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Introduction

Light sources are amongst the most e↵ective tools to explore the properties of matter. This
includes, e.g., the possibility of studying how atoms or molecules aggregate, break up or
change their characteristics under the e↵ect of their environment. However, to be suited for
this purpose, a light source must have well defined features. Specifically, light pulses must
have wavelengths and temporal durations comparable to the ones involved in the process one
wants to probe. In the case of atoms and molecules, the latter occurs at nanometric scale
(X-ray wavelengths) and in the femtosecond temporal domain. Furthermore the pulses have
to be powerful, in order to produce many events and generate an adequate statistics for the
sample under study. For many advanced experiments also a well-defined polarization and a
high degree of transverse and longitudinal coherence are fundamental assets. Examples of
light sources are X-ray tubes and synchrotrons, which are capable of emitting pulses in the X-
ray wavelength region, but with long time durations (of the order of tens of picoseconds) and
reduced coherence, and conventional lasers that are instead fully coherent and may generate
powerful ultra-short pulses. This allows the investigation of both non-linear and extremely
fast processes. However, conventional lasers emit radiation in the visible or ultraviolet
spectral regions only, due to the lack of active and transparent media capable of supporting
lasing at the XUV and X-ray wavelengths.

Single-pass free electron lasers (FELs) can deliver high power femtosecond pulses in
the XUV and X-ray spectral region. Moreover, they are characterized by a high degree of
coherence, o↵ering the opportunity to combine the advantages of X-ray sources and lasers.

In this Thesis I will focus on single-pass FELs seeded by an external laser, as all the
measurements presented in the following were performed at FERMI, which is the first XUV
user facility based on such a scheme.

After introducing the necessary concepts of Accelerator and FEL physics, I will describe
the main components of the FERMI facility and illustrate its performance, which has been
reached also thanks to the work presented in this manuscript.

I will then come to the specific topics of my work, starting from a systematic investiga-
tion of the polarization properties of the emitted light in both the conventional setup and
in the so-called “crossed polarized undulator scheme”. The experiments we have carried
out confirm the full tunability of the polarization of the light generated by FERMI. This
study was possible thanks to a large collaboration with experimental groups from DESY
(Germany), LOA (France) and LDM (Elettra).

Then I will focus on the analysis of the most impressive property of a seeded FEL source,
namely the longitudinal coherence. I will show that the coherence properties of the FEL
pulses at FERMI can be shaped by accurately manipulating the seed and electron-beam
parameters.

The seeded FEL scheme is particularly sensitive to the properties of the electron beam.
A relevant part of my activity was dedicated to the commissioning of a laser heater, a
device that allows to control the electron-beam energy spread. The latter plays a major
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role in the process leading the FEL to saturation. Together with the colleagues I was able
to demonstrate that the shape of the energy spread distribution is preserved from the laser
heater up to the FEL. This has a significant impact on the FEL performance, both in terms
of minimum wavelength achievable and for the production of multicolour FEL light.

Finally I will focus on the new trend of pump-probe multicolour FEL experiments, which
represent a paradigmatic example of synergy between accelerator physicists and experimen-
talists, who use light to investigate matter. This part of my activity provided me with the
invaluable opportunity to work both on the optimization of the light source and on the
execution of state-of-the-art experiments on matter samples.

In this Thesis I will describe my contribution to the understanding and development of
the FERMI machine. I had the possibility to take part in the commissioning of almost the
whole machine as a member of the FERMI Commissioning Team. I significantly contributed
to all the experiments and results reported in the following by designing, implementing and
fine-tuning the FEL source in collaboration with the colleagues of the FERMI team, as well
as in the data acquisition, analysis, reduction and interpretation.
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Chapter 1

Accelerator Physics

1.1 Particle accelerator theory

Accelerator physics relates primarily to the interaction of charged particles with electromag-
netic fields. Detailed knowledge of this interaction allows the design of accelerators meeting
specific goals and the prediction of charged particle beam behaviour in those accelerators.
The interplay between particles and fields is called beam dynamics [1].

1.1.1 Electron beam dynamics

Several techniques exist to accelerate charged particles [2]. Modern linear accelerators, also
called LINACs, use radio frequency (RF) cavities in order to accelerate the particles to the
desired energy [1]. Inside the RF cavities a strong longitudinal electric field is maintained,
with frequencies from hundreds of MHz up to few GHz.

When a particle, in our case and electron, passes through a LINAC cavity its energy is
changed by the interaction with the RF accelerating (decelerating) field. The energy gain
(loss) is:

d(�mc2)

dt
= eV sin (!RF t+ �) , (1.1)

where V is the peak accelerating voltage of the cavity, � is the phase in between the RF
wave and the electron bunch, !RF is the RF (angular) frequency, m is the particle’s rest
mass, e the electron charge and c the speed of light. The Lorentz factor � is defined as

� =
1p

1� �2

(1.2)

with � =
|~v|
c
, ~v being the velocity of the electron.

Other than acceleration, the motion of a charged particle in electromagnetic fields is
governed by the Lorentz force:

d(�m~v)

dt
= e

⇣
~v ⇥ ~B

⌘
, (1.3)

where ~B is the magnetic field generated by the magnet.
In any particle accelerator a reference trajectory is defined by design. This is the tra-

jectory that each of the particles should follow. Using electromagnetic fields one forces the

9



Accelerator Physics

particles to move as close as possible to the design trajectory. The typical fields used for
beam guiding are provided by stationary magnetic fields. The magnetic fields are generated
in magnets which are typically specialized in order to provide the required field. Dipole
(bending) magnets are used to bend the trajectory of the particles along the design orbit,
if the design orbit is not a straight path [3]. As the bending angle depends on the particle
momentum, the design trajectory is defined for the nominal momentum of the particles p

0

.
It follows that particles with a di↵erent momentum p will follow a di↵erent trajectory than
the design one. It is useful to define �, the relative deviation of the momentum of the parti-
cle from the nominal one. Variations in the particles’ momentum tends to spread the beam
in the transverse direction. In order to control the beam transverse dimensions transverse
focusing has to be implemented. This is normally done using quadrupole magnets.

The design orbit typically lies within a plane and all magnets are oriented in such a way
that the particle motion can be decoupled in the horizontal and vertical direction [1]. It
is convenient to describe the motion of individual particles in terms of coordinates related
to the reference particle. At any longitudinal position s along the reference trajectory, the
instantaneous position of a particle can be expressed in the curvilinear coordinate system
(x, y, s), schematically represented in Fig. 1.1.

x

y

z
0s

Figure 1.1: Reference system along the design orbit (blue curve) and oscillations around it (red
dashed line). Image courtesy of F. Curbis.

The linear equation of motion for an electron in an accelerator for the independent
variable s can be expressed as [3]:

d2x

ds2
= �Kx(s)x+

�

⇢(s)
= p

0

(1 + �) , (1.4)

where terms of second and higher order in (x, y, �) are neglected. ⇢(s) is the local bending
radius along the beam trajectory at the position s [3]. Kx(s) is a function of the magnetic
elements present along the beam trajectory and describes the focusing (defocusing). A
proper arrangement of alternating quadrupolar fields is required to keep particles close to
the design trajectory simultaneously in both transverse planes [3]. Eq. (1.4) is an Hill’s
di↵erential equation [4]. The homogeneous equation have a general solution that can be
expressed as linear combination of u

1

(s) and u
2

(s) in the interval s
0

 s  L:

x(s) = a
1

u
1

(s) + a
2

u
2

(s)

x0(s) = a
1

u0
1

(s) + a
2

u0
2

(s) .
(1.5)

Eqs. (1.5) can be rewritten in matrix form as:

X(s) = U(s) ·A , (1.6)

10



Particle accelerator theory

where

X(s) =

✓
x(s)
x0(s)

◆
; U(s) =

✓
u
1

(s) u
2

(s)
u0
1

(s) u0
2

(s)

◆
; A =

✓
a
1

a
2

◆
. (1.7)

The matrix equation, Eq. (1.6), yields to a representation of the general solution in terms
of the initial conditions X(s

0

). It can be expressed as:

X(s) = M(s, s
0

) ·X(s
0

) , (1.8)

where M is called the transfer matrix [1]. The described considerations can be naturally
extended to the y plane.

The transfer matrix can be written as:

M(s, s
0

) =

✓
C(s) S(s)
C 0(s) S0(s)

◆
, (1.9)

where C and S are cosine and sine-like solutions of Hill’s equation satisfying the initial
conditions:

C(s
0

) = 1;C 0(s
0

) = 0;S(s
0

) = 0;S0(s
0

) = 1 . (1.10)

The transfer matrices M can be written for the specific elements present along the beam
trajectory. The transfer matrix of a beamline (a collection of elements) is obtained via
matrix multiplication of the transfer matrices of the single elements. A solution of the
inhomogeneous equation, Eq. (1.4), can be found by using Green’s functions, resulting in
the particular solution �⌘(s) with [1, 5]:

⌘(s) = S(s)

Z s

s0

C(t)

⇢(t)
dt� C(s)

Z s

s0

S(t)

⇢(t)
dt , (1.11)

the momentum dispersion function. Physically, �⌘(s) is the horizontal o↵set of an electron
with relative momentum deviation � from the design orbit at position s, provided the electron
was moving on the design orbit in a small interval around s

0

. As for the homogeneous
solution, also the general solution of the inhomogeneous equation can be expressed in matrix
notation: 0

@
x(s)
x0(s)
�

1

A =

0

@
C(s) S(s) ⌘(s)
C 0(s) S0(s) ⌘0(s)
0 0 1

1

A

0

@
x(s

0

)
x0(s

0

)
�

1

A . (1.12)

Intuitively, it is possible to extend the matrix formulation to include both transverse
planes and the longitudinal motion of the particles inside the beam. This is done by
describing the particle coordinates with a 6-dimensional vector X(x(s)), where x(s) =
(x, x0, y, y0, z, �). In the latter the longitudinal position of the particle z, relative to the
beam centroid z

0

= 0 has been introduced. Summarizing the above considerations one can
write the matrix equation of the particles inside the bunch in the six dimension phase space
as

X(x(s)) = R ·X(x(s
0

)) . (1.13)

Any element Rij of matrix R for a particular lattice component indicates the influence of
the value assumed by the coordinate j at the start of the element, on the coordinate i at
the end of the element. Let’s consider for example relativistic particles with di↵erent energy
that move on di↵erent paths in an element that has R

56

6= 0. Their longitudinal separation,
if the other coordinates are the same for the two particle and at the first order in the energy
separation, evolves in this way:

�zf = �zi +R
56

· �E

E
, (1.14)
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where �zf is the separation after the element, �zi is the separation before the element and
�E

E
is the relative energy separation of the two particles.

It is usually possible to assume a decoupling of the two transverse planes dynamics,
that allows to set to zero the R matrix elements that couple x � x0 to y � y0. A further
simplification is consider a beamline without any RF cavities, leading to the R matrix:

R =

0

BBBBBB@

R
11

R
12

0 0 0 R
16

R
21

R
22

0 0 0 R
26

0 0 R
33

R
34

0 0
0 0 R

43

R
44

0 0
R

51

R
52

R
53

R
54

1 R
56

0 0 0 0 0 1

1

CCCCCCA
. (1.15)

The general solution of the homogeneous Hill’s equation can also be expressed in the
phase-amplitude form [6]

x(s) =
p

ax�x(s) cos(�x(s) + x)

y(s) =
q

ay�y(s) cos(�y(s) + y) ,
(1.16)

where �x(s), �y(s) are the horizontal and vertical the betatron function, �x(s), �y(s) the
horizontal and vertical phase advance function. Also, ax(s), ay(s) and  x,  y are real
constants specifying the particular solution. The betatron function completely describes, in
a given accelerator, the transverse focusing. The maximum displacement of a particle from
the design orbit at position s are:

�x =
p
ax�x(s)

�y =
q
ay�y(s) .

(1.17)

The phase-amplitude solution can be rewritten in x(s) and x0(s) according to [6]:

�xx
2 + 2↵xxx

0 + �xx
02 = ax

�yy
2 + 2↵yyy

0 + �yy
02 = ay .

(1.18)

Eqs. (1.18) define two ellipses in the coordinates space, one in the (x, x0) plane and one
in the (y, y0) plane, both centered at (0, 0) and with area ⇡ax, ⇡ay. The motion of the
particles can be interpreted as oscillations on an ellipse in phase space. The shape of the
ellipses varies along the accelerator according to the transfer matrices M , while the area is
a constant of motion, called the Courant-Snyder invariant. The relation of Courant-Snyder
parameters to the ellipse is sketched in Fig. 1.2.

The evolution of the electron beam distribution can be described by means of the co-
variance matrix

�x =

✓
hx2i hxx0i
hxx0i hx02i

◆
, (1.19)

evolving from s
0

to s
1

according to the matrix formalism:

�x(s1) = M�x(s0)M
T . (1.20)

hxi and hx2i are the first and second moment of the beam distribution. It is possible to
demonstrate [5] that the following relation holds:

✏x�x(s) = hx(s)2i
✏y�y(s) = hy(s)2i ,

(1.21)

12



Particle accelerator theory

x
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(ε  β )x x
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1/2-α  (ε  /γ )x xx

(ε  γ )x x
1/2

Figure 1.2: Phase space ellipse. Image courtesy of F. Curbis.

where ✏x (✏y) is called horizontal (vertical) geometric emittance [5]. It is defined as:

✏x =
p
det(�x) =

p
hx2ihx0i2 � hxx0i2 . (1.22)

The emittance represents the (RMS) area occupied by the beam in the x � x0 space
(similar definition is also possible for the vertical transverse space). The quantity hx(s)2i,
corresponding to the element (�x)11 of the covariance matrix, can be directly measured in
a LINAC by looking at the bunch transverse profile. This implies that it is possible to
measure the product of emittance and the beta function at the profile monitor location. By
implementing the quadrupole scan technique [5] it is further possible to recover the Twiss
parameters ↵, � and � of the beam at the same location and thus gain full knowledge of the
transverse dynamics of the electron bunch.

1.1.2 Magnetic bunch length compression

In order to increase the beam current, thus to increment the beam brightness, bunch length
compression is usually implemented. The technique decreases the bunch length by ballistic
contraction of their path length through a magnetic chicane, typically composed of 4 identical
bending magnets. The requirement of a chicane is due to the fact that all the particles in
the electron beam are ultra-relativistic and they practically travel all at the same speed,
which is approximately the speed of light. The chicane provides a path length depending
on the energy of each electron, in particular higher energy electrons will travel on a shorter
trajectory. If the electrons toward the tail of the bunch have an higher energy than the ones
towards the head, the tail will follow a shorter, i.e. faster path while the ones in the head
will follow a longer path. The net e↵ect is that the bunch edges will approach the central
part of the beam reducing the overall bunch length.

To introduce the required energy dependence along the beam (time-energy correlation)
one can change the accelerating phase of structures upstream the bunch compressor from the
“crest” (maximum accelerating voltage, � = 90o) to an “o↵-crest” condition, as schemat-
ically described in Fig. 1.3. In this condition the particles towards the tail of the bunch
(blue dot) are accelerated by the RF wave of the accelerating structure more than the ones
towards the head (red dot).

Notice that in the mathematical description that follows, we have chosen a longitudinal
coordinate system such that the head of the bunch is located at z < 0. We also define the
relative energy variation that will be used in the following as:
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E
Electron bunch

z z

E

Figure 1.3: Schematic representation of o↵-crest acceleration in a LINAC cavity (top) and of a
4-dipole symmetric bunch compressor (bottom). The cavity is set at a phase that introduces a time-
energy correlation inside the electron beam. This is due to the di↵erent amplitude of the RF field
for di↵erent parts of the electron beam. The di↵erent beam paths, depending on the particle energy,
are also shown. Higher energy particles (towards the tail) travel on a shorter path with respect to
the lower energy particles (towards the head of the bunch). Image courtesy of S. Di Mitri.

� =
��
�
0

. (1.23)

As a first approximation we can expand the path length dependence on the energy to
the first order in �. Such dependence can be described, using the matrix formalism, as

R
56

=
@z

@�
. (1.24)

In this approximation the relative position of a particle inside the beam after the bunch
compression is:

zf = zi +R
56

� , (1.25)

where zi is the position of the same particle before the chicane.
For a 4 magnet chicane composed of rectangular and identical magnets R

56

has an
approximate expression [7] that reads

R
56

' �2✓2(d+
2

3
leff ) , (1.26)

where ✓ is the deflection angle of the bending magnet, d is the distance between the first
and the second magnet and leff is the magnetic length of one magnet.

Also � can be expanded to the 1st order:

� = hz , (1.27)

with h the linear energy chirp of the beam.
If we consider an electron beam of energy E

0

entering a LINAC with energy gain E =
eV ⇥ sin� with V the peak accelerating voltage and � the phase in between the accelerating
field and the electrons, the linear energy chirp of the beam can be written as:
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h =
d�

dz
=

2⇡

�RF

eV cos�

E
0

+ eV sin�
. (1.28)

The initial electron bunch (RMS) length is �z0 . By substituting Eq. (1.27) and (1.28) into
Eq (1.25), one can evaluate the (RMS) bunch length after compression which results to be:

�z = hz2 � hzi2i ' �z0(1 + hR
56

) =
�z0
C

. (1.29)

It is customary to introduce the compression factor C, the ratio of the initial and final
bunch length, defined as

C =
1

1 + h ·R
56

. (1.30)

The peak current of the beam after compression is increased by a factor equal to the
compression factor. The beam is compressed for C > 1, which implies, from Eq. (1.30), that
h · R

56

< 0. One can also see from Eq. (1.26) that R
56

is negative so a positive chirp is
needed to compress the beam.

