
Free Electron Laser 
Radiation

Wednesday, July 10, 2013



Interference
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Undulator radiation

The difference in optical paths between the radiation emitted at A and the 
radiation emitted at B at an angle θ is 

and we get constructive interference if d=nλ
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The FEL basic phenomenon

After an electron travels one undulator period λu of the sinusoidal trajectory, a plane 
wave (represented by alternating vertical arrows) overtakes the electron by one resonant 
wavelength λ1. Thus, the undulator radiation carrying this resonant wavelength can 
exchange energy with the electron over many undulator periods.
Depending on the phase between the electrons and the plane wave, some electrons 
gain energy from the radiation, while other lose energy to the radiation. Slower 
electrons are accelerated while faster ones are slowed down leading to 
“microbunching”
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FEL microbunching

Growth of the radiation power and the electron beam microbunching as a function of the 
undulator distance for a high-gain FEL. 
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FEL microbunching

The Pierce scaling parameter is defined as

☚Bessel functions

☚longitudinal plasma oscillation wavenumber

☚Alfvén current

☚classical radius of the electron

☚rms transverse size of the beam

Wednesday, July 10, 2013



LG0 =
λu

4π
√

3ρ

FEL microbunching

In terms of the Pierce scaling parameter, the gain power gain 
length of a monoenergetic beam is

The relative FEL bandwidth at saturation is close to ρ, and the 
saturation power is about ρ times the electron beam power.
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Electron motion in the presence of undulator 
radiation

The undulator magnetic fields gives:
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mc2 dγ

dt
=evxEx

=
eE0K0c

2γ
{cos [(k1 + ku) z − ω1t + ψ0]

+ cos [(k1 − ku) z − ω1t + ψ0]}

θ = (k1 + ku) z − ω1t̄

Electron motion in the presence of undulator 
radiation

We define

where t is the electron arrival time averaged over the undulator period
_

Ex = E0 cos (k1z − ω1t + ψ0)
The change in the electron energy in presence of an electric 
field of the form                                              is:
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radiation
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where t is the electron arrival time averaged over the undulator period
_

Ex = E0 cos (k1z − ω1t + ψ0)
The change in the electron energy in presence of an electric 
field of the form                                              is:
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Electron motion in the presence of undulator 
radiation

the phase variation along the undulator is therefore

if we introduce the interference condition:

we see that the variation of θ at the interference condition is estremely small as it is 
proportional to the relative variation in energy.

Wednesday, July 10, 2013



dη
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2γ2
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Electron motion in the presence of undulator 
radiation

The second term in the energy variation equation varies quickly (period 2λu), not 
contributing to the energy exchage. Properly taking into account the fact that the 
electron’s longitudinal motion also has an oscillatory part as given, we can write

which together with

are known as the ‘‘pendulum equations.’’ They describe the motion of electrons under 
the influenceof the ‘‘ponderomotive potential’’ due to the combined
undulator and radiation fields 
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Electron motion in the presence of undulator 
radiation
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Undulator Magnets: Resonant Condition

“Resonance” occurs when the 
light wavefront “slips” ahead of 
the electron by one optical period 
in the time that it took the electron 
to traverse the distance of one 
undulator period

� 

λrad = λo
2γ 2

1+ K
2

2( )
Where γ is the normalized 
electron beam total energy 
and

K = 0.934 λrad [cm] Bmax [T]

Is the normalized undulator 
field strength parameter
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The resonant condition 
gives a slope of -2 on the 
log-log graph (red lines).

Geometric emittance 
decrease inversely with 
beam energy in a linac.

FELs work best if the 
geometric emittance is 
less that the photon beam 
emittance (TEM00 mode) 
λ/4π (green lines)

Ones need to realistically 
assess the capabilities of 
the linac and electron 
beam source
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FEL Types: Oscillator, Seeded FEL, SASE
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The Start of Microbunching

The SASE light consists of several coherent regions, also 
known as spikes, randomly distributed over the pulse length of 
the electron beam.
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Self-Amplified Spontaneous Emission (SASE)

Exponential Growth
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           SASE FELs

Undulator Regime

Exponential Gain 
Regime

Saturation

Electron Bunch
Micro-Bunching

Since they are regularly
spaced, the micro-bunches
produce radiation with
enhanced temporal
coherence. This results in
a “smoothing out” of the
instantaneous synchrotron
radiation power (shown
in the three plots ) to the
right) as the SASE process
develops.

