Compression of X-ray Free Electron Laser Pulses to Attosecond Duration
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State of the art X-ray Free Electron Laser facilities currently provide the brightest X-ray pulses
readily available, typically with mJ energy and several hundred femtosecond duration. Here we
present one- and two-dimensional Particle-in-Cell simulations, utilising the process of stimulated
Raman amplification, showing that these pulses are compressed to a temporally coherent, sub-
femtosecond pulse at 8% efficiency. One or more sequential pulses of this type may pave the way
for novel attosecond scattering experiments, probing the evolution of bound electron wavefunctions.
Furthermore, evidence is presented that significant Landau damping and wavebreaking may be
beneficial in distorting the rear of the interaction and further reducing the final pulse duration.

In recent years, outputs from facility scale X-ray Free
Electron Lasers (XFELs) have set new boundaries for
the brightest X-ray sources available, improving on syn-
chrotron sources by at least nine orders of magnitude.
Current facilities such as the Stanford Linac Coherent
Light Source (LCLS) [1] are greatly over subscribed and
many new facilities are in development, such as the Euro-
pean XFEL [2] in the DESY Laboratory in Germany and
the the SACLA facility in Japan. The pulses generated
by these machines have contributed to research areas as
diverse as protein crystallography [3], phase transitions
[4] and superconductors [5].

The XFEL wavelength is variable from soft X-rays
down to the angstrom level and the power output con-
sists of a stochastic series of intensity spikes. Recent ad-
vances in seeding the emission process and use of a low
bunch charge will lead to a reduction in pulse duration
to a few femtoseconds [6, 7]. Despite this improvement
in pulse quality, more work needs to be done to reduce
the pulse duration further, as even a few femtosecond
output still exceeds the timescale of atomic bound elec-
tron processes [8]. Energetic attosecond pulses are also
desirable for better resolution in destructive scattering
experiments where the timescale of molecular destruc-
tion in an intense X-ray beam is of the order 1fs [9].
Although attosecond pulses can be generated via inter-
ference with high harmonics [10], previous experiments
report the need for sub-femtosecond pulses with greater
fluence [11]. This paper reports the first comprehen-
sive computational study of pulse compression (associ-
ated with amplification via stimulated Raman backward
scattering (RBS) in an underdense plasma) to transfer
some of the energy of a typical XFEL pulse to a much
shorter, but still highly energetic sub-femtosecond pulse.

Extensive analytical [12-14] and computational studies
[15] of Raman amplification in the optical regime have
shown that a pump laser pulse may transfer its energy to
a much shorter counter-propagating seed pulse, finishing
at up to 1000 times the pump pulse power. Simulations
at infrared wavelengths have shown efficiencies of 30% or

more, leaving output pulses in the petawatt regime [16].
Experiments on Gigawatt infra-red (IR) pulses [17] have
shown that as the seed grows to greater intensity than
its pump, the energy transfer continues towards the seed
pulse.

Beneficial Raman backscattering can be stimulated by
the counter-propagation of a pump pulse at frequency
wo and a seed pulse at frequency wy — w, (where w, is
the electron plasma frequency) and around 1/1000th the
duration. The region where they overlap is an under-
dense plasma with electron density n. around 1% of the
critical density n¢r;¢. This means both pulses propagate
almost as if in vacuum. The beating of these pulses reso-
nantly excites an electron plasma (Langmuir) wave at fre-
quency w, and approximate wavenumber 2wg/c for very
underdense plasmas. The pump pulse then couples with
this density perturbation and the lower Stokes compo-
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FIG. 1. A schematic of the proposed experimental setup.
Pump pulse has wavelength 1 — 10nm and energy 3mJ or
above.
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FIG. 2. A two-dimensional Particle-in-Cell simulation of the X-ray seed intensity as it propagates to the right, through the pump
pulse (almost invisible on this scale) in the opposite direction. Time steps are after 16%, 70% and 100% of the interaction

distance.

Parameters are mid-range of the window used in FIG.I.

Computational restraints meant only one-dimensional

simulations included collisions and so this figure may only be taken as indicative. Distance between successive time steps is

not to scale.

nent amplifies the seed, leading to a parametric instabil-
1 1 1

ity with growth rate v o< IZnd A\Z, where Iy and \g are
the pump intensity and wavelength respectively.

The theory of this instability is scale invariant pro-
vided that IO/\%, Ne/Nerie and the ratio of the pump to
seed pulse duration are kept fixed. Therefore as noted
in reference [18], their optimal results may be equally
applicable to a 10nm soft X-ray pump pulse. The re-
quired scaled pump intensity is 5 x 10'® W/cm? and
electron density 5 x 10?2 cm ™3 (less than 1% of critical
density). These are parameters directly accessible to an
X-ray free electron laser focused to a spot size of 1-2 um,
a feat achieved at shorter wavelengths by a group at the
SACLA laser in Japan [19]. A typical pulse duration of
250 fs means the target is a 40 ym solid density foil.