Up to now we described the linear approximation of the bunch compression, i.e., assuming
linear dependence in z and �. In this approximation any point of the beam undergoes the
same compression factor and the bunch shape is preserved, so by starting with a flat current
profile it is possible to get a flat current distribution at the LINAC end, usually preferred for
FEL operations. In reality higher order terms can be present in the beam energy chirp. If
one considers a second order term, the transformation of the bunch longitudinal coordinate
through the magnetic chicane and the quantity � at the 2nd order are [7]:

zf = zi +R
56

� + T
566

�2 (1.31)

� = hz + h0z2 (1.32)

h0 =
d2(�)

dz2
=

1

2

dh

dz
= �(

2⇡

�RF
)2

eV sin�

E
0

+ eV sin�
, (1.33)

where T
566

= �3

2
R

56

describes the second order dependence of the chicane transport

matrix on energy. It has been shown that the second order terms lead to a non-linear
compression for a C > 3 [8], with a non-linear dependence of the particle position z and a
non-linear compression factor along the beam. This leads to the rise of unwanted current
spikes at the edges of the bunch. The usage of an harmonic RF accelerating cavity [9,
10] can be adopted in order to also introduce an equal and opposite 2nd order term in the
beam energy chirp that cancels out the second order energy chirp, thus reinstating a linear
compression.

1.2 Synchrotron Radiation

1.2.1 Undulator

An undulator is an insertion device composed of a periodic magnetic structure with period
�u = 2⇡/ku and amplitude ~Bu(z) = (Bu ,x, Bu ,y). In the reference frame of Figure 1.1 the
magnetic field can be described as

Bu ,x(z) = B
0 x cos(kuz) ,

Bu ,y(z) = �B
0 y sin(kuz) .

(1.34)

15



Accelerator Physics

The magnetic field is generated by two arrays of permanent magnets, with alternating
polarity. The structure forces the electrons to follow an oscillating trajectory. If B

0 x = 0 the
undulator is called planar. In this case the magnetic field is sinusoidal and lies in the (yOz)
plane, see Figure 1.4(a). Instead, if B

0 x = B
0 y = B

0

the undulator is called helical, see
Figure 1.4(b), as the generated magnetic field describes an helix centered on the undulator
axis: its projection on the (xOy) plane is a circle. In the intermediate cases the undulator
is in an elliptical configuration. Its magnetic field can be described as the superposition
between a circular and a linear components: its projection on the (xOy) plane is a ellipse.

y

x

z

(a) Planar undulator.

z

y

x

(b) Helical undulator.

Figure 1.4: Magnetic field (red continuous line) of an undulator. For the helical case the two field
components are also shown (green lines).

The interaction between the electrons and the undulator field is ruled by the Lorentz
force. Using Eq. (1.3) one can observe that the electrons oscillate on a trajectory that has
the same symmetry of the magnetic field.

To see that, we integrate Eq. (1.3) once to find the expression for the velocity of the
electron having energy � [11]

�e x =
Ky

�
cos(kuz) ,

�e y = �Kx

�
sin(kuz) ,

�e z =
q
�e

2 � �2

e x � �2

e y ,

(1.35)

where the undulator strengths in x and y directions, Kx,y, are defined as [11]

Kx,y =
e�uB0 x,y

2⇡mc
. (1.36)

It’s also customary to define the total strength parameter as

K =
q
K2

x +K2

y . (1.37)

The longitudinal (along z axis) velocity of the electrons depends on the configuration of
the device. Indeed, combining together Eqs. (1.35), we obtain:
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• for the planar case

�e z =

r
1� 1

�2
�
1 +K2

x sin
2(kuz)

�

'

s

1� 1

�

✓
1 +

K2

2
(1� cos(2kuz))

◆
,

(1.38)

• and for the helical case:

�e z =

s

1� 1 +K2

�2
. (1.39)

With a second integration step one gets

x =
Ky

ku�
sin(kuz) ,

y = � Kx

ku�
cos(kuz) ,

z = �e zct .

(1.40)

In the case of a planar undulator the electron trajectory is (almost) “sinusoidal”, on a plane
that is perpendicular to the magnetic field, see Figure 1.5(a). For an helical undulator,
instead, the electrons describe a helix, centered on the axis of the device, see Figure 1.5(b).

y

x

z

(a) Planar undulator.

z

y

x

(b) Helical undulator.

Figure 1.5: Electron trajectory (blue continuous line) inside an undulator.

An APPLE-II type undulator [12, 13] is a particular kind of insertion device made of two
pairs of magnetic chains mounted on rails that can slip one with respect to the other. In this
way, one can vary the phase between one chain and the other in a definite and continuous
way, switching from planar to helical configuration and passing (continuously) trough all
intermediate configurations.

1.2.2 Spontaneous Radiation

As we have just seen, the electrons inside an undulator are subject to a force, so they are
accelerated and emit synchrotron radiation: this light is called spontaneous emission.
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Figure 1.6: Interference in an undulator. Image reproduced from [14].

The properties of the radiation emitted by an undulator can simply be understood in
terms of interference [14] of wave-fronts emitted by the same electron at di↵erent points of
the magnetic lattice (see Figure 1.6).

The electrons are moving along z direction with the mean drift velocity

c�⇤ ' c�

✓
1� K2

4�2

◆
' 1� 1

2�2
� K2

4�2
, (1.41)

where �⇤ is the mean drift velocity of the electron, normalized to c.
In the time it takes to the electron to move through one period length from point A to

an equivalent point B (�u/�⇤c) the wave-front from A has advanced by a distance �u/�⇤

and hence is ahead of the radiation emitted at point B by a distance d that can be expressed
as:

d =
�u
�⇤ � �u cos ✓ , (1.42)

where ✓ is the angle of emission with respect to the electron beam axis. When this distance
is equal to an integer number, n, of radiation wavelengths (�rad) there is constructive inter-
ference of the radiation emitted by the same electron at equivalent points (e.g., A and B in
Figure 1.6). This relation can be expressed as:

�u
�⇤ � �u cos ✓ = n�rad . (1.43)

Inserting in the previous equation the expression for the average electron velocity, Eq. (1.41),
the interference conditions results

�r =
�u
2�2

1

n

✓
1 +

K2

2
+ �2✓2

◆
, (1.44)

where we substituted �rad = �r and n = 1, 2, 3, ... is the harmonic number.
The undulator emission occurs at �r and at its harmonics �r/n. The relation is valid

for any undulator configuration, using the appropriate value of K defined by Eqs. (1.36)
and (1.37).

The maximum frequency is observed on-axis.
This relation allows to give evidence to one of the most precious features of synchrotron

radiation, i.e. tunability, which is the possibility to adjust the emission wavelength either
by varying the electron energy �, or the strength K.
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The spontaneous emission is only partially coherent (in the transverse direction), due to
the well defined spatial period of the undulator, but it is not coherent longitudinally, as each
electron emits radiation independently, so without a definite phase relation with respect to
the emission of others particles.

The radiation intensity is therefore proportional to the number of emitting electrons.
The interference model can supply further information about the spread in wavelength

as follows. If the undulator consists of Nu periods and its total length is Lu = Nu�u, the
condition for constructive interference over the entire length becomes:

Lu

�⇤ � Lu cos ✓ = nNu�rad . (1.45)

Vice versa, the interference becomes destructive when there is one extra wavelength of wave-
front separation over the length of the device:

Lu

�⇤ � Lu cos ✓ = nNu�
0 + �0 . (1.46)

Subtracting Eq. (1.45) and (1.46) yields the range of emitted wavelengths at fixed angle
✓:

��

�
=

1

nNu
. (1.47)

This corresponds to the linewidth (full width at half maximum, FWHM) of the emitted
radiation at the nth harmonic.

It’s also possible to calculate the spectral distribution of the emitted radiation using the
well known formalism of the Lienard-Weichert potentials [15]. The fundamental formula is

d2I

d⌦d!
=

e2!2

4⇡2c

����
Z

+1

�1
~n⇥ (~n� ~�) exp


i!

✓
t� ~n · ~r(t)

c

◆�
dt

����
2

, (1.48)

where ~n is the (instantaneous) versor of the direction between the charge and the observer,
⌦ is the solid angle, ! is the angular frequency of the radiation and ~r(t) is the position of
the charge, as defined in Eq. (1.40).

Focusing on the simpler case of the planar undulator, one finds that the emitted on-axis
energy per unit frequency and solid angle reads

d2I

d⌦d!
=

e2

4⇡✏
0

c

✓
KNu�u

�

◆
2

1X

n(odd)

A2

n

�2

✓
sin(�n)

�n

◆
2

, (1.49)

with

An ⇡ Jn+1
2

✓
nK2

4 + 2K2

◆
� Jn�1

2

✓
nK2

4 + 2K2

◆
, (1.50)

and

�n = ⇡Nu

✓
n� �r

�

◆
. (1.51)

where Jn are the Bessel functions andNu is the number of magnetic periods in the undulator,
n the harmonic number.

In the case of a planar undulator the odd harmonics are emitted both on- and o↵-axis,
while the even harmonics can be found only o↵-axis. In the case of an helical undulator,
only the fundamental is emitted on-axis, while all the other harmonics are emitted o↵-
axis [11]. This is exact only for an electron beam with divergence equal to zero. If the
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divergence is di↵erent from zero, the resulting spectrum is the convolution between the
angular distribution of the radiation and the distribution of the electron bunch.

The emitted radiation has a definite polarization with the same symmetry of the motion
of the electrons, so it is linear (s or p) if the undulator is in planar configuration, and it is
circular (left or right hand) if the device is in helical configuration.
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Chapter 2

Free Electron Lasers

2.1 FEL physics

The working principle of a single-pass FEL relies on the interaction between an ultra-
relativistic electron beam and a co-propagating electromagnetic wave, in the presence of
a static and periodic magnetic field generated by an undulator. Inside the magnetic field,
electrons are forced to follow an oscillating trajectory, and the transverse component of
their velocity is coupled to the co-propagating wave. This interaction results in a force
along the direction of propagation. Depending on their phase with respect to the electro-
magnetic field, electrons can gain or lose energy. Eventually, the interaction causes a density
modulation in the electron bunch: particles distribute in micro-bunches on the scale of the
radiation wavelength and its harmonics. Such a “bunching” is the source of coherent FEL
emission. The FEL process starts when there is a net amplification of the electromagnetic
wave to the detriment of the electrons’ energy. The emitted intensity is amplified along the
longitudinal coordinate of the undulator, until the interaction between the electrons and
the radiation becomes strongly non-linear: at this points, through mechanisms that we will
describe in the following, the process reaches saturation and the emitted intensity becomes
nearly stationary.

In principle, the electrons can couple with electromagnetic fields with an arbitrary fre-
quency, but, in general, this does not imply a net energy transfer between the electrons and
the wave. In fact, on average, when an electron transfers energy to the field, there is another
particle that gains energy at expense of the wave. In order to have a net energy transfer, the
coupling must be “resonant”. Such a condition is schematically represented in Figure 2.1.

In Figure 2.1(a), the electron position (thin arrow) is chosen so that it feels a positive
component of the magnetic field of the wave: the particle feels a decelerating force and loses
energy.

Along its motion inside the undulator, the electron “slips” back with respect to the wave-
front. This behavior is mainly due to two reasons: the electron velocity is lower than the
speed of light; the electron follows a sinusoidal trajectory while the light follows a straight
path. The resonance condition implies that the “slippage” of the electron with respect to
the wave must be equal to one wavelength of the radiation for every undulator period.

In Figure 2.1(b) we can observe what happens after a distance equal to half the undulator
period. The electron, in this position, has a delay of �r/2 with respect to the wave-front,
the magnetic field and the velocity have opposite sign with respect to Figure 2.1(a), which
means that the particle feels again a decelerating force: it again loses energy. In Figure 2.1(c)
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Figure 2.1: Phases relations between the electromagnetic wave and the electron beam, in resonance
condition. Dashed line: electron trajectory. Shadowed parts represent the magnetic component of
the co-propagating wave (B), from [1]. Case of planar undulator.

the situation is again the one of Figure 2.1(a): at this point the electron has accumulated a
delay with respect to the co-propagating wave equal to �r. This situation is the only one in
which the electron loses continuously energy and transfers it to the radiation field. In fact,
one can show that there is a net gain and the electromagnetic wave is amplified when the
electron beam is slightly out of resonance: in the case of perfect resonance, in fact, half of
electrons gain energy and half lose energy, so no net energy transfer is present. This is shown
in Figure 2.1 by the presence of another electron (bold arrow) which is in the condition of
continuous absorption of energy from the field.

The slippage requirement can be expressed by the condition

�u(1� �x)

�x
= �r , (2.1)

where �x is the mean longitudinal velocity of the electron, normalized to c.
One can show [2] that this relation can be written as

�r =
�u
2�2

✓
1 +

K2

2
+ �2✓2

◆
. (2.2)

This relation is equivalent to the one for the spontaneous undulator emission, see Eq. (1.44).
Therefore, in order to have amplification of the electromagnetic field which co-propagates
with the electrons, the radiation wavelength must be equal to the one which corresponds to
the center of spontaneous emission.

2.2 Mathematical description

In this section we will describe the FEL process, staring from the Maxwell and Lorentz
equations. The description will be done in a three dimensional framework, but can be
reduced to the one dimensional case by means of some approximations.

22



Mathematical description

2.2.1 3D model

We consider a mono-energetic electron beam moving through an undulator generating a
static magnetic field ~Bu(z), see Figure 1.4(a) or 1.4(b). In the same region, we assume the

existence of a co-propagating electromagnetic field ~E = �1

c

@ ~A

@t
and ~B = r ⇥ ~A, where ~A

is the vector potential of the radiation field. The radiation field has a wavelength �r and a
frequency !r = c2⇡

�r
.

The evolution of the momentum and the energy of each electron is determined by the
Newton-Lorentz equations

8
><

>:

d(�m~v)

dt
= e


~E +

~v

c
⇥ ( ~Bu + ~B)

�
,

d(�mc2)

dt
= e ~E · ~vy .

(2.3)

Although the 3D model described above is more general and accounts for the three
dimensional e↵ects, it is also possible to describe the FEL process in a 1D framework.
Before presenting the equations of the 1D model, we will describe the parametrization we
will use, and the so called “universal scaling”. For the details of the derivation process, we
advice [3, 4].

2.2.2 Pierce parameter and universal scaling

The so-called fundamental FEL parameter, or Pierce parameter, ⇢ is defined as:

⇢ =
1

�r

✓
K

4

!p

cku

◆ 2
3

, (2.4)

where !p =
q

4⇡e2ne
m is the plasma frequency, with ne the electron number density and

�r is the resonant energy1.
It is convenient to parametrize the system using the following set of variables

8
>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>:

�j ⌘
�j

⇢h�i
0

,

Ã ⌘ !r

!p

p
⇢h�i

0

exp(i�z̄)
e�rE

2⇡mc2
,

✓̃j ⌘ ✓j � �z̄ ,

z̄ ⌘ 2

✓
�r
h�i

0

◆
2

ku⇢z ,

t̄ ⌘ 2

✓
�r
h�i

0

◆
2

ku⇢t ,

(2.5)

1The resonant energy can be obtained by inverting Eq. (2.2), which leads (✓ = 0) to

�
r

=

s
�
u

2�
r

(1 +K2) .
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where h�i
0

is the average electron energy at the undulator entrance and t is the time
variable. The phase ✓j of the j-th electron in the “ponderomotive” (undulator + wave field),
is defined as

✓ = (kr + ku)z � !rt . (2.6)

Finally, � is the energy-detuning parameter defined as:

� =
1

⇢

h�i2
0

� �2r
�2r

. (2.7)

2.2.3 1D model

In the regime we are interested in (the so-called Compton regime), the energy of the electron
beam is high and the charge density is low, which results in ⇢ ⌧ 1. Assuming the relative
energy variation of electrons is:

����
�j � h�i

0

h�i
0

����⌧ 1 , (2.8)

and defining the variable “momentum” as:

p̃j = �j �
1

⇢
=

1

⇢

�j � h�i
0

h�i
0

, (2.9)

we can express the steady-state equations as:

8
>>>>>>>>><

>>>>>>>>>:

d✓̃j
dz̄

= p̃j ,

dp̃j
dz̄

= �Ã exp(i✓j)� Ã⇤ exp(�i✓j) ,

dÃ

dz̄
= i�Ã+ hexp(�i✓̃)i ,

(2.10)

where

b = hexp(�i✓̃)i (2.11)

is the electron bunching parameter.

2.3 Wave amplification

We now determine the conditions leading to wave amplification. These are the conditions
under which the system, supposed initially in an equilibrium state, becomes linearly unsta-
ble.
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2.3.1 Linear stability analysis

Starting from an equilibrium state characterized by no initial field (Ã
0

= 0), zero bunching
(hexp(�i✓̃)i = 0) and cold beam (hpji0 = 0), we want to follow the evolution of the system
until the wave reaches saturation. Eqs. (2.10), can be linearised and twofold di↵erentiated
with respect to z̄, obtaining the third order di↵erential equation:

d3

dz̄3
Ã� i�

d2

dz̄2
Ã� iÃ = 0 . (2.12)

Searching a solution in the form Ã(z) ⇠ exp(i�z), we obtain the well-known cubic
equation for �:

�3 � ��2 + 1 = 0 . (2.13)

Two situations are possible: if the solution is made of three real roots, the system is
stable; if instead the solution corresponds to one real root (� = �

1

) and two complex-
conjugate roots (� = �

2

± i�
3

), then the system is unstable. In the latter case the field
amplitude grows exponentially along the undulator as

Ã(z) / exp(�
3

z̄) ⌘ exp(gz) , (2.14)

where g is the exponential gain per unit length and can be written as:

g = �
3

4⇡⇢

�u

✓
�r
h�i

0

◆
2

. (2.15)

In Figure 2.2 is shown the gain curve as a function of z̄ in the resonant case (� = 0). We
can observe that the amplification shows a “lethargic” behavior before the start of the gain.
During this phase, the linear modes interfere between each other, until the mode with the
exponential behavior prevails.

