Figure 6: The predicted on-axis, far-field radiation spec-
trumd2P=d
 d! at 1-nm wavelength from a radiator with
80 periods. The attosecond output was calculated by the
GINGER code whereas the spontaneous emission curve is
an analytic result for a presumed e-beam pulse duration of2 ps.
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Figure 7: Predicted instantaneous output power by the
GINGER code for the case in which the phase of the intense
optical pulse has been shifted 180 degrees (effectively re-
versing the sign of the energy modulation used previously).

or improvement in the ways these facility will operate. We
demonstrated this by purposely choosing for our illustrative
example exactly the same electron beam and x-ray light pa-
rameters as are currently considered in the LUX’s studies.

In the above example we choose 2 nm as the x-ray
source wavelength to eventually produce 1-nm wavelength
attosecond radiation. However, as long as an intense, co-
herent source is available, attosecond pulse generation at
both longer and shorter wavelengths is also possible with
the same scheme. For example, the interaction of intense
laser pulse with noble gases produces a highly coherent
light at high-order harmonics of the laser frequency. A
submicrojoule pulse at the wavelength around 30 nm had
been already demonstrated[16]. Naturally, such a source
can be used instead of HC FEL. In the following illustra-
tive example we assume that 200 nJ, 10 fs pulse at 32 nm
wavelength co-propagates the UM with a 1.5 GeV elec-
tron beam that already passed the wiggler and experienced
an energy modulation by a 2�m few-cycle laser pulse[17]
with a peak amplitude achieving 7.5 MeV. The UM has 50
periods and the period of 4 cm. The undulator parameterK of the UM is now tuned for resonant FEL interaction
with the 32-nm light for electrons at the peak of the 2�m
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Figure 8: Estimated attosecond pulse power at 4-nm wave-
length from a radiator withNR = 25.

energy modulation. This interaction produces energy mod-
ulation with�0.5 MeV amplitude, which is much larger
than 20 keV rms beam energy spread assumed in this ex-
ample. This allows to obtain a significant bunching at 4 nm
wavelength considered here and even shorter wavelengths.
The estimated attosecond pulse produced by the bunched
electrons in the UR consisting of 25 period with period
length of 2 cm is shown in Fig. 8. In all these calcula-
tions we assumed the electron peak current of 100 A and
the normalized electron beam emittance of 1 mm-mrad.
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