Wednesday, July 10, 2013



The LCLS: An X-ray Laser (1.5 Å)
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Capabilities

Upgrade – more bunches/pulse

Spectral coverage: 0.15-1.5 nm

Peak Brightness: 1033

Average Brightness: 3 x 1022

Pulse duration: <230 fs

Pulse repetition rate: 120 Hz

Photons/pulse: 1012

To 0.5 nm in 3rd harmonic
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 A “seed” laser controls the distribution of electrons within a bunch: 
• Very high peak flux and brightness (comparable to SASE FELs)
• Temporal coherence of the FEL output pulse
• Control of the time duration and bandwidth of the coherent FEL pulse
• Close to transform-limit pulse provides excellent resolving power without monochromators
• Complete synchronization of the FEL pulse to the seed laser
• Tunability of the FEL output wavelength, via the seed laser wavelength or a harmonic thereof
• Reduction in undulator length needed to achieve saturation.

 Giving:
• Controlled pulses of 10-100 fs duration for ultrafast experiments in atomic and molecular 

dynamics
• Temporally coherent pulses of 500-1000 fs duration for experiments in ultrahigh resolution 

spectroscopy and imaging.
• Future possible attosecond capability with pulses of ~100 as duration for ultrafast 

experiments in electronic dynamics

Benefits of a Seeded FEL
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A seeded storage ring FEL
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A seeded storage ring FEL
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A seeded storage ring FEL
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A seeded storage ring FEL
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High Gain Harmonic Generation - HGHG

Li-Hua Yu
DUV-FEL

More compact and 
fully temporally 
coherent source, 
control of pulse length 
and control of spectral 
parameters.

Bunching at harmonic λ
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FEL Seeding a Long Bunch

Courtesy of J. Corlett, LBNL    

SASE

Seeded FEL
Short bunch

Seeded FEL
Long bunch
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FERMI FEL Output Parameters

Parameter FEL-1 FEL-2 (in discussion) 
Wavelength range [nm] 100 to 20 40 to 10  (to 3?) 
Output pulse length (rms) [fs] < 100 > 200 
Bandwidth (rms) [meV] 17 (at 40 nm) 5 (at 10 nm) 
Polarization Variable Variable 
Repetition rate [Hz] 50 50 
Peak power [GW] 1 to >5 0.5 to 1 
Harmonic peak power (% of fundamental) ~2 ~0.2 (at 10 nm) 
Photons per pulse 1014 (at 40 nm) 1012 (at 10 nm) 
Pulse-to-pulse stability ≤ 30 % ~50 % 
Pointing stability [µrad] < 20 < 20 
Virtual waist size [µm] 250 (at 40 nm) 120 
Divergence (rms, intensity) [µrad] 50 (at 40 nm) 15 (at 10 nm) 
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FERMI Brightness

ELETTRA

FERMI@Elettra FEL

ELETTRA
Storage Ring FEL

1010 Increase

P ~ Ne

P ∼ Ne
2
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FERMI Seed Laser: Phase I

Courtesy M. Danailov
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FERMI Seed Laser: Phase I

Courtesy M. Danailov
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Seeding with an HHG Source?

tunable radiation in 
120 nm-12 nm range 

FEL
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Seeding with an HHG Source?

tunable radiation in 
120 nm-12 nm range 

FEL

BUT
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Seeding with an HHG Source?

tunable radiation in 
120 nm-12 nm range 

FEL

BUT

•Complicated

•Tunability not 
proven
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More Comments About an HHG Seed

 Direct Seeding Option
• But now one is limited to the wavelength cutoff of the HHG 

system
 10 nm perhaps a little shorter.
 10 kw to 100 kw

o Too low for HGHG seed

 Pulse length
• Tends to be on the order of 10 fs to 20 fs, even shorter if 

needed, but difficult to make significantly longer.
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Seeded HHG Source

Wang et al., Phys. Rev Lett. 97 123901 (2006)

A “problem” with using a HHG source as a seed 
is that the power is not that high.

The “problems” with using a plasma laser are 
the timing stability, pulse duration, and 
longitudinal coherence.