15

10

5

0 1 2 3

g

z
Figure 2.2: Intensity of the field as a function of z̄. Image reproduced from [4].
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Bunching and saturation

2.4 Bunching and saturation

The bunching coe�cient defined in Eq. (2.11) is one of the key parameters in the FEL
description. We consider the longitudinal mean velocity of electrons(�̄z) and the phase
velocity (vp) of the ponderomotive field. When an electron beam starts to interact with an
electromagnetic wave, all the particles are randomly distributed in phase with respect to the
wave (see Figure 2.3(a)).

As the resonance condition (c�̄z = vp) is satisfied half of particles absorb energy from the
electromagnetic wave and the other half transfer energy to the wave (low gain): this causes
the electrons to cluster where the ponderomotive phase is zero and hence the amplification
is zero.

The velocity of the resonant electrons is then c�̄z > vp, and they bunch around a phase
where there is positive gain.

Figure 2.4 explains the saturation mechanism, as it occurs in the electron phase space
(�, ✓). The interaction with the ponderomotive wave induces a modulation of the electrons’
energy. This energy modulation evolves in spatial modulation, which is the bunching. The
maximum gain occurs when the electron phase is advanced of a phase equal to a quarter
of the ponderomotive force period. As the beam proceeds further inside the undulator, the
spatial modulation arises also where the ponderomotive force is positive and this causes
“over-bunching”. At this point the process reaches the saturation because the electrons are
not any more able to transfer their energy to the wave. The saturation is not a stationary
state because the system do not reach an equilibrium condition. The evolution of the spatial
distribution of the electrons at the scale of the resonant wavelength is schematically shown
in Figure 2.5.

Figure 2.5: How the spatial distribution (bunching) evolves in an electron beam, courtesy F. Curbis.

Following a more mathematical approach, one can perform a Fourier analysis of the
beam density distribution: the bunching on the h-th harmonic is defined as the h-th Fourier
coe�cient of this series expansion.

2.4.1 Deep saturation

In order to get the behavior of |A|2 it is necessary to integrate numerically the Eqs. (2.10).
The result one obtains is shown in Figure 2.6.

Once the saturation is reached, the intensity does not attain a stationary regime, but it
oscillates around an average value, of the order of the unity. From this consideration we can
conclude that

|A|2 / |E|2

⇢n
) |E|2 / n4/3 , (2.16)

which means that the process is characterized by a collective behavior.
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Figure 2.6: Intensity of the field as a function of z̄. Image reproduced from [4].

2.5 3D and dispersion e↵ects

The 1D model we have considered up to now does not take into account the e↵ects due to
the transverse dynamics of the system. These include the e↵ects that come from the finite
dimensions of the electron beam, the angular divergence of the particles and the angular
divergence of the radiation. Moreover, one has to take into account the fact that the electron
beam is not mono-energetic. Such e↵ects may deteriorate the performance of the system.

Emittance and di↵raction

As we have seen in Chapter 1, the emittance ✏ is a quantity that takes into account the
finite transverse dimension of the beam, �, and the angular dispersion of the particles inside
it, �0. There are several di↵erent factors that contribute to the emittance value, as the
temperature of the cathode from which the electrons are extracted, the inhomogeneities of
the acceleration fields, etc.

If we suppose that we can neglect the di↵raction e↵ects, i.e. when the undulator length
Lu is matched to the Rayleigh length of the radiation, we can find a qualitative condition that
must be satisfied by the emittance in order to have an optimal transverse coupling between
the radiation and the electrons. The optimal coupling occurs when the transverse areas of
the electron and radiation beams are almost equal. Indeed, if this condition is satisfied, all
the electrons contribute to the amplification of the electromagnetic wave. The radiation spot
size is given by w

0

'
p
�Lu, while the radiation angular divergence (at di↵raction limit) is

�0 '
p
�/Lu: this means that the transverse emittance of the radiation beam is w

0

�0 ' �.
The condition for the optimal coupling can be therefore expressed as

✏ . � . (2.17)

This condition becomes more critical as the emitted wavelength becomes shorter.
In order to take into account the transverse interaction and the di↵raction, while keep-

ing the 1D formalism, requires the introduction of a “filling factor”, which modifies the
expression of the ⇢ parameter (see [5]).

Energy dispersion

In the realistic case the electron beam is not mono-energetic, but it is instead characterized
by a certain energy distribution f(�). By solving Eqs. (2.10), one finds the dispersion
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relation

�� � +

Z
+1

�1
d�

f(�)

(�+ �)2
= 0 , (2.18)

which determines the stability of the system. In the mono-energetic approximation this
relation reduces to Eq. (2.12).

If we consider (as an example) a rectangular distribution defined as

f(�) =

8
><

>:

1

2µ
if � µ 6 � 6 µ

0 elsewhere

, (2.19)

where µ is the half-width of the distribution, the cubic equation becomes

�� �(�2 � µ2) + 1 = 0 . (2.20)

As shown in Figure 2.7, the width of the distribution can significantly modify the gain
curve �

3

= �(�): this can eventually lead to suppression of the amplification.

δ
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λ 3

Figure 2.7: Behaviour of the imaginary part of the root of the cubic equation (2.20), as a function
of the detuning �, if the beam has a rectangular energy distribution. (a) µ = 0, (b) µ = 0.1, (c)
µ = 1, (d) µ = 4, (e) µ = 8. Image reproduced from [4].

In fact, the maximum gain values decreases as (2µ)�1/2.

2.6 FEL configurations

There are several FEL configurations. First of all, one can distinguish between the single-
pass configuration, where the amplification of the electromagnetic wave occurs in one passage
through the undulator, and the oscillator configuration, in which the electromagnetic wave
is stored inside an optical cavity and lasing is achieved as the results of a large number of
light-electron interaction inside the undulator.

Single-pass FEL can be in turn subdivided in two classes, depending on the origin of the
electromagnetic wave which co-propagate with the electron beam inside the undulator: we
can distinguish between SASE (Self Amplified Spontaneous Emission) and seeded configura-
tions, if the electromagnetic field is generated by the spontaneous emission of the electrons
or if it comes from an external “seed” source (respectively).

29



Free Electron Lasers

2.6.1 Oscillator configuration

The oscillator configuration is characterized by an optical cavity that encloses the undulator.
In order to enhance the emission it is customary to take advantage of the interference
created by an optical klystron. The presence of interference fringes enhances the gain of the
amplification process. In FEL oscillators [6], the initial co-propagating field is provided by
the spontaneous emission of electrons emitted when the latter pass through the undulators.
The emitted radiation is stored into the optical cavity, made by two mirrors with very high
reflectivity, and amplified during many successive interactions with the electron beam, until
saturation is achieved.

The electron beam can be provided either by a storage ring or a linear accelerator. The
oscillator configuration allows to generate FEL radiation in the visible-VUV range or in the
IR. In Figure 2.8 is shown an example of an FEL in oscillator configuration, installed on a
storage ring.

Figure 2.8: An example of storage ring FEL, operated in oscillator configuration, courtesy M.E.
Couprie.

The spectral width of the emitted radiation is mainly determined by the mirrors of the
optical cavity, which are normally characterized by a narrow bandwidth (few percent around
the central line) and by a high (95% or more) reflectivity.

The main limitation of this setup is due to the lack of robust materials with high re-
flectivity in the VUV and X-rays range. This limits the possibility of reaching very short
wavelength using this kind of devices.

2.6.2 Single-pass configuration

Since there is lack of materials with the required high reflectivity necessary to operate
oscillator FEL’s in the X-ray spectral region, there has been a great interest in developing
single-pass FEL’s that do not need mirrors. In this configuration, the electron beam interacts
with the electromagnetic field and amplifies it in a single pass through the undulator. In
Figure 2.9 we show a scheme of a single-pass FEL based on a linear accelerator source. When
considering single-pass FELs two di↵erent configurations can be distinguished, depending on
the origin of the electromagnetic wave which co-propagates with electrons in the undulator:
the SASE [7–13] or the seeded configurations [14–21].
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Figure 2.9: An example of an FEL operated in single-pass configuration. The gun produces an
electron beam, that is accelerated by an accelerator (also called LINAC) and finally injected into the
undulator. Courtesy F. Curbis.

2.6.3 SASE

The SASE takes advantage of the spontaneous emission of electrons propagating through the
undulator. The FEL amplifier is seeded by the incoherent spontaneous radiation emitted by
the beam in the first part of the undulator [22]. The laser power grows exponentially along
the undulator with a characteristic gain length Lg = �u/(4⇡

p
3⇢) [11, 22, 23], where ⇢ is the

FEL parameter. Saturation is reached after about 20 Lg. The electromagnetic wavelength
which is amplified by the electrons is given by the resonance condition, Eq. (2.2). Quite
long undulators (tens of meters) are normally needed for this process to take place. Since it
originates from spontaneous emission, the SASE radiation preserves the noisy characteristics
of the latter: the emitted radiation is the envelope of a series of random spikes with vari-
able duration, intensity and position inside the envelope. The light characteristic strongly
depends on the electron beam properties: for example, if di↵erent bunches have significant
di↵erent currents, or significant (mean) energy fluctuations, also the radiation will display
significant shot-to-shot fluctuations in the intensity and/or in the wavelength [24, 25]. The
SASE output has very good spatial mode and is easily tunable, just by changing the energy
of the electrons and/or the undulator parameter (like “standard” synchrotron radiation).
However, radiation shows an incoherent temporal structure, resulting from the envelope of
a series of micro-pulses with random intensity and duration.

2.6.4 Seeded FELs

The lack of temporal coherence can be overcome using an external source of radiation to
seed the amplification process that inherits the coherence properties of the external source
itself. This external source can be an external laser, the non-linear harmonics produced in
gas (HHG) or another FEL [26, 27]. The direct seeding is however limited by the availability
of external sources at very shot wavelengths.

High Gain Harmonic Generation

A di↵erent approach to take advantage of the seed coherence properties, as well as to reach
short wavelengths, uses the electron beam as an active medium to generate radiation at
harmonics of the seed laser itself [15, 17–20]. One of the most e�cient schemes to generate
harmonic radiation relies on at least two independent undulators, see Figure 2.10, the second
one being tuned to one of the harmonics of the first.

The first undulator, called “modulator”, is tuned in order to be resonant at the same
wavelength of the external seed. The seed is focused inside the modulator and transversally
superimposed to the electron beam, as well as synchronized in time in order to have an
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Figure 2.10: Seeded harmonic generation scheme. Image courtesy of F. Curbis.

e↵ective interaction between the electrons and the seed itself. The laser-electron interaction
produces energy modulation in the particle distribution, which can be converted into spatial
modulation (bunching) via the usage of a short magnetic chicane, also called dispersive
section, placed between the undulators. The dispersive section modifies the electrons path
depending on their energy. Fourier analysis of the electron beam density emerging from the
dispersive section evidences the presence of bunching at the seed laser wavelength and its
harmonics. According to [15] the bunching fraction at the exit of the dispersive section can
be expressed as:

bm = exp

✓
�1

2
m2�2

� D
2

◆
Jm(m��SD) , (2.21)

where m is the harmonic number, D ⌘ 2⇡R
56

/�
0

�, R
56

is the strength of the dispersive
section, � = �S/m is the emitted radiation wavelength, �

0

the electron beam Lorentz factor,
��S is the seed laser-induced energy modulation amplitude, and Jm is the mth order Bessel
function. Eq. (2.21) is only valid in the hypothesis that the seed laser intensity is constant
along the modulator, its radius �r is much greater than that of the electron beam �x,
and more importantly, that the (incoherent) energy spread of the electron beam follows a
Gaussian distribution with (RMS) �� . We will see in Chapter 4 that a di↵erent distribution
of the electron beam energy can influence the bunching coe�cient of the HGHG process.

The electron beam is then injected into the second undulator, called “radiator” and
tuned at one of the harmonics of the seed, where it emits coherent radiation that can be
amplified via the FEL process up to saturation.

According to Eq. (2.21), the bunching at harmonic m is significant only if ��S � m�� .
However, in order to have an e↵ective FEL gain in the radiator, ��S/�0 must not overcome
the FEL parameter ⇢ ⇠ 10�3 [4]. These two conditions are competing so only a trade-o↵
is possible, which can be summarized in a requirement on the normalized energy spread
��/�0  ⇢/m. The result e↵ectively limits the possible maximum harmonic number, i.e.,
the minimum wavelength reachable, at which significant FEL radiation can be emitted using
the scheme.

In order to overcome the limit describe above, a successive HGHG stage with modulator,
dispersive section and radiator can follow the first one, using the radiation coming from the
first radiator as seed. This is the case of the second FEL line of FERMI (named FEL-2)
that will be presented in Chapter 3.
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Other seeding schemes

The above mentioned limitations could be overcome if di↵erent proposed schemes would
be implemented (e.g., [21, 28, 29]). One of the most promising scheme is the echo-enabled
harmonic generation [28] approach which is based on multiple stages of modulation and
dispersion to modify the electron beam’s longitudinal phase space (LPS) introducing in
it fine structures. Those structures permit e�cient emission of FEL radiation at higher
harmonic numbers compared to standard HGHG even if a relatively large energy spread is
present at the undulator entrance.

Recently the self-seeding scheme [26] has been successfully implemented to seed a SASE-
based source. In this scheme the SASE radiation produced in the first part of the undulator
is monochromatized via a dedicated soft [30] or hard [31] monochromator. Such radiation is
then used to seed the electron beam in the second part of the undulator in a direct seeded
amplifier scheme.

2.7 State of art

We conclude this Chapter presenting the current status of the FEL-based sources, focusing
on single-pass devices. For a detailed list of existing FEL projects, see e.g. [32].

The FEL idea was first proposed in 1971 by J.M.J. Madey [33], while the first FEL
operation has been obtained at Stanford [6], in 1977, with emission of coherent radiation in
the IR range. The visible range was reached on the ACO storage ring [34] in 1983.

The principle of SASE was proposed in 1980 [10] and 1984 [11]. The first demonstration
of saturation has been achieved at LEUTL (Low Energy Undulator Test Line, Advanced
Photon Source, Argonne, USA) [35] in 2000.

The High Gain Harmonic Generation (HGHG) scheme has proposed in 1991 [15] and
tested at Deep Ultra Violet FEL (National Synchrotron Light Source, BNL, USA) with the
generation of the first coherent UV FEL radiation at 266 nm [17, 18, 36] in 2000.

In recent years a number of machines started user operations in the VUV, soft and hard
X-rays wavelength range. Based on the SASE scheme is FLASH [37, 38] (Free-electron
Laser in Hamburg) at DESY (Germany) first lasing was achieved in 2000 and it reached
the shortest wavelength at 4.1 nm. Linac Coherent Light Source [39, 40] (SLAC, Stanford,
USA) obtained first lasing in 2009 and is currently operating in the soft and hard X-rays up
to 12.82 keV. SACLA (SPring-8 Compact SASE Source) [41] at Spring-8 (Japan) lased in
2011 and its shortest wavelength is 0.634 Å.

Both FLASH and LCLS are undergoing an upgrade phase (phase-II) to extend the ca-
pabilities of the sources and to overcome the limitations arisen during the first years of
operations.

Based on the HGHG seeded scheme are FERMI (Elettra, Italy), with operation range
of 4-100 nm [27, 42, 43], sFLASH [44] at Desy, SDUV-FEL at Shanghai [45, 46].

Under development or commissioning based on SASE are European XFEL [47] (DESY,
Germany), SwissFEL (PSI) [48, 49], PAL XFEL [50] with target shortest wavelength 0.1
nm.

Single-pass experiments can also be based on storage rings. In particular, based on the
HG scheme, are present at Elettra [51, 52] in Italy and UVSOR [53] in Japan. The DELTA
project [54–56] at the Dortmund University, also based on a storage ring, can produce
radiation at wavelengths ⇠ 20 nm.

In table 2.1 a summary of the FEL projects is reported.
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[44] J. Bödewadt. “Recent Results From FEL Seeding At FLASH”. In: Proceedings of the
2015 IPAC Conference. Richmond, VA, USA, 2015.

[45] Chen J. H. et al. “Operating the SDUV-FEL with the echo-enabled harmonic gener-
ation scheme.” In: Chinese Phys. C 33 (2009), pp. 706–710.

[46] Z.T. Zhao and D. Wang. “Progress in the SDUV-FEL and development of X-ray FELs
in Shanghai”. In: Proceedings of the 2010 Free-Electron Laser Conference. Malmo,
Sweden, 2010, pp. 15–19.

[47] http://xfel.desy.de/technical_information/photon_beam_parameter/.

[48] R. Ganter. “SwissFEL Status Report”. In: Proceedings of the 2015 FEL Conference.
WEA03. Daejeon, South Korea, 2015.

37

http://dx.doi.org/10.1038/nphoton.2012.180
http://sbfel3.ucsb.edu/www/vl_fel.html
http://dx.doi.org/10.1038/nphoton.2007.76
http://dx.doi.org/10.1038/nphoton.2007.76
http://flash.desy.de/accelerator/
http://dx.doi.org/10.1038/nphoton.2010.176
http://dx.doi.org/10.1038/nphoton.2010.176
http://lcls.slac.stanford.edu
http://dx.doi.org/10.1038/nphoton.2012.141
http://dx.doi.org/10.1038/nphoton.2012.141
http://dx.doi.org/10.1038/nphoton.2012.233
www.elettra.trieste.it/FERMI
http://xfel.desy.de/technical_information/photon_beam_parameter/


Free Electron Lasers

[49] https://www.psi.ch/swissfel/swissfel.

[50] H.-S. Lee et al. “Current Status of PAL-XFEL Facility”. In: Proceedings of the 2015
FEL Conference. WEA01. Daejeon, South Korea, 2015.

[51] C. Spezzani et al. “Sub-picosecond coherent VUV source on the Elettra storage ring”.
In: Nucl. Instr. and Meth. A 596 (2008), pp. 451–458.

[52] G. De Ninno et al. “Generation of Ultrashort Coherent Vacuum Ultraviolet Pulses
Using Electron Storage Rings: A New Bright Light Source for Experiments”. In: Phys.
Rev. Lett. 101 (5 2008), p. 053902. doi: 10.1103/PhysRevLett.101.053902.

