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Abstract
Recently, a Hard X-ray Self-Seeding setup was commis-

sioned at PAL XFEL. Its main purpose is to actively increase
the temporal coherence of FEL radiation. We report another
application of this setup, namely - to generate trains of short
sub-femtosecond pulses with linked phases. We discuss the
preliminary results of both experiment and corresponding
simulations as well as indirect diagnostics of the radiation
properties.

INTRODUCTION
Hard X-ray Self-Seeding (HXRSS) based on a single

chrystal monochromator [1–4] allows for an increased spec-
tral density and longitudinal coherence at hard X-ray SASE
FELs through active spectral filtering. It was originally pro-
posed to use a single Bragg or Laue reflection from a thin
diamond to generate a series of trailing maxima following
SASE pulse. The electron beam is delayed to temporally
overlap with one of these maxima, which is then amplified in
a downstream undulator up to saturation and beyond. Later
it was proposed to use two crystals [5], or several reflections
of a single crystal simultaneously [6, 7], to generate a seed
that contains more than one frequency within the FEL am-
plification bandwidth. Then, the final FEL section amplifies
such multi-frequency seed radiation and due to non-linear
intermodulation yields satellites – “beat waves” – observable
at saturation [8].

One easy way to understand the emergence of satellite
frequencies is to consider the amplification process of two
spectral lines in the time domain. Combination of two over-
lapped seed beams with frequencies different by Δ𝜔 yields
sinusoidal “beating” of the resulting seed power in the time
domain at that difference frequency. Upon amplification
of this seed to saturation, the now-increased radiation slip-
page distorts the shape of that sinusoidal modulation. Such
distortion manifests itself in the frequency domain via the
emergence of the additional equidistant “satellites”. The
resulting train of short pulses will allow studies of ultrafast
phenomena [9–11].

SELF-SEEDING WITH “PHANTOM
LINES”

PAL-XFEL at Pohang accelerator laboratory is the world’s
third hard X-ray free-electron laser facility starting its user
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Figure 1: Seeding lines for Bragg reflections from diamond
with photon energy versus crystal pitch angle for [004] re-
flection and four reflections from the [022] family assuming
0.012∘ yaw angle.
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Figure 2: Radiation power spectrum as a function of photon
energy for the case of seeding with 5 equidistant reflections.
Also we can already see non-linear effects as additional
maxima on both sides. Black line depicts the ensemble
average over the ensemble of 10000 events, dark grey line
shows a single-shot spectrum, light grey band represents the
range of maximum and minimum values in the ensemble.
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service operation in June 2017, and since then it has proven
to be one of the most stable XFEL with a FEL timing jitter of
18 fs and a mJ-class hard X-ray FEL up to 14.4 keV [12,13].
And a HXRSS for PAL-XFEL was successfully commis-
sioned in 2018 to be able to provide users with a high spectral
intensity FEL three times more than SASE [14].

The self-seeding operation mode was established using
the diamond crystal with (001) lattice orientation. The FEL
was tuned to generate SASE with photon energy around
6952 eV, that corresponds to a [004] Bragg reflection at 90∘

pitch angle.
If the crystal is not perfectly aligned, four additional re-

flections appear around the [004] line, namely [022], [0-22],
[202] and [-202]. Tuning the crystal pitch and yaw angles, to
approximately 89.965∘ and 0.012∘ respectively, see Figure 1,
allowed us to arrange the reflection lines at equal separation
of ℏΔ𝜔 = 2 eV. Upon FEL amplification, four satellite “beat
waves” with the same spacing were observed, as presented
on Figure 2.

Therefore, FEL radiation pulses with 9 discrete equidis-
tant frequency components were generated, 4 of which do
not have a crystallographic origin.

The spectral properties of the emitted radiation were mea-
sured with a single-shot spectrometer installed at the beam-
line which is equipped with Si(111), Si(220), and Si(333)
crystals [14].

OPTIMISING FOR TRAINS OF SHORT
PULSES

Seeding simultaneously at 𝑛 discrete equidistant frequen-
cies yields, depending on the combination of crystal reflec-
tions, up to 𝑛2 times higher peak power of the seed. Neverthe-
less, the temporal structure of such combined seed depends
on phase differences between those frequencies and can be
quite complex, see Figure 3.

0 1 2 3 4 5
t [fs]

0

200

400

600

800

1000

1200

1400

1600

P 
[a

rb
. 
u
n
it
s]

1 line
2 lines
5 lines

Figure 3: Illustration of the power distribution along the seed
for the different number of the contributing resonance lines,
separated by 2 eV, each providing radiation with random
phases and equal intensities.

The seed is effectively generated via bandpass-filtering
the SASE radiation spectrum. The latter is stochastic, there-
fore the intensity and phase of each transmitted frequency
component vary randomly shot-to-shot.
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Figure 4: Measured FEL spectra (top left subplot with fil-
tered subset representing best 1% of events in terms of peaks
ratio and pulse energy) and simulated spectra (top right plot)
with corresponding power profiles (bottom left plot). The
bottom right plot depicts an enlarged part of the left plot,
illustrating events with good and poor contrast.

If only two seed frequencies are chosen, the phase dif-
ference between them determines the temporal shift of the
sinusoidally modulated seed- and, consequently, the ampli-
fied pulse. The phase of such modulation may, in principal,
be measured, by examining the optical replica from the spent
electron beam before reaching saturation [15]. The maxi-
mum contrast of the modulated seed is achieved when the
intensities of both seed components are comparable. Such
condition can be diagnosed using a non-invasive online spec-
trometer with subsequent filtering of the undesired events.

Such seed radiation with sinusoidally modulated power
can be considered as a comb of pulses with durations equal
to their temporal separation. The emergence of the satellite
peaks in the spectrum at saturation would indicate a decrease
of their duration.
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This scenario was studied experimentally and numerically:
the 9700 eV SASE radiation was filtered using [-115] and
[1-15] forward Bragg reflections, separated by 6.76 eV and
consecutively amplified beyond saturation. On Figure 4 we
present the acquired single-shot FEL spectra with emerg-
ing satellites as well as the simulation results in both time
and frequency domains using Genesis numerical code [16]
and Ocelot package [17]. Simulation results indicate that
trains of the 180 as-long pulses (FWHM value) with 610 as
separation can be generated.

Separation between the seeding frequencies Δ𝐸 allows
one to control the temporal separation of the pulses in the
trains: Δ𝑡 [fs] ≃ 4.135/Δ𝐸 [eV].

The proposed method to generate trains of attosecond
pulses has the relaxed hardware requirements compared to
the method proposed in [10], especially for the facilities
that have already installed a HXRSS monochromator setup.
Nevertheless, both methods may potentially be combined to
achieve the best results.

CONCLUSIONS
We proposed a cost-effective method to generate a series

of ultrashort pulses with a Hard X-ray Self-Seeded FEL and
demonstrated it at PAL XFEL.

The seed radiation is produced using two adjacent crys-
tal reflections. The seed radiation, modulated in time, is
amplified beyond saturation. The emergence of the satellite
frequencies indicates that the duration of the resulting pulses
within the train decreases. The expected duration of a single
pulse in such train is in order of 200 attoseconds.

The usage of only two reflections allows to discriminate
the events with a poor contrast in the time domain by exam-
ining the single-shot FEL spectra. Otherwise, FEL pulses
containing up to 9 discrete equidistant frequencies can be
delivered.
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