Combined however they could make an ideal 
seed for future FELs.
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User Requirements & Science

User Requirements
• 100 - 10 nm range (and less) - fully tuneable & polarised coherent radiation
• 100’s MW to GW’s of peak power
• 1013 to 1014 photons/pulse
• 0.05 to > 1ps photon pulse lengths
• good pointing stability
• reasonable pulse to pulse timing jitter

• good pulse reproducibility ~10% ΔI/I

Science
• chemical reaction dynamics
• study of the electronic structure of atoms, molecules and clusters
• biological systems
• inhomogeneous materials on a microscopic scale
• geophysics and study of extra-terrestrial materials
• material properties under extreme conditions (pressure, temperature, etc.)
• surfaces and interfaces
• nano-structures and semiconductors
• polymers and organic materials
• magnetism and magnetic materials
• superconductors and highly correlated electronic materials
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Ultrafast coherent imaging at Fermi
Spokesperson: H. Chapman (LLNL-CA) , J. Haidu (Stanford University and Uppsala University)
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By use of high intensity XUV radiation from the FLASH free-electron laser at DESY, we have created

highly excited exotic states of matter in solid-density aluminum samples. The XUV intensity is

sufficiently high to excite an inner-shell electron from a large fraction of the atoms in the focal region.

We show that soft-x-ray emission spectroscopy measurements reveal the electronic temperature and

density of this highly excited system immediately after the excitation pulse, with detailed calculations of

the electronic structure, based on finite-temperature density functional theory, in good agreement with the

experimental results.

DOI: 10.1103/PhysRevLett.104.225001 PACS numbers: 52.27.Gr, 71.15.Mb, 78.70.En

The development and availability of 4th generation light
sources now provides the opportunity to study the interac-
tion of XUV and x-ray radiation with matter at intensities
that have hitherto remained the province of optical lasers.
The interaction of such radiation with solid-density con-
ducting matter differs fundamentally from that of optical
radiation, as the frequency of the XUV light is significantly
higher than the plasma frequency of a solid-density metal.
It has been proposed that, given the relatively long absorp-
tion lengths of such radiation, intense ultrashort 4th gen-
eration sources may provide a means to heat matter
isochorically to temperatures from a few eVup to hundreds
of eV, thereby producing warm dense matter [1]. Many of
the properties of such matter—e.g., the equation of state,
transport properties, ion structure factor, and electronic
density of states—are poorly understood: from the theo-
retical standpoint it is difficult to model a system where
thermal energies and Coulomb interaction energies are of
the same order, and from the experimental point of view

the generation and subsequent diagnosis of samples free
from gradients in temperature and density has remained
elusive.
It is in this context that we report on recent experiments

performed using the Free Electron Laser in Hamburg
(FLASH at DESY) [2], operating at a 5 Hz repetition
rate, with each pulse about 35 fs long [3] and a wavelength
of 13.5 nm (92 eV), where the XUV radiation was focused
onto solid Al targets at intensities up to 1016 W cm!2. The
photon energy used is significantly higher than the plasma
frequency of Al (15 eV) so that the laser penetration into
the sample is not limited to the surface but results in
volumetric photo absorption and consequent heating. As
the valence band excitation cross section is small for
photons at 92 eV in Al [4], the dominant absorption chan-
nel is the excitation of one of the electrons in the 2p core
states, which give rise to the L edge at 73 eV [5]. This
excitation reduces the screening of the remaining 2p elec-
trons and shifts the L edge to 93.4 eV [6], an energy greater

PRL 104, 225001 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending
4 JUNE 2010

0031-9007=10=104(22)=225001(4) 225001-1 ! 2010 The American Physical Society
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than the XUV photon energy, thus rendering the photo-
excited Al atom largely transparent to the rest of the pulse.
This mechanism was recently used to demonstrate for the
first time saturable absorption in the XUV, where the
FLASH pulse was focused to intensities sufficiently high
to excite every Al atom in the focal region of the target
sample [7].

The 2p core hole recombination is dominated by Auger
decay, and has a lifetime of about 40 fs [8]. Therefore, by
the end of the excitation pulse the number of electrons in
the valence band will be increased from three, in the cold
solid, to a maximum of four at the highest intensities, when
a single core electron is excited from every atom. As it
takes several picoseconds for the electron energy to trans-
fer to the lattice [9], we infer that the ion cores themselves
remain close to their original positions, defined by the face-
centered-cubic (fcc) lattice of the solid. At this stage in its
evolution, the system is not in thermal equilibrium, as all of
the absorbed XUV energy has been transferred to the
electrons, while the ions are cold. However, the properties
of this exotic state are of great interest, as the matter
corresponds to a novel form of plasma of known density
and of known ion-ion structure factor. In this letter we
report on valence band to L-shell soft-x-ray emission
spectroscopy (XES) measurements which provide infor-
mation about the local electronic density of states (LDOS)
of this system, and show how it alters as a function of the
XUV intensity. Hence, we relate the XUV intensity to the
degree of ionization of the plasma and the electron
temperature.