[53] M. Labat. PhD thesis. 2008.

[54] D. Nˆlle F. Brinker M. Negrazus D. Schirmer K. Wille. “DELTA, a new storage-ring-
FEL facility at the University of Dortmund”. In: Nucl. Instr. and Meth. A 296 (1990),
pp. 263–269.

[55] B. Baasner, D. Nˆlle, and D. Schirmer. “DELTA, a status report of the storage ring
FEL facility at the University of Dortmund”. In: Nucl. Instr. and Meth. A 331 (1993),
pp. 163–167.

[56] D. Nˆlle and DELTA Group. “Progress of the commissioning of the DELTA storage
ring FEL facility”. In: Nucl. Instr. and Meth. A 375 (1996), ABS48–ABS50.

[57] S. Di Mitri and M. Cornacchia. “Electron beam brightness in linac drivers for free-
electron-lasers”. In: Physics Reports 539.1 (2014). Electron beam brightness in linac
drivers for free-electron-lasers, pp. 1 –48. issn: 0370-1573. doi: 10.1016/j.physrep.
2014.01.005.

38

https://www.psi.ch/swissfel/swissfel
http://dx.doi.org/10.1103/PhysRevLett.101.053902
http://dx.doi.org/10.1016/j.physrep.2014.01.005
http://dx.doi.org/10.1016/j.physrep.2014.01.005


Chapter 3

FERMI FEL

3.1 FERMI facility

The FERMI single-pass seeded FEL is a user facility that has been designed for produc-
ing high-quality photon pulses in the EUV and soft-X-ray spectral range [1, 2]. The first
undulator line, FEL-1 [3], produces coherent radiation in the spectral range from 100 nm
to 20 nm. The second undulator line, FEL-2 [4], covers the spectral range between 20 nm
and 4 nm. Both FEL lines are based on the HGHG scheme, single stage for FEL-1 and
double-stage for FEL-2.

FERMI is composed of three main parts: the linear accelerator, the FEL lines and the
user beamlines. The infrastructure for the LINAC and the FEL lines has being built 5 m
underground for radiation protection purposes. A schematic layout of the facility is shown
in Fig. 3.1.

The FERMI LINAC provides the electron beam necessary for the operations of the FEL.
The electron bunches are generated in a high-gradient photocathode gun and accelerated
by a normal conducting linear accelerator up to the required beam energy, typically in the
range 1.0 to 1.5 GeV.

The S-band, 2.998 GHz, RF photoinjector is based on the 1.6 cell electron gun [5] de-
veloped at BNL/SLAC/UCLA [6]. The beam is extracted when a UV photoinjector laser
(PIL) interacts with a copper cathode. At the gun exit the beam energy is ⇠ 5 MeV. The
gun cavity is equipped with a solenoid magnet that is used to compensate the transverse
defocusing of the beam space charge and to prevent emittance degradation. Two S-band
RF accelerating cavities (violet squares in Fig. 3.1, top) boost the beam energy up to ⇠ 100
MeV implementing the emittance compensation scheme [7]. The typical bunch charge used
is of the order of 800 pC, while the initial bunch duration is ⇠10 ps.

After the initial energy boost, a laser heater system [8] (LH in Fig. 3.1) is used to fine-
tune the electron beam energy spread through the interaction with an external laser in a
short undulator. The FERMI laser heater will be presented in details in Chapter 4.

The main LINAC is divided into 4 logical groups, namely LINAC1 to LINAC4 (L1 - L4
in Fig. 3.1). It is composed of di↵erent types of accelerating structures, namely, seven, 4.5-
m-long SLAC-type, constant gradient structures (L1 and L2), with maximum energy gain
per cavity of 47 MeV and seven, 6.1-m-long Backward-Traveling Wave (BTW) structures
(L3 and L4), with maximum energy gain per cavity of 140 MeV.

The first LINAC sections (L1) accelerate the beam and produce the energy chirp needed
for bunch compression in the first bunch compressor (BC1). Also in L1 is located a harmonic
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x-band cavity (11.4GHz) which is used to linearize the compression. A second bunch com-
pressor (BC2) is placed downstream L2 and L3. It is usually kept straight and the overall
bunch compression is performed in one stage only, with nominal compression factor of 10.
Note that there is still some space (bright lightblue boxes) for possible future installation
of LINAC cavities for further increase the final beam energy. Along the LINAC there are 4
electron-beam spectrometer stations, where a bending magnet spectrometer is used to diag-
nose the beam energy (red dots in Fig. 3.1). The final bunch duration (after compression)
is ⇠300 fs (RMS), with peak current 500-700 A depending on the bunch charge.

Many diagnostics are present along the machine to monitor the electron beam proper-
ties. The electron beam trajectory is monitored by 31 stripline Beam Position Monitors
(BPMs’, [9]) with 20µm (RMS) resolution, and can be modified by changing 24 couples of
steering magnets (correctors) both in horizontal and vertical plane. The transverse prop-
erties of the beam can be monitored by means of 16 fluorescent multi-screens that can be
inserted into the path of the electrons. The multi-screen stations are equipped with Optical
Transition Radiation (OTR) [10] and Yttrium Aluminium Garnet (YAG) targets [11]. The
multi-screens are used in particular for emittance and Twiss functions’ reconstruction using
the quadrupole scan technique [12]. The measurement is critical for matching the beam
optics with the designed one [1]. There are also three RF-deflecting cavities (one after BC1,
two at the end of L4, red boxes in Fig. 3.1) that can be used mainly as diagnostics of the
longitudinal properties of the electron beam [13, 14]. A comprehensive discussion about the
diagnostics present along the machine will be the subject of Appendix A.

The electron beam can be sent into either one of the two FERMI undulator lines, through
a transfer line (see Fig. 3.1), constituted by 2 quadruplets of bending magnets with bending
angle of 3 deg. They shift the beam horizontally from the LINAC axis by 1 or 2 m for FEL-2
and FEL-1 line, respectively. Details concerning FEL-1 and FEL-2 are discussed below.

After being used for FEL production, the electron beam is deflected via a series of
bending magnets to the main beam dump area, while the FEL radiation is transported to
the experimental area.

3.1.1 PADReS

The FEL beamline is completed by the photon diagnostics that are used to characterize the
FERMI FEL pulses and that are placed just before the experimental end-stations.

PADReS (Photon Analysis Delivery and Reduction System, see Fig. 3.1 bottom) is the
section of FERMI devoted to characterize, manipulate and deliver the FEL photons to the
experimental end-stations located in the experimental hall. It is located after the undulators
of both FEL lines, and before the final three end-stations in the FERMI experimental hall.
The diagnostics here located provide information about several parameters of the photon
beam, like intensity, spectral distribution, position, shape and coherence. Many of the
diagnostics are available in a non-invasive way (intensity, spectral distribution, position)
and therefore are available on a shot-to-shot basis, while others (coherence, beam profile,
etc.) can be measured only in a destructive way. A gas absorber is also present and it is
used to reduce the intensity of the incoming beam in case this option is needed for particular
experiments.

The FEL intensity is measured by means of two gas ionization cells [15] placed in the
undulator hall, just before the experimental hall. The FEL spot reconstruction can be done
using one of the di↵erent YAG screens that intercept the FEL beam in di↵erent locations
along the beam transport. PADReS also hosts the energy spectrometer, the split-delay line
and the focusing systems of the end-stations.

41



FERMI FEL

PRESTO, the energy spectrometer

The Pulse-Resolved Energy Spectrometer is an online spectrometer used to record the FEL
spectral distribution in a non-invasive way. It does so by extracting the first (or higher)
di↵raction order of the radiation, generated by a planar variable spacing grating, while
carrying the zeroth order, with 97% e�ciency, to the experimental stations. It is equipped
with three gratings to cover the whole spectral range of both FEL-1 and FEL-2, namely
100-4 nm range. The variable spacing grating focuses the di↵racted beam on a YAG screen
where the FEL-induced fluorescence intensity is detected by a CCD device. The energy
resolution of the system depends on the grating used and is 0.2-3.7 meV for the low energy
grating, 0.3-9.5 meV for the intermediate energy grating and 0.4-8.1 meV for the high energy
grating.

AC/DC, the split and delay line

The AutoCorrelator/Delay-Creator is an EUV/SXR autocorrelator that splits the incoming
beam in order to create a double pulse with controllable time separation. As the wavelengths
of FERMI do not allow for optical elements in transmission (due to material absorption)
the split and delay line is designed to perform a wavefront-split of the incoming beam via
knife-edge and successive recombination. The two semi-beams created by knife-edge travel
di↵erent optical paths, ones of which can be varied by moving two mirrors along mechanical
guides, creating the required time delay in between the pulses. This is in the range from -2
to ⇠30 ps [16]. The instrument is located in the experimental hall on the common optical
path from the FEL to the experimental end-stations.

KAOS, the active optics system

The Kirkpatrick-Baez (KB) Active Optics System is installed before DiProI and LDM end-
stations. It is a KB refocusing sections that uses thin plane adaptive mirrors that are
mechanically bent to achieve the desired shape to focus in the same position in the experi-
mental chamber the di↵erent wavelengths produced by the machine. Spots sizes as small as
5⇥ 6µm2 have been obtained [17].

3.1.2 The experimental stations

EIS

The Elastic and Inelastic Scattering (EIS) beamline is presently under final construction.
It consists of two separate end-stations (EIS-TIMEX and EIS-TIMER), dedicated to two
di↵erent research projects, with common goal of performing time-resolved pump-probe ex-
periments. Each end-station takes advantage of di↵erent key properties of the FERMI
source.

EIS-TIMEX end-station [18] is designed for ultrafast time-resolved studies of condensed
matter under nonequibrium conditions occurring on the sub-picosecond time scale in FEL-
or laser-heated materials. Experiments are also aimed at exploring the warm dense matter
(WDM) regime resulting from thermalization of the electron and ion subsystems on the
picosecond time scale.

The experimental chamber and the sample environment are quite flexible in order to
accommodate various possible configurations for single-shot experiments, including simple
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EUV and soft x-ray absorption/reflection and pump-probe experiments where the probe can
be either an external laser or the FEL itself.

EIS-TIMER end-station is a FEL-based Four-Wave-Mixing instrument [19] that will ex-
ploit the time structure, harmonic content and coherence properties of the source. Two
non-collinear FEL pulses (pump) are overlapped, in time and space, at the sample. Their
interference originates a transient standing electromagnetic wave, called the transient grat-
ing (TG), with a spatial periodicity in the 1-100 nm range. The TG imposes a nanoscale
modulation of sample parameters, whose time evolution can be monitored by measuring the
di↵raction of a third time-delayed coherent pulse (probe), which impinges into the sample
at the Bragg angle. The time-dependent di↵racted signal encodes relevant information on
several kinds of dynamics, ranging from slow (>ns scale) di↵usion processes to fast (sub-fs
scale) electron dynamics. The implementation of this experimental scheme, nowadays used
only with optical lasers, to the VUV range would be extremely useful for shedding light into
the physics of disordered systems, since it will make accessible the mesoscopic kinematic
region that are not in the reach of available instruments. Nanoscale TG experiments could
also allow sensitive probing of thin films/interfaces, transport properties and correlations in
nanostructured materials.

DiProI

For the DiProI end-station [20] the main scientific case is ultra-fast coherent imaging and
nano-spectroscopies. It implements the Coherent Di↵raction Imaging (CDI) technique in
order to obtain the structural information on a non-periodic sample before the radiation
damage has occurred. Although the object is destroyed by the intense FEL pulse, the infor-
mation contained in the di↵raction pattern is preserved since the di↵erent time scale between
the scattered photons and the atoms motion. The collected information on a bi-dimensional
CCD detector is su�cient for the reconstruction of the object image by recovering the
missing phase using computational algorithm [21]. The shot-to-shot temporal and energy
stability of the seeded FEL pulses at FERMI has opened extraordinary opportunities for
CDI and in particular for Resonant Coherent Di↵raction Imaging (R-CDI), overcoming some
of the limitations imposed by the partial longitudinal coherence of the SASE-FELs. The
end-station exploits the FERMI tunability to perform CDI experiments with strong resonant
enhancement of the magnetic scattering signal, e.g. on Co and Fe edges. Another unique
characteristic of the source exploited by the end-station is the polarization control, which
allows for single-shot resonant magnetic scattering in holography approach for accessing the
dynamics of magnetic processes [22].

LDM

The Low Density Matter (LDM) end-station [23] has been built for studying atomic, molec-
ular and cluster physics. It is a modular end-station that can accommodate a broad range
of detectors and systems for target preparation and investigation. The combined capabili-
ties of the photon source such as high brilliance, short pulse length, variable polarization,
coherence, photon transport and end-station allow the investigation of very dilute systems,
matter under extreme irradiation conditions causing, e.g. multiple electronic excitation,
multiple ionization, Coulomb explosion, non-linear optics and dichroism.
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3.2 FEL-1 commissioning and performance

After being accelerated to the desired electron beam energy, the electron beam is injected
into the undulator line where FEL action takes place. FEL-1 undulator system is composed
of a modulator and a radiator, see Figure 3.2. The modulator has a total length of 3 m and
its magnetic period is 100 mm, for a total of 30 magnetic periods. The modulator resonance
can be tuned by varying the gap in between the magnetic arrays, in order to maintain
the resonance condition for di↵erent electron beam energies and seed laser wavelengths.
The radiator is composed of six APPLE-II type undulator sections specifically designed for
meeting the stringent FEL requirements [24]. The APPLE-II scheme allows for the first time
the implementation of a high-gain FEL with polarization control. Further details about the
polarization at FERMI will be presented in Chapter 5. Each radiator section has a length
of 2.4 m and magnetic period of 55 mm and their resonance can be arbitrarily tuned, again
by varying the gap. This requires the presence of phase shifter devices which are installed
in each section break. They are required to maintain the correct phase relation between
the electron beam and the FEL radiation in between one radiator section and the next. In
the break sections also a quadrupole magnet, to manipulate the beam size, and a BPM for
beam trajectory control, are installed.

An external UV laser provides the seed signal, which needs to be accurately synchronized
with the electron beam. The stringent synchronization requirements are achieved at FERMI
with an all-optical timing system [25] that provides a stable reference to all machine systems,
including the radio-frequency plants, the photo-injector and the seed laser. In order for the
seeding process to be e↵ective both transverse and longitudinal electron beam-seed laser
superposition must be ensured. The transverse alignment is done superimposing the electron
bunch with the seed laser onto two YAG screens placed at the two ends of the modulator.
For the longitudinal alignment a fast photodiode can be used for a cursory superposition
(within 200 ps), while the final longitudinal alignment is done adjusting a remotely controlled
optical delay line along the seed laser path, looking at the FEL signal.

Figure 3.2: Schematic representation of the FEL-1 beamline. Courtesy E. Allaria.

For the FEL-1 data here reported, the third harmonic of a Ti:sapphire laser was used as
the seed laser with �seed = 260 nm. Alternatively an Optical Parametric Amplifier (OPA)
setup can also be used as seeding source [27] with tunable �seed = 230� 260 nm or 280-340
nm. In the case of the third harmonic, the seed laser pulses has a typical duration of 150
fs FWHM, peak power of ⇠100 MW and bandwidth of ⇠0.8 nm, which is a factor of ⇠1.2
larger than the Fourier limit, assuming a Gaussian pulses. The HGHG FEL emission in this
conditions easily exceeds several tens of µJ from the 4th harmonic of the seed (65 nm) down
to the 13th harmonic (20 nm). Clear evidence of coherent emission was also observed at the
15th harmonic (17 nm) and below.

The measured harmonic conversion e�ciency exceeds the theoretical predictions made
during the design of the machine [1]. The unexpected and welcomed results are understood
to be determined by the energy spread of the beam, which as we will see in Chapter 4
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Figure 3.3: Measured FEL intensity at 32.5 nm. (a) Measured FEL pulse energy as a function
of the number of undulator sections used in the radiator, together with the predicted FEL power
obtained from ginger numerical simulations [26]. Red marks refer to circular polarization, while
blue marks are relative to horizontal polarization of the radiator sections. The error bars are obtained
from the statistical distribution from several consecutive pulses. Inset: the same data reported on a
logarithmic scale. (b) Shot-to-shot distribution of the pulse energy for 1000 consecutive FEL pulses.
The distribution is characterized by a standard deviation of ⇠10% which reflects the shot-to-shot
fluctuations of the electron-beam parameters. Image reproduced from [3].

strongly a↵ects the HGHG performance [28, 29]. For each one of the di↵erent harmonic of
the seed laser the FEL is optimized by tuning the amount of energy modulation produced
in the modulator, which is controlled by changing the seed laser power and the strength of
the dispersive section. Typical values of the R

56

for the dispersive section are in the range
40-70 µm. In the following the results obtained for the FEL radiation at the 8th harmonic
(32.5 nm) are reported. Similar results were obtained in the whole spectral range of FEL-1.

After optimization of the FEL process to maximize the output power at 32.5 nm in
either circular or linear polarization, we measured the gain curve, i.e. the FEL power as
a function of the number of radiator sections. In Figure 3.3a the gain curve results are
shown for both polarizations, also in logarithmic scale in the inset. The data clearly show
the di↵erent gain lengths Lg associated with the two polarization states of the undulator.
Fitting the data using an exponential curve allows us to compute the gain length for the two
cases, which results in ⇠2.5 m for planar polarization and ⇠2.0 m for circular polarization.
This results agree with the gain length computed via the ⇢ parameter and Xie [30] formulas,
evaluated using the electron beam parameters reported in Table 3.1. As known from theory
the circular polarization is characterized by a shorter gain length and higher output power
due to the better coupling of the electromagnetic field and the electrons (Jm coe�cient
in Eq. (2.21)). A good agreement has been also obtained with the results of numerical
simulations performed using gingernumerical code [26], also reported in Figure 3.3a.