One may use this scale invariance to assess the opti-
mal pump pulse wavelength. Keeping w,/wy fixed while
scaling all 1distances linearly, the number of e-foldings is
vL/c < P X\o/D where P, is the peak power, D is the
spot size and L is the interaction distance. Both the
XFEL pulse power [20] and the ratio A/D will decrease
as we go to harder X-rays. Therefore high power long
wavelength pump pulses of A\ = 10 nm were considered.

However, one must be careful in using the scale invari-
ance to extrapolate the results of previous studies at op-
tical wavelengths into this regime. Gas jet experiments
at optical wavelengths generate a classical collisionless
plasma at a density four orders of magnitude lower than
the soft X-ray case considered here. In this case, both
Landau damping and collisional damping will be much
more pronounced than those studies at optical /IR wave-
lengths. This can be seen by estimating the ratio of the
Langmuir wave phase velocity to a typical thermal veloc-

ity and calculating the plasma parameter:
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With electron density in units of cm™3 and electron
temperature in units of keV. All other symbols have their
usual meanings.

The one-dimensional (1D) radiation hydrodynamic
code Helios [21] was initially used to estimate conditions
in the plasma under irradiation by the focused pump
pulse. A 40 um plastic (CH) plasma slab with density
5 x 1022 cm ™3 and Spitzer resistivity was modelled with
a 200 eV starting temperature. For a typical 100 fs irradi-
ation at intensity 10'® W/cm?, almost uniform electron
temperatures of 400eV are predicted in the dense tar-
get plasma once the pump radiation had passed through.
This leads to a value of 1.3 for (1) and a Maxwellian av-
eraged Landau damping rate of I' ~ 0.3w,. Collisions
are also important on the timescale w,, 1 as the value of
neAd is 14-20. One therefore concludes that the plasma
is fairly collisional and Landau dominated.

As predicted by Malkin et al. [18] there is a cut-off
wavelength below which Raman amplification becomes
unfeasible due to heavy collisional damping of the pump
pulse and/or heavy Landau damping suppressing the
plasma wave. In order to minimise these damping rates,
opposite conditions are needed and so some damping of
the wave has to be accepted. From Malkin et al.’s analyt-
ical results, the cut-off is in the region of 1nm for these



Pump Intensity (x 10" Electron Density (n/n_;)
W/cm?) 0.30% 0.51% 0.69% 1.0%

14 5.6 1400 95 1280
0.04 1.1% 0.06 1.7%

55 620 370 240 400 400 480
1.1 8.0% 0.4 3.5% 1.0 7.0%

123 450 330 800 290 380 260

0.7 2.4% 1.2 3.8% 1.1 3.7%

TABLE I. Results for 1D PIC simulations with a pump wavelength of 10 nm and fixed duration 250 fs. For a variety of pump
intensities and plasma electron densities, the following output pulse parameters are given: Peak intensity (x10'® W/cm?, blue),
duration (as, green), energy content assuming lum spot size (mJ, pink) and energy transfer efficiency (orange). Density is

given in proportion to the critical plasma density.

parameters. Even above this threshold, the efficiency will
be lowered by these damping processes [22]. This was an-
other reason to investigate longer wavelengths first.

The RBS process has a non-linear super-radiant regime
[23]. However, even with optimistic parameters [20] from
the forthcoming European XFEL facility the seed will
not become intense enough to enter this regime. This
was verified in our simulations, that is to say that the
process remains in the linear regime where pump deple-
tion is small and intensity growth of the seed pulse is
exponential. This is another contributing factor to the
low efficiency at X-ray wavelengths.

Of course, other growing instabilities are also present
and the relative growth rates of these compared to Ra-
man backscatter will affect the performance of the am-
plifier. Lead among these are Raman forward scatter,
producing longitudinal modulations to the pulse, and fil-
amentation, producing a transverse breakup. These ef-
fects are a hindrance but there exists an optimal parame-
ter window where the e-foldings of these unwanted insta-
bilities are minimised while still giving effective amplifi-
cation. The focused intensities exceed the filamentation
threshold set by Bingham et al. [24] However their char-
acteristic growth distance of the thermal filamentation
for soft X-rays reduces to

2,2
Afit _ g@o Yin
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With V;j, the electron thermal velocity and ag the dimen-
sionless vector potential, having the range 0.01-0.03 for
these parameters. This suggests Ag; > 1000)\g, show-
ing the interaction is over before heavy thermal filamen-
tation sets in. In any case, thermal filamentation is of
less concern for this experiment as the seed will not be
subsequently focused as for proposed schemes with op-
tical pulses. The energy transfer efficiency and final
pulse duration are the more important factors to opti-
mise. In addition, Raman forward scatter is minimised
for ne/nerie < 0.01.