The emission spectrum is dictated by the LDOS of the
final state in the recombination process—the so-called final
state rule [10]. At low irradiances, and thus low ionization
fractions, when a core-hole is filled it is highly unlikely that
any neighboring atom is in an excited state, and the emis-
sion will map the available partial DOS of the system in the
ground state, where all of the ionic cores are Al3þ. The
average laser intensity above which an emitting atom will
have a nearest neighbor in an excited state can be roughly
estimated for a cubic system by Imin ¼
gEpha

#3
0 !#13"ðEphÞ, where g is the ratio between the

number of atoms in the unit cell and the number of nearest
neighbors, Eph is the excitation photon energy, a0 the

lattice constant, ! the core hole recombination time, and
" the penetration depth within the sample. For bulk Al, Imin

is of order 2& 1013 Wcm#2, which is readily accessible in
our experimental setup. Above this intensity the emitting
atom has a non-negligible probability of having another
excited (Al4þ core) atom as its neighbor, and thus the
relevant final state of the system—probed by the XES—
is in fact the LDOS of anAl3þ ion surrounded by neighbors
that can be either Al3þ or Al4þ, in a proportion that is a
function of the XUV laser intensity.

In order to obtain data over a large range of intensities,
two experimental setups were used and are illustrated in
Fig. 1. In the first setup the energy of the pulse was varied

using a gas attenuator, providing between 1–50 #J on
target, in a constant spot size of 20& 30 #m2 [11]. This
setup was used for the data collected at lower intensities.
Higher intensities were achieved on the microfocusing
beam line, where the FLASH beam was focused using a
Si=Mo-multilayer-coated off-axis parabola [12]. In this
setup the energy is kept approximately constant (' 9 #J
on target) while the position of the target with respect to
focus is varied producing effective spot sizes between
1–10 #m. In this manner the emission spectrum was col-
lected for targets subjected to irradiances ranging over 3
orders of magnitude. In both setups the total energy within
the beam was monitored on a shot-to-shot basis by means
of a gas monitor detector [13], from which the average
pulse energy of each exposition was calculated.
The XES spectrum of the bulk Al target was recorded

using the high-throughput XUV spectrometer HiTRaX,
featuring a toroidal focusing mirror and a variable line
space reflection grating, with a spectral range of 5–35 nm
and a resolution of $=!$ ¼ 330 at 21 nm [14]. For each
recorded spectrum the exposure time was between 10–60 s,
depending on the pulse energy, during which the beam was
delivered onto a continuously moving target to irradiate a
fresh portion for each shot. An electron photoexcited into
the valence band from the 2p core state has an energy of
about 20 eV above the Fermi energy, and we assume it
thermalizes on a time scale on the order of several fs [15].
The majority of electrons recombine via Auger decay and
the radiative yield is only 0.24% [16]. The experimental
spectra are shown as a function of on-target intensity in
Fig. 2. We see noticeable change in the emission spectrum,
which is associated with the changes in the electronic
temperature and valence density with increasing XUV
intensity.
To better understand this system and the changes it

undergoes as the number of core holes increases, we
have conducted first-principle calculations using finite-
temperature density functional theory combined with mo-
lecular dynamics (QMD), as implemented in the ABINIT

code [17,18]. For all the calculations presented here, we
used 32 atoms in the simulation cell with a Brillouin zone

Gas monitor detector

XUV spectrometer

FLASH @ 92 eV

Ellipsoidal mirror

Bulk Al target

Gas monitor detector
Multilayer coated 
off-axis parabola

Target sample 
holder scans 
through focus

XUV spectrometer

FLASH @ 92 eV

Bulk Al target

5 mm

20 µm beam line

Microfocusing 
beam line

FIG. 1 (color online). Schematic view of the two experi-
mental setups to access a range of intensities between
1013–1016 Wcm#2.