It is worth noting that FEL-1 achieves power levels close to SASE saturation using a
radiator of ⇠6-8 gain lengths, instead of the typical ⇠20 gain lengths generally required
for SASE [31]. The power fluctuations are of the order of 10%, as shown in Fig. 3.3b
where the distribution of the intensity of 1000 shots is reported. The results show another
advantage of using an externally seeded FEL, which is the ability of keeping the power
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fluctuations under control without the need to enter into deep saturation as required in
the case of SASE [32]. Other than requiring an even longer undulator the deep saturation
SASE regime as been predicted to be characterized by a degraded longitudinal and transverse
coherence [33], so in general SASE FELs may require operation where a compromise between
maximum output power, reduced fluctuations and high coherence is present. This condition
has been demonstrated to be less critical for FERMI where these properties can be controlled
simultaneously.

It is important to point out the di↵erent nature of the power fluctuations between SASE
and HGHG FELs. The deterministic origin of the HGHG implies that the power fluctuations
derive from shot-to-shot fluctuations of the properties of the electron and seed laser beams,
so they are mainly limited by technological factors. The SASE process is instead inherently
stochastic [32].

Figure 3.4: Measured beam profiles and double slit di↵raction pattern. (a) FEL spot measured on
a YAG screen at ⇠52.5 m from the radiator exit. The spot has a Gaussian profile with (RMS) sizes
of ⇠2 mm in vertical and horizontal directions. (b) FEL spot on a second YAG screen positioned
⇠72.5 m downstream from the radiator. The measured beam dimensions are 2.6 mm and 2.4 mm,
respectively. (c, d) Interference pattern on the second YAG screen for the Young experiment. The
slits, placed ⇠8.5 m before the screen, had an aperture of 20 µm and separation of 0.8 mm. Image
reproduced from [3].

In a seeded FEL the coherence properties of the seed are imprinted on the electron
beam that is generating the FEL radiation. A good transverse and longitudinal coherence is
hence expected. For the transverse one, in Figure 3.4a,b the measured transverse profile is
reported for FEL radiation at 32.5 nm. From the analysis of the data it is possible to show
that the FEL pulses are very close to a di↵raction-limited Gaussian beam, with beam waist
size of ⇠200 µm, located at the center of the last undulator. The size is consistent with the
electron beam size at that point. Moreover, a high degree of transverse coherence is also
confirmed by the results of Young’s double-slit experiment [34], shown in Fig. 3.4c. Analysis
of the reported data indicates that more than 90% of the di↵raction pattern intensity is
maintained at a slit separation of 0.8 mm.

One of the most attractive features of seeded FELs is the possibility of obtaining highly
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Table 3.1: Measured electron-beam parameters used to operate FEL-1 in the reported experiments.

Parameter Value Units
Energy 1.24 GeV
Slice energy spread (RMS) <150 keV
Emittance (projected) ⇠4 mm mrad
Charge 450 pC
Peak current 200-300 A
Beam size (RMS) ⇠150 µm
Pierce parameter ⇢ ⇠ 1.3⇥ 10�3

stable output spectra [35–37]. The spectral properties of the FEL critically depend on the
properties of the seed laser [38]. The results obtained at FERMI are shown in Fig. 3.5,
where both a single-shot spectrum (Fig. 3.5a) and a sequence of 500 consecutive single-shot
spectra (Fig. 3.5b) are reported. Figure 3.5a also shows the measured spectrum of the seed
laser pulse. The spectra are reported in meV around their central photon energy (4.8 eV
(260 nm) for the seed and 38.5 eV (32.5 nm) for the FEL). The measured FEL bandwidth
is 20 meV (RMS), yielding a relative bandwidth of ⇠ 5 ⇥ 10�4. This number should be
compared with ⇢ (Table 3.1), which approximately corresponds to the expected bandwidth
of SASE emission under the same experimental conditions. The relative spectral bandwidth
measured at FERMI is an order of magnitude smaller than the one observed at SASE FELs
operating in the EUV and soft X-ray spectral regions [32, 39].

Figure 3.5a shows that the FEL bandwidth is larger than that of the seed laser. How-
ever, we believe that this increase is not associated with a degradation of the longitudinal
coherence of the FEL pulse, but rather with a natural shortening of the FEL pulse duration
relative to the seed pulse. This e↵ect has been theoretically predicted [40] and it is also
well reproduced in numerical simulations that mimic the presented setup. It is, however,
important to point out that even without considering such a shortening of the FEL pulse,
the time-bandwidth product is already smaller than a factor of 4 with respect to SASE.
Another attractive property for energy-resolved experiments is the wavelength stability, or
equivalently the photon energy stability (shot-to-shot) of the light sources. In Fig. 3.5b a
series of successive spectra are reported as a function of the photon energy and shot number.
The normalized photon-energy stability is of the order of 7⇥10�5 (RMS) which represents a
noticeable improvement when compared to the results obtained for the SASE scheme in the
same photon energy range [32, 39, 41], further proving the advantages of the seeded scheme
in terms of stability of the output radiation.

The presented results show that FEL-1 is a seeded source capable of producing high-
intensity pulses in the EUV range with close to transform-limited bandwidth and unprece-
dented stability in intensity, photon energy and spectral bandwidth, as well as full control
of polarization as we will see in Chapter 5.

Our experiments lend further support to the idea of using seeded FELs to generate
better laser-like properties in the X-ray range [3]. Because the control of pulse parameters
that seeded FELs can a↵ord is an important asset for many experimental FEL applications,
the performance of FERMI is the reference for other proposed seeding techniques that are
currently under study, like the seeding using high harmonic generation (HHG) in gases [37],
the echo-enabled harmonic generation [42] and others.

The deterministic nature of the HGHG process allowed us to achieve substantial im-
provements relative to SASE FELs. The main limitation is the capability of going to very
short wavelengths, hence the presence of a second FEL line in the facility.
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a)

Figure 3.5: FEL spectra at 32.5 nm. (a) Measured FEL and seed laser spectrum (dashed red
and continuous blue lines respectively). (b) Acquisition of 500 consecutive FEL spectra. Image
reproduced from [3].

The above-described results refer to the “normal” operation of FEL-1. As we will see in
Chapter 7, it has been also demonstrated that the machine can operate in di↵erent exotic
modes to produce, e.g., two pulses for pump-probe experiments.

3.3 FEL-2 commissioning and performance

To overcome the limitations due to the small wavelength range of FEL-1, another beamline
is installed in parallel with the latter. FEL-2 is specifically designed [1] to operate as a two-
stage HGHG cascade in the wavelength range of 20 to 4 nm. The fresh-bunch configuration
enhances the FEL emission at high harmonic orders by avoiding a gain depression due to
the energy spread induced by the first-stage FEL interaction [4].

The layout of the FERMI FEL-2 beam line is shown in Fig. 3.6. The first stage is a
small replica of FEL-1, with a linearly polarized modulator (M1), dispersive section and a
radiator (R1) constituted of two, 55-mm-period APPLE-II type undulators. The coherent
radiation they emit constitutes the seed of the second stage. It is usually operated in the
low-gain regime due to the limited length of the radiator. After that the magnetic delay
line chicane (DL) is installed which is used for the required time delay for the fresh-bunch
mode. The delay line introduces a controllable time delay on the electron bunch with respect
to the first stage radiation up to ⇠1 ps. Typical values of the delay are ⇠200 fs. Other
than creating the required delay for the fresh bunch, the associated chromatic dispersion
(R

56

< 120 mm) removes nearly all the coherent bunching in the electron beam created in
the first stage. This prevents emission from the bunched part of the beam in the second
stage, creating an unwanted spurious emission. The second stage is based on the HGHG
scheme so it is constituted by the second-stage modulator (M2), physically identical to the
first-stage radiators and the second-stage radiator (R2) composed of six, 35-mm-period,
Apple II type [44] undulators with magnetic length of 2.4 m. The second stage usually
works in high-gain regime, where both the FEL radiation intensity and coherent bunching
exponentially increase along the second part of the radiator. All undulators have variable
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Figure 3.6: Layout of FEL-2 undulator line. The first stage consists of an external seed modulating
in energy the electron beam in the first-stage modulator (M1), followed by a dispersive section (DS1)
that produces strong coherent bunching and subsequent coherent emission at a higher harmonic in
the two first-stage radiators (R1). In the fresh-bunch scheme [43], the first stage is followed by
the delay line (DL), which ensures that the radiation emitted by the first undulator is superimposed
temporally over a fresh portion of the electron beam in the second-stage modulator (M2). The second-
stage radiators (R2) are resonantly tuned to a harmonic of the first-stage radiation. The exponential
growth of the second-stage FEL output as a function of the number of resonant radiators is shown,
together with the downstream transverse mode shapes of the radiation emitted by each stage (32 nm
in the first stage and 10.8 nm in the second stage). Image reproduced from [4].

gap to control their resonant wavelength as the LINAC is kept at fixed electron beam energy.
In Table 3.2 the electron beam parameters used for the experiments here reported are

summarized.

Table 3.2: Measured electron-beam parameters used to operate FEL-2 in the reported experiments.

Parameter Value Units
Energy 1.0 - 1.2 GeV
Slice energy spread (RMS) ⇠100 keV
Emittance (projected) ⇠1.5 mm mrad
Charge 500 pC
Peak current 300-500 A
Beam size (RMS) ⇠150 µm

The input seed laser has a wavelength �seed = 260 nm, the third harmonic of a Ti:sapphire
laser, time duration FWHM of 180 fs and peak power up to 100 MW. As for FEL-1 an OPA
setup can be used to ensure the full wavelength tunability in the operation range. The FEL
output consists of two discrete wavelength components, one from each stage, approximately
superimposed in time and with a harmonic relation between each other and with the original
seed laser. The pulse energies of these two components can be measured by two independent
systems on a shot-by-shot basis. The same holds for their spectra, which can be detected
using the PRESTO spectrometer.

The resonant wavelength of the emission from the second stage is �
2

= �seed /(h1⇥ h2)
with h

1

, h
2

the harmonic up-conversion in the first and second stage, respectively. The
operating wavelength range of FEL-2 second stage is 12 - 4.1 nm. The initial studies have
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been performed at the longer wavelengths, in particular �
2

= 10.8 nm (h
1

⇥ h
2

= 24) and
�
2

= 8.2 nm (h
1

⇥ h
2

= 32).
In Fig. 3.6, upper panel, the gain curve of the second stage is reported. One can see that

the second stage output increases by more than one order of magnitude as the number of
radiator sections increases from 3 to 6. The measured increase in the output power is a clear
evidence of the exponential gain process typical of FELs operating in the high gain regime.
The transverse intensity distribution from the second stage follows a Gaussian profile in the
far field, as it is also reported in Fig. 3.6, in the whole spectral range of operation.

In Figure 3.7 the spectral properties of the second stage radiation are reported for the
two above mentioned wavelengths. In Figure 3.7(a) a typical single-shot spectrum at �

2

=
10.8 nm is shown with the statistics relative to 1400 individual pulses exploited in Fig. 3.7(c).

Figure 3.7: Second-stage spectral results. (a,b) Single-shot FEL spectra from the second stage at
10.8 nm (a) and 5.4 nm (b). (c,f) Results of Gaussian fits (c,e) to the wavelength centroid and
spectral FWHM bandwidth for a sequence of 1400 pulses at 10.8 nm, together with the corresponding
histogram distributions (d,f). The average wavelength in the data set is 10.802 nm, and the (RMS)
wavelength stability is 0.003 nm (3 pm). The average (RMS) bandwidth is 0.006 nm (6 pm), relative
bandwidth of 0.06%. (g) Sequence of stacked spectra at 10.8 nm. Image reproduced from [4].

An example of a typical spectrum at 5.4 nm (h
1

⇥ h
2

= 48) is shown in Fig. 3.7(b). The
shown spectra further prove that the emitted radiation has a good spectral stability in con-
trast to that of a SASE FEL. As previously found in seeded FEL studies [45–47], the purity
of the second stage spectra is sensitive to the initial seed laser power, in particular when a
too high seed power is used the resulting spectral output is characterized by multipeaked
spectral distribution. The typical pulse energy for the first-stage radiator is in the range
1-5 µJ, which corresponds to a peak intensity of ⇠10-50 MW if the pulse shortening [48]
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is taken into account. The second-stage output could be as large as 100 µJ at 10.8 nm
wavelength, equivalent to a peak power exceeding 1 GW. Unfortunately, the second stage
emission is characterized by a substantial level of intensity fluctuations. Even in cases where
the machine stability in the first stage is smaller than 20% (FWHM), the second stage can
show pulse energy fluctuations of the order of 50-60% (FWHM). This demonstrates that the
process is very sensitive to the intensity fluctuations of the first stage, which are mainly due
to timing jitter between the electrons and the seed, as well as to variations of the electron
beam properties along the pulse such as energy and current. In Figure 3.8 we report the
output energy measurement done simultaneously for both stages. By removing 20% of shots
with the lowest second stage pulse energy one can see that there is a clear correlation in
pulse energy between the first and second stage output, or equivalently that nearly all shots
with high second stage pulse energy originate from a first stage pulse with high energy. In
the reported electron beam configuration (1.2 GeV) the average energy per pulse is ⇠25
µJ at 8.2 nm, ⇠8 µJ at 6.5 nm and ⇠1 µJ at 5.4 nm. The shortest wavelength where the
spectrum was detectable was 4.3 nm (h

1

⇥ h
2

= 60).

Figure 3.8: Shot-to-shot FEL pulse energy fluctuations. a,b, Simultaneous data collected over
approximately 1 min for both the first stage with �

1

= 32 nm (a) and the second stage with �

2

= 10.8 nm (b). Resultant histograms for each stage (c,d) and the correlation between the energy
of each stage (e) after eliminating 20% of the shots (shown in grey) with the lowest second-stage
energy. Image reproduced from [4].

More recently, it has been possible to use the full electron beam energy (1.5 GeV) to
explore the lower wavelength range of the FEL-2 beamline. In Figure 3.9 example of single
shot spectra at 5.4 nm (h

1

⇥h
2

= 48) and 4.04 nm (h
1

⇥h
2

= 64) are reported [49]. Evidence
of fourth harmonic signal at 1.3 nm has also been observed [50]. An example is reported
in Fig. 3.10, where the spectrogram of the second and fourth harmonics of the second stage
radiator is shown. The radiator was tuned at a fundamental wavelength of 5.4 nm. In the
insert the spectrum of the third harmonic is shown, in arbitrary units, as a function of the
wavelength.

The results obtained on FEL-2 represent the first successful generation of high power
FEL radiation with excellent transverse properties and narrow spectral bandwidth in the
soft X-ray regime, using a seeded, two-stage harmonic upshift procedure in the fresh bunch
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Figure 3.9: Shot-to-shot FEL spectra at high photon energy.

Figure 3.10: Example of 1.3 nm spectrum. The insert shows the spectrum of the FEL at the 192nd

harmonic of the seed laser, as a function of wavelength. It corresponds to the fourth harmonic of
the second stage radiator. The spectrum has been obtained using the image in the back where the
signal of the second harmonic is also visible.
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scheme [4]. The installation of an additional radiator section in the first stage radiator,
foreseen by the end of 2015, will improve the intensity stability of the FEL. Nevertheless
user experiments have already being performed using the FEL-2 radiation and external users
runs will begin in the first quarter of 2016.

3.4 SASE at FERMI

Although the FERMI facility is based, designed and optimized for the seeding HGHG
scheme, nevertheless SASE operations have been demonstrated [51]. In particular, the first
experimental demonstration of enhancement of self-amplified spontaneous emission has been
obtained via usage of an optical klystron scheme. Powerful radiation has been produced in
the extreme ultraviolet range, with an intensity few order of magnitude larger than in pure
SASE mode, and the data have been used to benchmark an existing theoretical model [52].

SASE optical klystron

A possibility to reduce the overall saturation length in a SASE amplifier consists in im-
plementing the optical klystron concept also on these kinds of light-sources. Theoretical
studies [52–56] have shown that the increase in density modulation induced by the optical
klystron dispersive section brings to a significant reduction of the total length of undulator
needed to reach saturation. The optical klystron performance in a high-gain FEL is strongly
influenced by the electron beam relative uncorrelated energy spread �, that has to be much
smaller than the FEL parameter ⇢. The 1-D approximate expression of the optical klystron
power gain G relative to the value in pure SASE mode can be expressed as [52]:

G ⇡ 1
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
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where �r = 2⇡/kr is the resonant wavelength, D = krR56

⇢ and R
56

is the strength of the
dispersive section. From Eq. (3.1) the maximum theoretical power gain factor Gmax occurs
when R

56

kr� = 1 and results to be:
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Notice that the prediction of Eq. (3.2) confirms that smaller uncorrelated energy spread in
the beam, the higher Gmax is expected to be.

Measurements of enhanced SASE

At FERMI the optical klystron setup can be obtained by properly tuning the modulator to
the same resonance of the radiators. The electron beam parameters used for the experiment
are summarized in Table 3.3.

FERMI has been designed to operate in HGHG seeded mode [28], as such the electron
bunch it uses has to satisfy stringent requirements concerning the slice energy spread, that
has to be be several times smaller than the ⇢ parameter [2].

In our experiment we tuned both modulator and radiator at 43 nm and, if the dispersive
section is turned o↵, we observed SASE emission of the order of few µJ. The radiator was
tuned in circular polarization to increase the FEL output energy per pulse taking advantage
of the better electron-photon coupling. By turning on the dispersive section and scanning
the R

56

in the range 0 to 300µm we measured the progressive increment of the FEL pulse
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Table 3.3: Summary of the electron beam parameters used during the experiment.

Parameter Value Unit
Beam energy 1.05 GeV
Peak Current 500 A
Slice energy spread 100 keV
Slice normalized emittance 1.0 mm mrad
Bunch length (RMS) 300 fs
Beam spot size at the radiator (RMS) 100 µm

energy associated to the optical klystron enhancement. As the optical klystron e�ciency
is influenced by the electron beam slice energy spread (see Eq. (3.2)), we also varied the
laser heater pulse energy, which changes the slice energy spread of the beam, see Chapter 4.
Figure 3.11 shows some relevant cases.