These considerations indicate an optimal parameter
window of A = 1 — 10 nm, with a range of intensities

and plasma densities shown in the results Table I. This
window was explored with 1D simulations performed us-
ing the Particle-in-Cell (PIC) code Osiris [25]. A fixed
simulation window of width 45 um contained a uniform
plasma of width 40 gm. This was divided into 120 cells
per wavelength and 50 electrons per cell, in order to fully
model any thermal effects. A flat pump pulse of wave-
length 10 nm and duration 250 fs counter-propagates with
a Gaussian seed pulse of initial duration 1.5 fs Full Width
at Half Maximum (FWHM) and peak intensity equal to
the pump intensity. Its wavelength was calculated via the
frequency matching condition including the Bohm-Gross
correction [26]:

2
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where a very underdense plasma is assumed.

Due to the collisional nature of the plasma, 1D sim-
ulations included a routine to model the electron-ion
and electron-electron collisions, where relativistic ef-
fects are accounted for. The initial plasma temperature
was 200eV, with collisional damping causing a rise to
around 500eV after the pump has propagated through
the plasma, in agreement with the 1D hydrodynamic sim-
ulations.

Table I shows the results of these 1D simulations. Cur-
rently the highest pump pulse intensities available are
limited to the top row of Table I, however one can see
the performance dramatically increases for higher inten-
sities due to the increased linear RBS growth rate. The
FEuropean XFEL beam may reach intensities towards the
bottom of Table I. Better focusing of the X-ray pulses,
or future upgrades, will allow pulses to be compressed
down to a few hundred attoseconds and still retain up
to 8% of the pump energy. Notice that the performance
is generally seen to increase with higher densities. How-
ever, it is best to keep to less than 0.6% of critical density
to reduce the growth of competing plasma instabilities.
Smoother pulse envelopes and lower prepulses (by a fac-
tor of 100) were observed for the simulations at lower
plasma density.
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FIG. 3. Electron phase space diagram for a 1D PIC simulation after 15% of the interaction distance. The FWHM of the seed
pulse is enclosed by the solid black lines. The initial Maxwellian distribution is excited to a Langmuir wave which subsequently

breaks within the extent of the seed pulse.

The intensities here are slightly above the plasma wave
breaking threshold [27, 28]:

1.7 %108 (w,\?
)\g wo

With the pump wavelength in units of nm and intensity in
W /em?. To investigate the compressional effects of wave-
breaking, further 1D simulations were undertaken. These
had similar parameters to Table I. In the case where the
initial seed intensity was ten times the pump intensity,
the electron phase space diagram, shown in FIG. 3, is
plotted near the start of the interaction. The perturba-
tion with wavelength 150 nm (equal to the plasma wave-
length) corresponds to a wakefield excited by the seed
pulse. This damps away and dissipates energy from the
seed. The short wavelength Langmuir wave is excited
right from the front of the seed pulse but only manages
around 20 periods of oscillation before it breaks. This
places an upper limit on the final duration of the seed.
In addition, the distribution is skewed towards negative
momentum, suggesting heavy Landau damping from the
plasma wave travelling at —0.03c. This rests in agree-
ment with the estimate given by equation (1). From the
position of the seed pulse FWHM, one can see that both
of these effects will cease amplification near the back of
the seed pulse and help to shorten it, as the front is am-
plified more than the rear.

In a further simulation scaled for a wavelength of 1 nm
at constant IpA3, the efficiency was comparable to the
10nm case. However a typical XFEL pulse has lower
power at shorter wavelengths. A second simulation with
realistic parameters showed lower coupling to the seed
(by a factor of 10) but still produced coherent sub-
femtosecond radiation.

Ithresh =

Previous proposals for attosecond pulse generation
have centred on manipulating electron bunches. The re-
sults of this study indicate another feasible route through
utilising the immense X-ray intensity of XFELs in combi-
nation with laser-plasma interactions. Experiments with
relativistic plasma irradiation by infrared pulses have al-
ready yielded high harmonics into the X-ray band [29-
32|, giving a promising candidate for such a seed pulse.
The broad spatial extent of these harmonics will ease re-
quirements for precision alignment. In addition, the high
repetition frequency of harmonic radiation eases the re-
quired temporal synchronisation with the XFEL pulse in
single shot mode. In this way, over 0.1 mJ of XFEL en-
ergy may be compressed into a 200 as, 6 cycle soft X-ray
laser pulse.

We also note that the scheme proposed here causes
only minor depletion of the pump pulse and so a train
of harmonics may propagate through the pump one after
the other and be amplified to nearly the same level. This
could provide a train of isolated attosecond pulses, with
controllable spacing defined by the details of the high
harmonic generation. Radiation of this sort would open
new frontiers in attosecond science and the study of ultra-
fast processes.
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