PRL 104, 225001 (2010) P HY S I CA L R EV I EW LE T T E R S
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sampling using a 10! 10! 10 k-point grid following the
Monkhorst-Pack scheme [19]. The exchange and correla-
tion potentials are in the Perdew, Burke, and Ernzerhof
form of the generalized gradient approximation [20] and
generated using the ATOMPAW code [21]. Following pre-
vious calculations performed for XANES spectra [22,23],
we consider the system to be composed of two distinct
types of atoms, which are represented using projector
augmented wave potentials [24,25]. Ground state Al atoms
are constructed with a frozen Al3þ core and the remaining
three electrons in the valence band. The excited atoms are
in turn given by a frozen Al4þ core with a single core hole
in the 2p state, and four valence electrons. The atoms are
then randomly populated inside the 32-atom fcc lattice
corresponding to a density of 2:7 g=cm3. By comparing
the core state energies of the two potentials we find the
L-edge shift upon excitation to be ð$20:4% 0:1Þ eV, a
result in good agreement with measurements from Auger
spectroscopy of ð$20:5% 0:2Þ eV [6]. We have compared
the Al4þ ion to a Si ion placed in an Al fcc cell, as
previously performed by Chetty and co-workers [26], and
the electronic structure of the two are seen to be similar, in
agreement with the equivalent-core approximation [27].
Further details on the calculations will be given in a
following publication.

In the one-electron picture, the soft-x-ray emission radi-
ated power due to transitions from the Al valence states
j’ni to the inner core 2p state jc 2pi is given by

IðEÞ / E2
X

n;k

jhc 2pjrrj’nkij2!ðE$ E2p þ "nkÞ; (1)

where E2p is the energy level of the core state and "n are

the energy levels of the valence states. The summation is
over all occupied bands n and sampled k points in the
Brillouin zone. The one-electron picture neglects higher-
order effects, such as intraband electron collisions and
multielectron transitions and also broadening due to finite
core-hole lifetimes. These effects lead to both a general
broadening in the spectrum and to a low energy tail in the
emission, which can be approximately described cohe-
sively as a general, energy dependent level broadening.
To compare experimental spectra with our calculations we
use the one-parameter expression for the broadening pro-
posed by Landsberg [28], determined empirically from low
intensity data.
Assuming the excited electrons thermalize with the va-

lence band before the emission takes place, we can extract
the electron temperature from the spectra based on the
slope on the high-energy edge of the emission peak, as
shown in Fig. 2. An important caveat is that only a spatially
and temporally averaged temperature can be extracted as
the spectra are integrated over the entire emission time,
during which the valence band heats due to the Auger
recombination, and is emitted from all of the excited
regions of the target. We find the temperatures to be about
0.4 eV at low intensities ('1013 Wcm$2) and 1.1 eV at
medium intensities ('1014 Wcm$2), with an uncertainty
below 0.1 eV, which are used as an input for the QMD
calculations. These confirm that a change in electron tem-
perature alone, up to several eV, does not modify signifi-
cantly the band structure of Al [29]. Such analysis cannot
be performed at the highest laser intensities, due to appear-
ance of intense plasma line emission overlapping the high-
energy slope of the valence band fluorescence. These
plasma lines, associated with atomic Al IV ions, are given
by the emission from the much lower-density plasma
formed upon expansion of the rapidly heated solid-density
target. As electron-ion relaxation (and hence expansion)
occurs on picosecond time scales [9], we infer this emis-
sion occurs significantly later than valence to core-hole
emission at solid density.
The electron excitation due to the intense free electron