Figure 3.11: FEL output energy in optical klystron SASE regime at 43 nm versus the chicane
R

56

for di↵erent laser heater intensities. Solid lines correspond to the theoretical gain factor G

calculated using Eq. (3.1). Image reproduced from [51].

The R
56

value that maximizes the optical klystron e�ciency is called Ropt
56

. One can
observe that, for increasing values of the laser heater intensity, i.e. larger � of the beam, the
optical klystron gain decreases in e�ciency and Ropt

56

shifts towards lower values. Eventually
when the slice energy spread becomes too large the optical klystron has no contribution
anymore and Ropt

56

= 0.
Table 3.4 reports the values of Ropt

56

measured in the three cases plotted in Fig. 3.11 and
the relative slice energy spread (�) of the electron beam at the undulator as inferred by the
condition Ropt

56

kr� = 1. In all cases the condition � ⌧ ⇢ is still verified (⇢ = 1.7 · 10�3 in the
experiment).

The expected optical klystron gain G vs R
56

of Eq. (3.1) has been calculated for the
three cases and the results are compared in Fig. 3.11 (solid lines) with the measured optical
klystron enhancement.
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Table 3.4: Relative slice energy spread � calculated from the condition R

opt

56

k

r

� = 1 for di↵erent
laser heater configurations.

LH energy (µJ) � Ropt
56

(µm)
0.8 8.6 · 10�5 86
2.1 1.0 · 10�4 69
3.7 1.1 · 10�4 55

Actually, the 1-D theory makes the strong assumption that the energy spread has a
Gaussian distribution in a temporal slice and is constant along the electron bunch. However,
as we will see in Chapter 4, this is not the case for a real electron beam in which collective
e↵ects, e.g. microbunching instability, lead to a non uniform distribution of the time-sliced
energy spread. In our measurements, when the laser heater intensity is very low (blue
square data in Fig. 3.11), and the microbunching instability is not completely suppressed,
experimental data and 1-D theory expectations agree only qualitatively. Instead, when the
laser heater is strong enough (green diamond data), the microbunching instability is almost
suppressed and the experiment results are in good agreement with the 1-D theory.

In order to maximize the optical klystron FEL intensity it is necessary to find the best
compromise between microbunching instability suppression and small-induced slice energy
spread, thus a fine-tuning of the laser heater energy is required. In Fig. 3.12 a laser heater
intensity scan, while keeping constant R

56

at 80 µm, is reported. Notice also that the cases
previously considered for LH energy are reported on the same curve with the same markers
used in Fig. 3.11.

Figure 3.12: FEL intensity at 43 nm in optical klystron configuration with R

56

= 80µm versus
laser heater intensity. The three laser heater intensity cases are shown on the curve as blue (0.8
µJ), red (2.1 µJ) and green (3.7 µJ) markers respectively. Image reproduced from [51].

The optical klystron enhancement to SASE has been measured at other two wavelengths
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(32.4 nm and 20 nm). In Figure 3.13 the three cases are reported as a function of the
chicane R

56

. The intensities have been normalized to the pure SASE case (R
56

= 0). The
low e�ciency of the optical klystron at 20 nm is mainly due to the weak magnetic strength
of the FERMI modulator at this wavelength [1]. In fact despite the large tuning range of
the modulator, it has been designed to be resonant in the range from 200-300 nm, which
leads to a poor coupling in between the radiation and the electron beam at 20 nm.

λ = 20.0 nm

  λ = 32.4 nm

  λ = 43.0 nm

Figure 3.13: Optical SASE FEL relative enhancement through optical klystron at 43 nm, 32.4 nm
and 20 nm. The optimum R

opt

56

corresponding to the measured maximum gain is highlighted in the
plot for each wavelength case. Each data point is the statistical average over 20 consecutive shot-
to-shot FEL pulses with an error bar corresponding to their standard deviation. Image reproduced
from [51].

It is possible to compare the theoretical Gth
max and the experimental one from the data of

Figure 3.13, as the ratio between the pure SASE power and the maximum optical klystron
intensity. The obtained Gth

max is in agreement (within 10%) with the peak of the gain factor
measured in the experiment.

From the optimal condition R
56

optkr� = 1 one can see that it is further possible to
compute the value of the beam slice energy spread �. A summary of the obtained values for
the quantities of interest is reported in Tab. 3.5.

Table 3.5: The ⇢ parameter, the theoretical Gth

max

as foreseen by Eq. (3.2) and the optimum R

opt

56

for the FERMI optical klystron operating at 43 nm, 32.4 nm and 20 nm.

�r (nm) ⇢ � Gth
max R

56

opt

43 1.7 · 10�3 8.0 · 10�5 23 86
32.4 1.3 · 10�3 6.7 · 10�5 21 77
20 1.1 · 10�3 8.9 · 10�5 9.1 36

The optical klystron scheme has been also furthermore tested on FEL-2 line [4]. A fine
tuning of the di↵erent dispersive sections present allowed to strongly enhance the pure SASE
emission, obtaining intense photon pulses of about 100 µJ at 12 nm.

The optical klystron enhancement to the SASE process translates in a reduced number
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(a) (b)

Figure 3.14: (a) Comparison between the FEL gain curve measured in optical klystron SASE mode
for di↵erent dispersive section settings and in HGHG seeded mode. Each data point corresponds to
a undulator length (2.32 m). In the HGHG seeded FEL, we measured the output intensity also after
the modulator and the first radiator. (b) Singe-shot (thin lines) optical klystron FEL spectra when
all radiators are tuned (thin color lines). Black bold line shows the averaged spectrum over 20 shots
((RMS) bandwidth: 3.3 · 10�3). Image reproduced from [51].

of undulators needed to reach the FEL saturation. In order to evaluate the actual advantage
of this configuration, the FEL gain length has been calculated by measuring the exponential
growth of the FEL output versus the number of resonant radiators.

The exponential gain of the optical klystron SASE at 32.4 nm for three values of R
56

is reported in Fig. 3.14(a), also with a comparison with a measured gain curve obtained
in seeded mode. One can notice a relevant di↵erence in between the SASE and seeded
processes. In the latter case, as the bunching is induced by an external seed, a significant
emission of radiation is occurring in the first radiator (data at z=2.34 m). Instead, due to
SASE lethargy [31], the optical klystron emission reaches a detectable level only after the
second radiator. Also notice that, due to the enhanced energy spread due to the seeding
process, the SASE exponential gain is higher due to the smaller slice energy spread in the
beam.

The measured gain length Lg in SASE optical klystron is about 1.2 m, in very good
agreement with the numerical simulations results by genesis1.3 [57], and in addition it is
very similar to the expected Lg in pure SASE mode. Also from theory [52] it is expected
that the optical klystron does not change the SASE gain length. From the measurements
one can observe that increasing the R

56

up to the optimum value leads to an increase in the
FEL emission after the second radiator but it does not a↵ect the slope of the optical klystron
SASE gain curve, confirming that the gain length is independent from the R

56

setting. At
32.4 nm, assuming a pure SASE saturation length of ⇡ 20 Lg, the presence of the optical
klystron (R

56

= 77 µm (see Fig. 3.13)) would allow to reach SASE saturation saving about
15% of the total undulators length, with respect to standard SASE operation.

Figure 3.14 shows three consecutive FEL spectra acquired in the optical klystron SASE
configuration when all radiators are tuned at 32.4 nm. By averaging over a series of spectra
it results that the spectral bandwidth is ��/� = 3.3 · 10�3 ⇠ 2⇢.

In conclusion the optical klystron enhancement to SASE FEL has been experimentally
demonstrated at FERMI, providing XUV photons with intensity in the order of 100 µJ. The
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experiments have confirmed that the optical klystron FEL performance is strongly influenced
by the electron beam relative uncorrelated energy spread, that must be significantly smaller
than the FEL ⇢ parameter. The experimental results are in good agreement with the
prediction of 1-D theory when microbunching structures in the longitudinal phase space are
fully suppressed and the slice energy spread along the bunch could be considered uniform.
We have also demonstrated that a seeded HGHG FEL can be also operated e�ciently in
SASE mode by implementing the optical klystron scheme.

The experiments conducted at FERMI constitutes a proof-of-principle of the optical
klystron e�ciency in the X-UV regime and pave the way for its application in X-ray SASE
FELs.
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Chapter 4

Laser Heater

4.1 Introduction

LINAC-driven VUV and X-ray FELs require beams with high peak current, low transverse
emittances and small energy spread [1]. Unfortunately, these beams are susceptible to the
development of collective e↵ects that can spoil their brightness, degrading or even completely
suppressing the FEL emission process. One of the mentioned e↵ects is microbunching in-
stability (µBI), which leads to a broadband modulation of the electron beam energy and
(longitudinal) charge distribution [2–6].

4.1.1 Microbunching instability

The µBI is the result of an instability in the LINAC that amplify small modulations naturally
present in the electron beam at its generation, due to , e.g., non-uniformities in the cathode
where the electrons are generated. The initial electron-beam modulation can be amplified in
the downstream accelerator via impedance-mediated interaction with the surrounding of the
beam (LINAC elements) or via self-interaction processes, like the longitudinal space charge
(LSC) field [7]. The electrons in the bunch generate, due to Coulomb repulsion, a self field
which they interact. Usually electrons are ultra-relativistic, so the interaction of their self
field only changes the energy of the particles, rather than their relative position along the
bunch.

The LSC further energy modulates the particles of the beam, usually on the micron scale
(micro-bunching). Energy modulation can be transformed in density modulation, when the
beam travels through a dispersive region, like a magnetic compressor chicane. This can
further increase the LSC field acting on the particles with positive (and large) gain of the
modulation amplitude. A further contribution to the amplitude of energy modulation may
come from coherent synchrotron radiation emission (CSR) in bending magnets. Beams with
high brightness are particularly susceptible to modulation e↵ects due to the dependence of
CSR and µBI on bunch length and peak current.

The µBI can be characterized by the gain factor G, defined as the ratio between the
final and initial modulation amplitude, or, equivalently, as the ratio between the initial and
final bunching fraction. Typical values of the µBI gain for FEL sources based on LINAC
accelerators can be as high as 105 [4, 8], so even an almost immeasurable initial modulation
can develop in an extremely strong micro bunched beam. An example of µBI gain curve for
the FERMI LINAC is reported in Figure 4.1.
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The final longitudinal phase space (LPS) of a microbunched beam can therefore exhibit
both density and energy modulations on the multi to sub-micron scale. Non-uniformities
present in the electron beam can significantly impact the degree of coherence and output
power of an FEL in general and of a seeded FEL in particular as they influence the pulse
properties which would be changing on the same scale. The modulation scale depends
on the Fourier transform of the charge distribution of the beam and it is usually in the
µm wavelength scale [2, 7]. Short-wavelength modulations cause an increase in the “slice”
energy spread of the beam e↵ectively decreasing the overall FEL power. Long-wavelength
modulations can instead locally change the electron beam energy and thus they can modify
the resonant FEL wavelength.

4.1.2 Landau damping and laser heating

Beams with small emittances and small energy spread are susceptible to instability develop-
ment because they lack the uncorrelated dispersion of particles trajectories inside a magnetic
compressor which is responsible of the smearing of any modulation present in the longitudi-
nal phase space up to that point. A large enough uncorrelated energy spread and transverse
geometric emittance can therefore induce, respectively, longitudinal [7, 9] and transverse
Landau damping [4].

To illustrate the principle, consider the electron path length di↵erence in a dipole magnet
of length s and bending radius r, to the first order in the initial particle coordinates (position
and divergence) u

0

, u0
0
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0

[10]:
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Here ✓ is the bending angle, C(s) and S(s) are the principal trajectories [11], ⌘ is the
energy dispersion function, ⌘0 its first derivative with respect to the curvilinear longitudinal
coordinate s [12]. Eq. (4.1) is valid in the small angle approximation (✓ << 1).

Eq. (4.1) is composed of three terms: the first two provide transverse Landau damp-
ing [13] as they depend on the position and divergence, while the last term is energy-
dependent and provides longitudinal Landau damping of the microbunching-induced mod-
ulations. If one considers a monochromatic beam (�

0

= 0) with finite emittance ✏
0

, the
(RMS) value of the path length di↵erence in Eq. (4.1) results in:
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where ↵, � and � are the Twiss functions of the electron beam [12].
When the longitudinal Landau damping is considered, one can write the gainG (bunching

ratio) of the µBI in the presence of a single compression chicane [2, 4] as a function of the
wavenumber k:
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with C the compression factor, I the peak current of the beam, IA the Alfven current, ��,0
the uncorrelated energy spread before compression, ��(k) being the energy modulation at
the wavenumber k. An example of the µBI gain curve, computed in the linear approximation
with Eq. (4.3) is reported in Figure 4.1.

Figure 4.1: Gain function for the µBI at the end of the FERMI LINAC, as a function of the
modulation wavelength. Image curtesy of E. Roussel.

In order to control the µBI gain via longitudinal Landau damping in a LINAC-based
light source, the use of a “laser heater” (LH) device has been proposed [2] and successfully
implemented [5, 14]. The working principle relies on a controlled increase of the uncorrelated
energy spread of the beam in the low-energy section of the machine, before the instability
has a chance to significantly build up. The increase of the energy spread of the beam, from
the typical ⇠1 keV (RMS) level at the injector level to ⇠10 keV (RMS) suppresses the
µBI [4], as one can see from the dumping exponential in Eq. (4.3).

The (controlled) increase of the energy spread is obtained through the interaction of
the electron beam with an external laser, usually in the infrared wavelength range. The
light-electron interaction is assisted by the magnetic field generated by a short undulator.
As a result of the interaction the electron beam becomes energy modulated on the laser
wavelength scale. The amount of “heating”, i.e. the amplitude of the modulation, can be
tuned by changing the laser power. The modulation should intuitively develop microbuncing
instead of curing it, but the LH undulator is cleverly located at the center of a small magnetic
chicane. As the beam travels through the second half of such a chicane the modulation is
washed out due to the electrons’ path length di↵erence [1].

The smearing condition of the chicane [4] can be expressed as:

|R
51

�x|, |R52

�x0 | >> �c =
�L
2⇡

, (4.4)

where R
51

, R
52

are the elements of the R matrix [12] which correlate the transverse
variables x, x0 and longitudinal position, �x, �x0 are respectively the (RMS) electron beam
size and divergence, �c is the critical wavelength below which the smearing is e↵ective and
�L is the wavelength of the laser interacting with the electrons.

While the LH has been proven to suppress the µBI, it nevertheless increases the overall
energy spread of the e-beam, decreasing the beam brightness. An alternative proposed
approach to cope with the µBI uses RF deflecting cavities up and downstream of a magnetic
compressor [15]. The approach in this case is to induce a reversible local energy spread
increase in between the two RF deflectors in order to suppress the conversion of the energy
modulation into density modulation, which could happen in the magnetic compressor. The
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tight tolerances in the RF stability and higher cost of the device if compared to the LH,
represent the main drawbacks of the scheme. To date, most of existing and future FELs
foresee the use of a laser heater [1].

4.1.3 Energy spread and laser heating

The LH interaction can be described as follows. Suppose a fundamental Gaussian mode laser
which co-propagates together with a (transversally) round electron beam inside an undulator
characterized by a length Lu, strength parameter K and periodicity �u. The undulator is
supposed to be shorter compared to both the Rayleigh length ZR of the laser and the beta
functions �x,y of the electrons which have an energy �

0

mc2. The laser wavelength �L satisfies
the resonant condition given by �L = �u(1 + K2/2)/(2�2

0

). The amplitude of the energy
modulation induced by the laser-electron interaction, neglecting small changes in laser and
electron beam sizes, can be expressed as follows [4]:
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, PL is the peak laser power, P
0

= IAmc2/e ' 8.9 GW, J
0,1 are

the Bessel functions, r is the radial coordinate and �L the (RMS) laser spot size in the
undulator.

The electron distribution, assumed initially Gaussian both in energy and transverse
coordinates, is modified by the laser-electron interaction as
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where z is the longitudinal coordinate along the bunch, z > 0 being the bunch head. By
integration of Eq. (4.6) in z and r one can obtain the modified energy distribution of the
electron beam.
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Finally, it is also possible (and useful) to explicitly compute the energy spread dependence

of the electron beam upon the laser power PL as [5]:
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where the explicit dependence of the laser spot size along the undulator is considered.
In Figure 4.2 the energy distribution after the laser heater is reported for two di↵erent

conditions of the electron and laser spot sizes. The blue line corresponds to the case �L � �x,
i.e. when the laser spot size is much larger than the electron beam size, while the red curve
corresponds to the case �L ⇡ �x, i.e. when the laser spot size is matched to the e-beam size.

Using a larger laser spot size may be useful to establish the initial laser-electron inter-
action, but the resulting energy profile shows a double-horn distribution which does not
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Figure 4.2: Electron energy distribution after the laser heater for a large laser spot (blue solid
curve) and for a matched laser spot (red dashed curve). Image reproduced from [4].

contribute much to suppress the µBI. The two sharp spikes at ��
0

⇡ ±��L(0) act like two
separate cold beams (they have a small energy spread) and are therefore subject to develop
the instability as the original beam. If instead the laser and electron spot sizes are compara-
ble the modulation amplitude experienced by the electrons has a strong radial dependence.
The o↵-axis electrons experience smaller modulation as the laser field is smaller than the
on-axis ones. The resulting heating is more uniform in terms of the energy spread, leading
to a distribution which resembles a Gaussian one, that induces a more e↵ective Landau
damping [4]. Notice that, while the energy distribution for the matched case resembles a
Gaussian curve, it is not exactly one. In the following we will see that this discrepancy has
an impact on the performance of the FEL. Recently [16] it has been proposed to use di↵erent
laser transverse modes in order to achieve an exact Gaussian energy distribution.

Although only a perfect transverse alignment between the laser and the electron beams
has been considered in the above derivation, the resulting energy profile does not deviate
significantly for a relative o↵set that is on the order of the (RMS) beam size.