laser (FEL) pulse dramatically changes the electron band
structure, as can be seen in Fig. 3, where the calculated
occupied LDOS around the two different ion cores, excited
and nonexcited, is shown. This effect is spatially localized
due to the efficient screening of the excess charge by the
valence electrons, and as a result neighboring sites are
weakly effected. The extent to which this holds is of
considerable practical interest because perfect screening
is often assumed in ion-in-cell plasma models, important
for opacity and equation-of-state calculations [30,31], and
can be directly estimated from XES from highly excited
samples. We further note that at lower intensities the
excited atom behaves like a Zþ 1 impurity, modifying
the bottom of the band structure in a manner similar to
that in Mg-Al or Al-Si binary alloys [32].
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FIG. 2. Valence band to 2p emission in solid-density Al for an
increasing range of FEL irradiation intensities. QMD calcula-
tions are for a final state with 0, 1, 3, and 10 core holes per 32-
atom supercell. Emission from atomic transitions in the Al
plasma formed later in time as the target expands dominates
the spectra at high intensities. Spectra are normalized to the same
intensity at 72 eV and offset for clarity.
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supercell. Emission from 
atomic transitions in the Al 
plasma formed later in time 
as the ta rge t expands 
dominates the spectra at 
high intensities. Spectra are 
normalized to the same 
intensity at 72 eV and offset 
for clarity.
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For high XUV intensities, when more than half the
atoms are excited, the band structure of the excited states
returns to be very free-electron-like as in the case of ground
state Al, but now the number of valence electrons per atom
is increased from three towards four. Such changes in the
electronic structure are reflected in the XES in Fig. 3
through the LDOS and the transition matrix elements as
given in Eq. (1). Interestingly, although the LDOS around
the Al4þ ions is significantly altered as a function of
intensity (and thus Al4þ to Al3þ ratio), the change in the
LDOS around the Al3þ ions (which is what is measured
experimentally, owing to the final state rule), while ob-
servable, is less pronounced. That said, the changes that are
predicted by the calculations (a slight widening and broad-
ening of the band), provide good agreement with the
experimental data, as can be seen by the comparison
between experiment and theory in Fig. 2.

In conclusion, we have performed XUV spectroscopy on
highly excited samples of solid-density Al. XES measure-
ments provide detailed information on the electronic tem-
perature and valence density immediately after the
excitation pulse. The valence band temperature is seen to
increase up to 1.1 eV which is the dominant effect to the
emission spectrum as the intensity is increased up to mod-
erate values. Ab initio calculations predict a dramatic
change in the LDOS around the Al4þ ions as a function
of intensity. While changes in the LDOS around the Al3þ

ions (corresponding to the final state, and thus the emission
spectrum) are less pronounced, they are consistent with the
experimental spectra, providing confidence in our ability to
model the electronic structure of warm dense matter.
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FIG. 3 (color online). Calculated local electron density within
a sphere centered on a ground state ion and a core-hole excited
ion. At low intensities the excited site is seen as an impurity and
the bottom of the band is strongly modified. At high intensities
the system returns to be free-electron-like but with an increased
electron density. The one-electron contribution to the emission
according to Eq. (1) is also shown.
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Calculated local electron density within a sphere centered on a 
ground state ion and a core-hole excited ion. At low intensities the 
excited site is seen as an impurity and the bottom of the band is 
strongly modified. At high intensities the system returns to be free-
electron-like but with an increased electron density. 
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Schematic layout of the FERMI accelerator

Mostly FEL1     Mostly FEL2

Laser 
Heater

x-band longitudinal 
linearizer
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Front 
ends

M R

Seed 
laser(s) FEL-1 (21m)

FEL-2 (38 m)

Beam 
spreader

TL

DS

First stage Second stage

Delay

LPUs EPUs

M1 M2R1 R2

DS

2 hi-res BPMs with no optics inside 
for BBA (min. sep = 5 m)

Future expansions Beam 
dump

Conceptual layout of the FERMI FELs, transport 
line, spreader and beam dump

Description:

- undulator axes separated by 2 m

- transverse/energy collimation incorporated 

- space for matching optics, BPMs, EOS, other diag.

- small angles to CSR effects: ~ 6 deg total

2 m
DS

~20 m
EOS

FEL-2 Configurations
• Fresh bunch
• Whole bunch
• HHG seeding
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Is it possible to reach shorter wavelengths (i.e., 10 nm) in a single stage? 

Courtesy G. De Ninno

Limitation
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bn = exp −
1
2
n2σγ

2D2⎛
⎝⎜

⎞
⎠⎟
Jn nDΔγ( )

Bunching at the nth harmonic:

Is it possible to reach shorter wavelengths (i.e., 10 nm) in a single stage? 

n: harmonic number

σγ: relative energy spread

D: dispersive section strength

Δγ: relative energy modulation

Courtesy G. De Ninno

Limitation
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bn = exp −
1
2
n2σγ

2D2⎛
⎝⎜

⎞
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Jn nDΔγ( )

Bunching at the nth harmonic:

Δγ ≥ nσγbn  significantly different from zero only if:  

Is it possible to reach shorter wavelengths (i.e., 10 nm) in a single stage? 