4.2 FERMI laser heater

Due to the above mentioned concerns regarding uncontrolled µBI growth, a LH system was
installed at the end of the FERMI injector, where the e-beam energy is approximately 100
MeV [17, 18]. It is located in an acceleration-free beamline upstream the first magnetic
compressor chicane (BC1 in Figure 3.1).

4.2.1 Layout

The FERMI LH consists of a short, planar undulator located in a magnetic chicane where
an external infrared laser pulse is superimposed temporally and spatially on the electron
beam. The laser-electrons interaction within the undulator produces an energy modulation
on a longitudinal scale length corresponding to the laser wavelength, which in the case of
FERMI is 783 nm. As mentioned above, the second half of the chicane smears the energy
modulation in time, leaving the beam with a larger incoherent energy spread than at the LH
entrance. Figure 4.3 shows the trajectory of the electron and laser beams in the LH chicane,
as well as the magnets (dipole) and the available diagnostics, namely screens and beam
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position monitors (BPM). In Table 4.1 the main FERMI LH parameters are summarized.
A review of the commissioning phase of the device is reported in [14].

Figure 4.3: Schematic representation of the LH setup implemented at FERMI. Image reproduced
from [14].

Table 4.1: FERMI LH parameters.

Parameter Symbol Value Units
Undulator period �u 40 mm
Number of periods Nu 12
Undulator strength K 0.8 - 1.17
Laser wavelength �L 783 nm
Laser pulse duration �tL 8-15 ps
Laser energy per pulse EL < 80 µJ
Laser spot size 130-220 �L µm
e-beam spot size �x 100 µm
Horizontal o↵set in the chicane 30 mm
Bending angle ✓ 3.5 deg

The laser pulse inducing the heating e↵ect is a small fraction of the Ti:Sa laser [19]
used in the photo injector system [20]. The LH pulse is transported to an optical table
in the LINAC tunnel where it can be manipulated via remotely controlled optics. The
pulse temporal duration can be adjusted within the range 8-15 ps via a grating stretcher.
The latter is important because the FERMI injector can be optimized with di↵erent electron
bunch lengths (temporal duration), so similarly di↵erent LH laser pulse lengths are needed in
order to accommodate all the possible e-beam longitudinal durations. The available energy
per pulse can be as high as 50 µJ at the center of the LH undulator, corresponding to a
laser peak power of 20-50 MW (for the di↵erent pulse durations). According to theory [4],
the available power level can induce up to ⇠70 keV of energy spread (RMS) on the electron
beam. The nominal value of beam heating required by FEL operation with optimal µBI
suppression is in the range of 10 keV (RMS) [6]. In Figure 4.4 the energy spread added
to the electron beam by the LH interaction is reported as a function of the LH laser pulse
energy. It has been computed via Eq. (4.8) and the parameters of Table 4.1.

The LH laser pulse energy is finely controlled via a remotely controlled polarimeter,
with minimum energy of ⇠0.25 µJ. While the initial phase of the LH commissioning was
carried out at full laser power in order to account for possible misalignment and to obtain
a stronger signal of the induced heating, to date the maximum energy has been reduced to
⇠50 µJ per pulse. A separate shutter can completely inhibit the laser pulse propagation to
the undulator, which will be referred as “LH o↵” operation.
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Figure 4.4: LH induced energy spread as a function of the LH laser pulse energy.

The undulator is a 40 mm period, variable gap device with 12 periods. The gap can
be remotely varied in order to change the resonant condition to match the external laser
wavelength for di↵erent e-beam energies, which are typically in the range 95-120 MeV.
The relative energy bandwidth has been estimated to be ⇠4%, with an error in the gap-K
strength calibration of the order of 0.3%. The nearby horizontal electron spectrometer (LH
spectrometer) allows measurement of the electron beam energy with a relative accuracy
better than 1%.

The diagnostics available at the LH chicane (see Fig. 4.3) include two scintillating mul-
tiscreen stations equipped with Chromox (Al

2

O
3

: Cr) targets located at each side of the
undulator, as well as a beam position monitor (BPM) for the electron-beam positioning. The
Chromox screens are capable of imaging both the laser and the electron beam and are used
to diagnose the spatial overlap the two beams. The laser-electron superposition is routinely
performed using three remotely controllable steering mirrors. Typical positioning accuracy
of the laser beam is in the sub 10 µm range tanks to piezo tip-tilt stage. The laser pointing
is kept stable using a feedback loop, which fixes the position of the virtual undulator focus,
imaged via a CCD changing the piezo motors. This ensures that the system is kept aligned
despite the possible presence of slow thermal drifts.

Figure 4.5 shows the laser and electron beam transverse profiles measured at the two
screens located at both ends of the undulator. The laser beam is focused to a symmetric
⇠220 µm (RMS) waist at the center of the undulator, while typical e-beam sizes at the same
position are ⇠130 µm (RMS). Since both the electron beam and the LH laser originate from
the same drive laser they have an intrinsic timing relation. A cursory temporal alignment
(within ⇠200 ps) is performed by looking at the signals coming from a photodiode for the
laser beam and from the BPM for the e-beam. The final temporal overlap (with fs-level
accuracy) is then adjusted empirically by scanning a remotely controlled (laser) delay line
while looking at the heating e↵ects on the e-beam. The typical signals used to verify the LH
operativity are either the FEL output power itself or the increase in the beam energy spread
at a diagnostic station. Another signature of the suppression of the µBI is the reduction of
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coherent optical transition radiation (COTR) [21, 22], see Appendix A, arising at diagnostic
screens, which was reported to be a direct consequence of microbunching suppression at
optical frequencies [5, 14, 23].

(a) Before the undulator (b) After the undulator

Figure 4.5: Superimposed laser (green) and electron (white) beams on the two Chromox screens
before 4.5(a) and after 4.5(b) the LH undulator. The two contours encircle 90% of the area for the
two beams. The horizontal and vertical profiles are also shown. The beam sizes are almost matched
in transverse size and exhibit a satisfactory superposition.

4.2.2 Longitudinal phase space and heating

The LPS of beam after laser-electron interaction can be imaged via a vertical RF deflector
coupled with to a horizontal bending magnet spectrometer (see Appendix A for further
details).

(a) LPS with LH optimized (b) LPS with large LH pulse energy

Figure 4.6: LPS reconstruction of the e-beam using a RF deflector coupled to an electron spec-
trometer for the case LH pulse energy 0.25 µJ (left) and 18.3 µJ (right).

An example of the LPS of the electron beam is reported in Figure 4.6 for reduced LH
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pulse energy (0.25 µJ, Fig. 4.6(a)) and for larger laser pulse energy (18 µJ, Fig. 4.6(b)). The
beam head is located on the top of the figures (smaller times).

Slice energy spread

Measuring the LPS enable us to evaluate the energy spread on a small slice along the electron
beam, which corresponds to the portion of beam which is responsible of the FEL process.
The evolution of the slice energy spread as a function of the laser pulse energy is reported
in Figure 4.7. A red cross, corresponding to the measured slice energy spread when the LH
is o↵, is also reported.

Figure 4.7: Measured (RMS) slice energy spread at the LINAC end as a function of the LH laser
pulse energy. The slice energy spread when the LH is o↵ is also reported (red cross). Notice that, by
increasing the energy spread via the LH interaction, the final beam energy spread has a minimum,
corresponding to the suppression of the µBI, at ⇠ 0.5 µJ laser pulse energy.

While the (RMS) energy spread introduced by the LH in the electron beam is always
increasing with the LH laser pulse energy (see Fig. 4.4), the final (RMS) slice energy spread
of the beam shows a minimum at ⇠ 0.5 µJ laser pulse energy. A slight increase in the
initial energy spread of the electron beam, < 5 keV induced by the LH, lead to an e�cient
Landau damping of the µBI gain and a reduced energy spread at the LINAC end. After
the minimum the slice energy spread becomes larger and larger as the laser pulse energy is
increased.

4.2.3 Microbunching Instability suppression

In this section the focus will be on the e↵ects of LH on the electron beam dynamics down-
stream the first bunch compressor (BC1) when only one bunch compressor is active, which
corresponds to the usual machine setup for FERMI. Data presented here are relative to a
2.8 ps (RMS) long (at the gun exit), 700 pC charge electron beam that experiences a com-
pression C ⇠ 10. Clear evidence of µBI arises when the LH is o↵ and when the compression
factor C exceed 3. The peak current after compression is ⇠ 550 A.
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A clear indication of the presence of a strong µBI modulation in the FERMI electron
beam is the evidence of COTR radiation. The COTR is a coherent radiation emitted when
the beam passed through OTR screens [23].

Figure 4.8 shows the transverse beam spot imaged on the OTR station located just
downstream of the first bunch compressor in the LH on and o↵ cases. This screen is routinely
used for diagnostic purposes and is of paramount importance for keeping the e-beam optics
during compression under control. When the LH is switched o↵ (Fig. 4.8(a)) the beam spot
is contaminated by COTR, its sizes are larger than the “real” beam, showing also significant
intensity and shape fluctuations together with phantom beams. Any measure made in this
configuration is then highly unreliable and without the LH a beam size reconstruction would
be impossible.

(a) LH OFF (b) LH ON

Figure 4.8: Transverse electron beam profile imaged on the OTR station located just downstream
of the first bunch compressor, in the case LH o↵ (left) and on (right). The evidence of COTR
contamination is represented by the di↵erent apparent beam sizes measured in the two cases.

Figure 4.9 shows the amplitude of the integrated OTR signal as a function of the LH
laser pulse energy measured on a screen located at just after the bunch compressor (see
Fig. 4.9(a)) and at the LINAC end (see Fig. 4.9(b)).

The OTR integrated intensity decays as the LH heating is increased, approaching an
asymptotic level when the LH laser energy per pulse exceeds the⇠ 2.5 µJ level, corresponding
to an increase of the beam energy spread of ⇠ 20 keV induced by the LH interaction.
The (asymptotic) value of the intensity corresponds to the incoherent OTR level measured
upstream the bunch compressor. Note that in the above data the suppression of the COTR
emission happens for modulation wavelengths in the range between 0.2 µm and 0.9 µm,
corresponding to the operation range of the CCD camera used for the measurements.

The successful suppression of the COTR along the LINAC allows the use of the OTR
screens for diagnostic purposes also after beam compression. Characterized by an improved
spatial resolution (⇠ 35 µm) if compared to YAG screens (⇠ 80 µm), they allows for a better
reconstruction of the electron beam transverse dimensions, e.g., during the measurement of
the Twiss parameters for matching [24].

This is further demonstrated by looking at the (RMS) transverse beam sizes at the OTR
screen, e.g. just downstream of the bunch compressor as in the case reported in Fig. 4.10,
where the beam (RMS) horizontal and vertical sizes are shown as a function of the LH
laser pulse energy. When instead the LH is turned on (Fig. 4.8(b)) with significant heating
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(a) COTR intensity after BC01 (b) COTR intensity at LINAC end

Figure 4.9: COTR analysis at an OTR screens downstream the bunch compressor. The intensities
of the radiation are reported as a function of the LH laser pulse energy, and correspond to a screen
just downstream the bunch compressor and at the LINAC end. Notice the decay of the intensity
at the screen as the LH laser energy increase, a clear indication of the suppression of the µBI
instability-induced modulations present in the beam.

the measured transverse sizes are smaller and also essentially constant on a shot-to-shot
basis. For low heating values the beam size is contaminated by COTR, while the measured
dimensions decrease as the heating increases, reaching an asymptotic value if the LH added
energy spread overcomes the 8 keV level.

Figure 4.10: Transverse electron beam dimensions downstream BC01 as a function of the LH
laser pulse energy. For the particular machine configuration the e↵ect was larger in the horizontal
direction, see Fig. 4.8, with appearance of COTR-related structures mainly in the horizontal plane.
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4.3 LH impact on FEL

As already pointed out above, the LH-induced energy spread distribution does not have a
Gaussian-like shape and its shape will depend upon the transverse dimensions and overlap
of the laser and electron beams inside the LH undulator [5]. If the laser field is transver-
sally uniform (i.e., very large laser size), the slice energy spread of the beam will exhibit a
“double horned” profile (cfr. Figure 4.2) with separation depending on specific undulator
parameters [25] and laser intensity, while the most desirable profile for µBI suppression is
obtained for matched spot sizes [4].

The control of the total energy spread and its distribution at the entrance to an FEL
undulator are critical factors for the successful operation of seeded high gain FELs which rely
on harmonic upshift schemes to access wavelengths much shorter than the seed wavelength
�S [26]. In the case of high gain harmonic generation (HGHG) FELs [27], nearly all analyses
to date presumed a Gaussian distribution for the e-beam energy spread. This hypothesis
lead to an exponential suppression of FEL gain if the harmonic number corresponding to
the FEL emission increases, de-factor limiting the shortest wavelengths possible for an FEL
based on the HGHG setup.

As a reminder, the HGHG FEL scheme relies on the interaction of an external seed laser
with a relativistic electron beam in a short undulator (the “modulator”). The interaction
produces an energy modulation on the e-beam at the seed laser wavelength and that becomes
a density modulation (bunching) when the electron bunch passes through a short chromatic
dispersive section. The bunching contains strong components at higher harmonics of the
seed wavelength initiates the FEL process when the beam enters a long undulator (the
“radiator”). The resulting coherent emission is further amplified through the normal FEL
process, producing short wavelength output pulses characterized by excellent transverse and
longitudinal coherence [28–30].

According to [27] the bunching fraction at the exit of the dispersive section can be
expressed as:

bm = exp
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is the strength of the dispersive
section, � = �S/m is the emitted radiation wavelength, �
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the electron beam Lorentz factor,
��S is the seed laser-induced energy modulation amplitude, and Jm is the mth order Bessel
function. Eq. (4.9) is only valid in the hypothesis that the seed laser intensity is constant
along the modulator, its radius �r is much greater than that of the electron beam �x,
and more importantly, that the (incoherent) energy spread of the electron beam follows a
Gaussian distribution with (RMS) �� .

The limits of the HGHG scheme mentioned above can be well understood by analyzing
Eq. (4.9). According to it, the bunching at harmonic m is significant only if ��S � m�� .
However, in order to have an e↵ective FEL gain in the radiator, ��S/�0 must not overcome
the FEL parameter ⇢ ⇠ 10�3 [31]. These two conditions are competing so only a tradeo↵
is possible, which can be summarized in a requirement on the normalized energy spread
��/�0  ⇢/m. The result e↵ectively limits the possible maximum harmonic number, i.e.,
the minimum wavelength reachable, at which significant FEL radiation can be emitted using
the scheme. In the case of FERMI m  8 if a (typical) 1.2-GeV beam energy with (RMS)
energy spread of 150 keV is considered.

If instead a non-Gaussian energy spread, like the one generated at LH, is considered,
according to [4], Eq. (4.9) should be modified as:
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bm = exp
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where C ⇠ 10 is compression factor of the beam, �H is the beam’s slice energy spread
entering the LH (presumed Gaussian), ��H � �H is the energy modulation induced by
the LH, and SH is a hypergeometric function (for the complete derivation and the details,
see [4]).

Equation (4.10) makes two important predictions. First, the energy spread measure
relevant to the exponential suppression term is the (compressed) slice energy spread at
the LH, whose typical value is C�H ⇡ 30 to 50 keV, rather than the much larger, overall
measured energy spread at LINAC exit reported above (100 to 300 keV). Second, for usual
operations case (�L ⇡ 2�x) as at FERMI, the amplitude of the harmonic bunching at
radiator entrance will oscillate as the LH laser power is increased, decaying more slowly than
an exponential. However, between the LH and the modulator that initiates the FEL process,
the electron beam undergoes acceleration and longitudinal manipulation (compression), so
a smearing of the energy distribution present at the LH is expected and the final energy
spread has been thought to be Gaussian. In the following we will demonstrate that this
presumption is in fact far too pessimistic and much of the local, non-Gaussian structure
induced at LH is transported along the accelerator up to the FEL. Importantly, we are
going to show that the predictions of Eq. (4.10) are supported by the experimental data.

Table 4.2: Measured electron beam, laser and undulator parameters used in the experiment. For
the FEL undulators, the first number refers to the modulator, the second to the radiator.

Parameter at LH at FEL

e�
b
ea
m

Charge 500 pC 500 pC
Energy 95 MeV 1.2 GeV
Slice energy spread (RMS) 5 keV 100-300 keV
Bunch length (RMS) 3 ps 300 fs
Size (at undulator, (RMS)) 100 µm 100 µm

L
as
er

Wavelength 783 nm 260 nm
Pulse duration (RMS) 8 ps 80 fs
Energy < 70 µJ ⇠ 50 µJ
Size (at undulator; (RMS)) 150 µm 300 µm

U
n
d
.

Period 40 mm 100 mm / 55 mm
Number of periods 12 30 / 6 x 42
Strength parameter (K) 0.8-1.17 3.8-4.1 / 0.6-2.8
Dispersion (D) — 3.5-7

Using the same setup presented before (see Appendix A) the electron energy distribution
at the LINAC end was measured, with parameters reported in Table 4.2.