n: harmonic number

σγ: relative energy spread

D: dispersive section strength

Δγ: relative energy modulation

Courtesy G. De Ninno

Limitation
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bn = exp −
1
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Bunching at the nth harmonic:

Δγ ≥ nσγbn  significantly different from zero only if:  

σγ( )tot = σγ
2 + Δγ 2 ≈ σγ 1+ n2 < ρOn the other hand: 

Is it possible to reach shorter wavelengths (i.e., 10 nm) in a single stage? 

n: harmonic number

σγ: relative energy spread

D: dispersive section strength

Δγ: relative energy modulation

Courtesy G. De Ninno

Limitation
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bn = exp −
1
2
n2σγ
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Bunching at the nth harmonic:

Δγ ≥ nσγbn  significantly different from zero only if:  

σγ( )tot = σγ
2 + Δγ 2 ≈ σγ 1+ n2 < ρOn the other hand: 

Limitation on maximum n

Is it possible to reach shorter wavelengths (i.e., 10 nm) in a single stage? 

n: harmonic number

σγ: relative energy spread

D: dispersive section strength

Δγ: relative energy modulation

Courtesy G. De Ninno

Limitation
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the seed wavelength is reduced

bn = exp −
1
2
n2σγ

2D2⎛
⎝⎜

⎞
⎠⎟
Jn nDΔγ( )

Bunching at the nth harmonic:

Δγ ≥ nσγbn  significantly different from zero only if:  

σγ( )tot = σγ
2 + Δγ 2 ≈ σγ 1+ n2 < ρOn the other hand: 

Limitation on maximum n

Is it possible to reach shorter wavelengths (i.e., 10 nm) in a single stage? 

yes, but only provided that: and/or

n: harmonic number

σγ: relative energy spread

D: dispersive section strength

Δγ: relative energy modulation

- the total relative energy spread is reduced

Courtesy G. De Ninno

Limitation
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2-Stage cascade HGHG

Cascaded HGHG

Here one upconverts the frequency by a very 
large amount. In this example by 25.

But at a price…complexity.

If only the seed wavelength were shorter…
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Parameter Value

Type Planar

Structure One segment

Period  6.5 cm

K 2.4 - 4

Length 2.08 m

Parameter Value

R56 ~ 6.4 µm (at 10 nm)

Length ~ 1 m

Parameter Value

Type Apple

Structure Segmented

Period 5 cm

Segment length 2.4 m

K 1.1 - 2.8

Break length 1.06 m

Total length 19.7 m

2nd Stage Modulator RadiatorDispersive section

λ λ/n λ/n λ/(n×m)

FEL-2 (40-10 nm): fresh-bunch configuration

Second Stage

Total length FEL-2 ~ 37.5 m 

seed laser 

“fresh bunch” break

First Stage

Courtesy G. De Ninno
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1013 photons  (93% in single transverse mode)

5 meV bandwidth (rms) (1.5 x transform limit)

Output power profile Output spectrum

FEL-2: Results at 10 nm (fresh bunch)

Laser seed: 
100 MW 

250 fs rms

110 fs rms

Courtesy G. De Ninno
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λ λ/n λ/n λ/(n×m)

FEL-2 : CDR configuration

Second Stage

seed laser 

“fresh bunch” break

First Stage

Courtesy G. De Ninno

But from before remember that this requires either 
smaller energy spread or shorter wavelength seed
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λ λ/n λ/n λ/(n×m)

FEL-2 : CDR configuration

Second Stage

seed laser 

“fresh bunch” break

First Stage

Is it possible to cover the FEL-2 tuning range in a single stage?
(as similar as possible to FEL-1)

Courtesy G. De Ninno

But from before remember that this requires either 
smaller energy spread or shorter wavelength seed
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λ λ/n λ/n λ/(n×m)

FEL-2 : CDR configuration

Second Stage

seed laser 

“fresh bunch” break

First Stage

Is it possible to cover the FEL-2 tuning range in a single stage?
(as similar as possible to FEL-1)

seed laser λ λ/(n×m)

Courtesy G. De Ninno

But from before remember that this requires either 
smaller energy spread or shorter wavelength seed
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Using HHG as a Seed?

Courtesy G. De Ninno
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Switching Gears

 I.e. Semi related topics
 Enough for the current FERMI thought process
 What About the Future
 Two Thoughts
• Wavelength Shifting using beam gymnastics
• Attosecond pulses
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FERMI@Elettra
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