Figure 4.11(a) shows the measured LPS for a narrow time slice near the temporal center
of the electron beam as a function of the LH pulse energy. Note that, although at zero LH
heating the energy distribution strongly resembles a Gaussian curve in shape, as the heating
is increased the energy distribution widens and flattens out in the center. Figure 4.11(b)
shows details of the energy distribution for the case where the LH energy was 42 µJ. As shown
by the curves of Fig. 4.11(c), it is apparent that the measured energy distributions with LH
on does not follow a Gaussian curve, but instead exhibit a much flatter central region and
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Figure 4.11: (a) Measured slice energy spectrum of the e-beam in the diagnostic station at the
LINAC end as a function of the LH laser pulse energy. (b) Electron beam LPS reconstruction
for an LH laser pulse energy of 42 µJ. (c) Projected energy distribution of a central slice (dashed
region in (b)) together with a Gaussian fit with the same second moment and integral area. Image
reproduced from [26].
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a fasted drop in the tails. The di↵erent shape of the energy distribution in between small
and large heating is only due to the limited resolution of the measurement setup, estimated
to be ⇠ 70 keV: if the (RMS) energy spread is lower than the resolution, the measured
energy distribution is the convolution with a Gaussian curve. In fact, both theory [4] and
numerical simulations (see Figure 4.12) predict that the shape of the energy distribution is
independent on the LH laser power and only dependent on the ratio in between the laser
and the electron beam transverse sizes.
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Figure 4.12: (a) Simulated slice energy spectrum just after LH, as a function of the LH laser
power. (b) Same, but all the slices are normalized to have the same (RMS) width. The shape of the
energy distribution at LH output is independent of the laser power. Simulations performed using
genesis1.3 numerical code [32].

In the following, we will focus on the dependence of FEL output on the laser heating.
As previously demonstrated at LCLS [5], a very small heating is enough to suppress mi-
crobunching instability growth resulting in a significant improvement in FEL performance
at FERMI [33].
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Figure 4.13: FEL output energy per pulse at � = 32.5 nm (m = 8). The results show that optimized
laser heating nearly triples the FEL output relative to no heating. Image reproduced from [26].

Figure 4.13 shows the FEL output pulse energy at 32.5 nm wavelength as a function of
the LH laser energy per pulse. It is readily observable a threefold enhancement between
optimal LH power (0.6 µJ) and LH o↵ case. The small amount of LH heating is suppressing
µBI growth and minimizes the e↵ective energy spread of the beam entering the undulator.
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Figure 4.14: FEL output energy per pulse at (a) � = 32.5 nm (m = 8) and (b) � = 52 nm (m = 5)
as a function of LH laser energy over a larger energy range than Figure 4.13. The results show that
the FEL pulse energy oscillates for larger values of LH energy.

If instead the LH energy is increased beyond the optimum, up to 3 µJ, the FEL output
drops back to the LH-o↵ level. This is understood to be due to the increased energy spread
of the beam which is suppressing µBI, as well as dumping the FEL gain.

Surprisingly if one only considers predictions from Eq. (4.9), when the LH heating is
further increased an interesting FEL behaviour begins to occur as the output pulse energy
increases again, showing a series of slowly damped oscillations (see Fig. 4.14). The heating
levels at which the oscillations are happening are expected to be correlated to a strongly
suppressed FEL output due to the increased energy spread which should inhibit the FEL
gain if Eq. (4.9) is applied directly.

In order to compare the experimental results with theoretical predictions, the FEL was
operated with only three radiators in resonance to the desired harmonic (of the six available
undulators). In the 3-radiator configuration, cfr. Fig. 4.15, the FEL gain is small (note the
reduced output pulse energy with respect to Figure 4.14) and the output pulse energy is
(almost) proportional to the square of the bunching factor. This should allow a meaningful
comparison between the data and Eqs. (4.9) and (4.10). The results are reported in Fig. 4.15.
The measured FEL output energy at � = 32.5 nm (m = 8) as a function of the LH laser
pulse energy is shown, together with the theoretical predictions of Eqs. (4.9) and (4.10). The
evaluation was performed based on the laser and electron beam parameters of Table 4.2.
One can observe that the location of the maxima and minima, as well as the amplitude of
the measured oscillations are in excellent agreement with the predictions of Eq. (4.10) (filled
line in Fig. 4.15), which corresponds to a non-Gaussian energy spread distribution as the
one observed at the LINAC end. Note that the drop in FEL power happening at low LH
pulse energy is due to the unsuppressed µBI, which is not considered in either Eqs. (4.9)
or (4.10).

The dependence of the secondary maxima has been investigated as a function of some
of the parameters of Eq. (4.10), namely the harmonic number (see Figure 4.16(a)), the seed
power and the dispersion (see Figure 4.16(b)).

The control of the energy spread shape, in our case via the manipulation of the LH
properties, o↵ers an exciting possibility to extend the tuning range of a single stage HGHG
FEL down to wavelengths associated with very high harmonics, e.g., for a 260-nm seed laser,
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Figure 4.15: Comparison between experimental data (dots) (� = 32.5 nm, m = 8) and theoretical
predictions of the FEL intensity as a function of the LH pulse energy. In order to reduce the
FEL gain and being able to directly apply Eq. (4.9) and (4.10), only three radiators were used.
This condition corresponds to an FEL pulse energy which is almost proportional to the square
of the bunching b
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. The dashed curve shows the standard prediction of Eq. (4.9) for b
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that
assumes a Gaussian energy spread at undulator entrance. The filled curve represents the prediction
of Eq. (4.10) for b
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m

and includes non-Gaussian LH heating e↵ects. Image reproduced from [26].
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Figure 4.16: Dependence of the modulation e↵ect on the harmonic number (a) and seed power/dis-
persion (b). The data have been normalized to maxima for easier comparison.
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harmonics m � 25 and wavelengths smaller than 10 nm [26]. The mentioned wavelengths
had been thought to be out of reach for a single stage HGHG based device like FERMI FEL-
1 if the electron beam energy had a Gaussian distribution with �� ⇠ 150 keV. To further
demonstrate this possibility a series of numerical FEL simulations have been performed,
using the ginger code [34]. The simulations were performed considering FEL-1 parameters
and e-beams with both Gaussian and LH induced energy distributions. In each case for
fair comparison the (RMS) of the distribution was the same, corresponding to and energy
spread �� = 150 keV. This value corresponds to the measured one for the LH settings that
maximizes the FEL power (LH ' 1 µJ).

Figure 4.17: Simulation of HGHG emitted power as a function of the harmonic number, in the
case of a Gaussian slice energy spread distribution (dots) and the measured distribution induced by
LH (squares). Both distribution have the same (RMS) �

�

and for each point, the FEL was optimized
in terms of the seed laser power and dispersion. The intensity ratio is also reported (dashed line).
Simulations performed using ginger numerical code. Image reproduced from [26].

The results of the simulations are reported in Fig. 4.17. Up to � = 26 nm (m = 10)
there seems not to be a significant di↵erence for the emitted FEL power on the two electron
energy distributions. Instead, as expected from Eq. (4.10) at shorter wavelengths the non-
Gaussian distribution is capable of much higher output powers. At � = 10 nm (m = 26)
the ratio between the two cases is more than a factor 30. The predicted FEL power for the
Gaussian energy distribution is less than 1 MW, while it raises to about 30 MW if the LH-
induced energy spread distribution is considered. In our understanding, similar bunching
level can be achieved in both cases, but if one considers the non-Gaussian energy spread the
required seed laser power is lower. The lower seed laser induces a reduced energy spread to
the electron beam with respect to the Gaussian case, thus enhancing the FEL gain [35] and
increasing the final FEL power emitted in the radiator.

This is a tantalizing result as it suggests that it would be possible to cover a much larger
tuning range with a single stage HGHG configuration than what was initially predicted
by controlling (or even manipulating) details of the energy spread distribution induced by
the laser heater. This would allow to reach much shorter wavelengths without the need of
more complicated seeding schemes such as echo-enabled harmonic generation or a two-stage
HGHG [36, 37]. The mentioned situation might be already the case at FERMI FEL-1 where,
despite a lower wavelength limit of 20 nm experiments has been successfully carried out at
10 nm and shorter wavelengths [38]. The experiment inspired also a simulation study by
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the SD-UV FEL group on the impact of the energy distribution shape for di↵erent seeding
schemes [39].

4.4 LH Beating

In the previous section the possibility of transporting the energy distribution generated
at LH down to the LINAC end was demonstrated. A natural extension is to look at the
conjugate variable of the energy that is the time. An additional modulation induced by the
LH may be sustained and amplified by the µBI along the LINAC up to the entrance of the
undulators and could be controlled. Such a modulation was in fact observed for the first
time at FERMI FEL-1. The process strongly resembles two-frequency mixing schemes [36,
40], with the key di↵erence that it is introduced at a very low energy along the LINAC. The
strategy requires a pulse shaping of the LH laser and can be easily turned on and o↵ for
transparent FEL operations.

The experiment was done using a 1.3 GeV, 700 pC beam, in single compression (C ⇠ 10)
and final peak current of ⇠650 A. The electron beam was modulated at the LH via the
interaction with a modulated laser pulse at a wavelength �B , longer than the LH laser
wavelength �LH . Note that the mentioned modulation is happening before the electron
bunch is compressed in the bunch compressor. The LH laser envelope induces an energy
spread modulation in the electron beam [41].

Time

chirp

Time

2 delayed
copies recombine

Time

Time
Time

𝜏

1/Tm∝𝜏

Figure 4.18: Schematic description of the chirped pulse beating technique used to produce a mod-
ulater LH laser pulse. Image curtesy of E. Roussel.

The modulated laser pulse is obtained via the chirped pulse beating technique [42],
schematically represented in Figure 4.18. The technique is based on the interference between
two copies of the same chirped laser pulses which are delayed in time between each other. The
resulting pulse envelope is characterized by a quasi-sinusoidal modulation with a frequency
proportional to the delay ⌧ in between the two pulses.

The electric field for a laser pulse carrying a linear frequency chirp is:

E(t) = A(t) exp[i(!
0

t+ ⇡at2)] (4.11)

and therefore, the intensity of the modulated pulse can be expressed as:

I(t, ⌧) = |E(t) + E(t+ ⌧)|2

= A(t)2 +A(t+ ⌧)2 + 2A(t)A(t+ ⌧) cos(!
0

⌧ + 2⇡a⌧ t+ ⇡a⌧2) ,
(4.12)

where A(t) is the Gaussian envelope of the pulse, !
0

is the optical carrier frequency and
a = �c��/(�2

0

��) is the linear chirp coe�cient with �� the spectrum bandwidth, �
0

the
central wavelength of the spectrum and �� the di↵erence between the stretched and the
Fourier limited pulse duration. The induced beating frequency is a⌧ .
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(a) Measure (b) Theoretical reconstruction

Figure 4.19: Measured (top) and theoretical reconstruction (bottom) of the LH laser pulse accord-
ing to the chirped pulse beating. According to the intensity ratio of the two interacting pulses, a
significant modulation is only present in between the two pulses (delay of 30 to 45 ps).

In the experiment the intensity ratio of the two laser pulses used for the chirped pulse
beating generation was 1 to 10 and time delay (fixed) was 28.2 ps (Fig. 4.19). The linear chirp
coe�cient has been measured to be a = �3.26⇥1023 s�2, which leads to a resulting envelope
LH pulse with a beating frequency of 9.2 THz, or conversely a modulation wavelength of
�B = 32.6 µm, see Figure 4.19.

(a) Inside the LH chicane (b) Outside the LH chicane

Figure 4.20: A simulated small slice in the LPS (longitudinal coordinate vs. energy) of the electron
beam inside the LH chicane (a) and just after the LH chicane (b). While inside the chicane both the
optical carrier wavelength (780 nm) and the beating wavelength (32.6 µm) are clearly visible, after
the chicane only the beating wavelength is still present. The optical wavelength is instead smeared
out by the chicane itself as expected by LH theory.

In Figure 4.20 a simulation of a small portion of the LPS of the electron beam is reported,
just after the LH interaction (4.20(a)) and at the exit of the LH chicane (4.20(b)). While
inside the chicane modulations at the optical carrier wavelength (780 nm) and the beating
wavelength (32.6 µm) are clearly visible, after the chicane only the beating wavelength is
still present, as an energy spread modulation. This is due to the smearing condition of
the chicane, which is described by Eq. (4.4). For the FERMI LH parameters, �c = 4 µm,
and therefore the “conventional” LH laser modulation (780 nm) is smeared out, while the
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modulation at the beating wavelength (32.6 µm) is una↵ected and can still be present in
the beam after the chicane.

Furthermore, due to the above mentioned intensity ratio, a significant modulation in
the laser intensity is only present in between the two laser pulses. By changing a remotely
controlled delay line along the laser path, one can switch between conventional LH operations
(LH delay line in the 50 to 60 ps range, see also Fig. 4.21(d)) and beating experiment (LH
delay line in the 30 to 45 ps range, see also Fig. 4.21(a)).

The electron energy distribution was measured in the diagnostic electron spectrometer
just after the compression chicane. The electron energy measurements highlight the presence
of a coherent modulation in the electron beam (Fig. 4.21(b,c)) when the electron beam over-
laps the laser beating region. When instead the electron beam is in the normal LH operation
mode, no energy modulation is present in the electron beam spectrum (Fig. 4.21(e,f)).

The linear energy chirp of the electron beam h, used for achieve magnetic bunch com-
pression, is a known and controllable parameter which can be expressed, in the linear ap-
proximation, as:

h =
1

E

dE

dz
=

EL1

kRF cos�

Ei + eV sin�
, (4.13)

where � the RF phase of the LINAC that induces the chirp, kRF the RF wavenumber,
Ei the beam energy at the entrance of the accelerating structures that induce the chirp and
EL1

the energy gain in such structures. In this experiment, the LINAC is adjusted for a
linear chirp h = �20.2 m�1 (see caption in Fig. 4.21 for parameters).

As already mentioned before (see Appendix A), when an electron beam passes through a
spectrometer the energy is mapped in the horizontal coordinate of the spectrometer screen.
If the beam has a significant linear energy chirp, i.e., there is a linear correlation between
energy and time, it is possible to access to the longitudinal properties of the beam itself. In
fact, when such a beam passes through an energy spectrometer its longitudinal coordinate,
due to the correlation, is mapped to the horizontal coordinate on the spectrometer screen.

By measuring the energy modulation period �E and the linear energy chirp h it is
then possible to reconstruct the longitudinal modulation wavelength �z according to �z =
|�E/(E ⇤ h)|. Using the experimental measured energy modulation period of 0.18 MeV
and the parameters reported in the caption of Fig. 4.21, it was possible to compute the
corresponding spatial modulation which resulted to be 32.4 µm. The value is in good
agreement with the calculated LH beating wavelength �B .

As seen in the previous sections, the LH interaction changes the value of the (RMS)
energy spread of the beam so, when a modulated laser is used the electron beam will exhibit a
modulation in the beam energy spread at the same scale of the laser beating (see Figure 4.20).
This means that, at the exit of the LH, the modulation on the electron beam is mainly in
energy spread one at the beating wavelength. Such a modulation can be amplified and
converted into a density one via the µBI gain process described before in the downstream
LINAC.

It is possible to verify if this gain mechanism is taking place. To do so the compression
factor has been increased keeping a constant energy chirp in the electron beam, while measur-
ing the growth of the modulation amplitude in the beam energy spectrum (see Fig. 4.22(a)).
Associate with µBI is the COTR that the electron beam produces on intercepting surfaces.
This can be used to show the presence of density modulation at a downstream diagnostic
screen. Figure 4.22(b) shows the COTR signal in the infrared spectral region as a function
of the LH laser energy. The measurement has been performed in a diagnostic station located
after the FEL undulators. In the normal use of the LH, i.e. without any frequency beating,
as already seen in the previous section the COTR emission is suppressed as the heating level
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Figure 4.21: Electron beam energy spectra in the spectrometer after the bunch compressor chicane
in case of energy spread modulation (a, b, c) and uniform heating (d, e, f). (a, d) Measured
laser heater pulse shape and sketched overlap position with the electron bunch. (b, e) Spectrometer
images (energy on the horizontal axis) (c, f) Electron beam energy spectra. When the electron bunch
is overlapped to the beating region of the laser heater, a strong modulation in the energy spectrum
is visible in (c). The parameters of the LINAC are: � = 117deg, k

RF

= 2⇡/0.1, E
i

= 98 MeV and
E

L1

= 188 MeV. Image reproduced from [43].
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increases (black line in Fig. 4.22(b)). Conversely, in the case of an induced energy spread
modulation, a strong increase of the COTR signal is observed as the amount of heating en-
ergy increases (red line in Fig. 4.22(b)). This is a clear evidence of the presence of a density
modulation in the beam. The COTR signal has been measured in the infrared domain and
not in the visible range, according to the expected modulation wavelength induced by the
LH beating. This also demonstrated that the modulation can be transported up to the FEL
and can be further be used to control the FEL emission process.
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Figure 4.22: Amplitude of the modulation as a function of the compression factor applied in the
magnetic chicane. (b) COTR signal at the end of the FEL-1 undulators versus the laser heater
intensity in case of an energy spread modulation (red) and a uniform heating (black). The COTR
signal in case of uniform heating is multiplied by a factor 100. The COTR signal is acquired using
a Germanium photodiode only sensitive in the 800 - 1800 nm wavelength range. Image reproduced
from [43].

As already demonstrated above, the LH is capable of suppressing the µBI gain and
to significantly increase the FEL performance with ⇠ 1 µJ pulse energy with a uniform
longitudinal heating. In this condition the “usual” seeded FEL emission exhibits a significant
shot-to-shot stability (⇠20%) with typical pulse energy of ⇠ 50 µJ at 27.35 nm (9th harmonic
of the seed laser). The spectrum is characterized by the presence of the expected seeded
single line with a (RMS) relative bandwidth of 0.69 ⇥ 10�3 and (RMS) central wavelength
stability of 0.71⇥ 10�3 (Fig. 4.23(a), black line). Instead, in the presence of the frequency
beating in the LH pulse, the FEL emission is not monochromatic anymore because when
a pre-modulated beam interacts with the seed laser it leads to the emission of multi-color
FEL pulses (Fig. 4.23(a), red line). Indeed, after the dispersive section the electron beam
will exhibit significant bunching at at wavenumber

k = nCkB +mkS , (4.14)

where n and m are positive or negative integers, kS is the seed laser wavenumber, kB is
the LH beating wavenumber and C the compression factor. Notice that CkB corresponds
to the final wavenumber of the modulation at the entrance of the modulator. In Fig. 4.23(a,
red line) indeed the FEL emission is composed of three colors: kn=0,m=9

= 9kS (i.e. 27.35
nm), kn=1,m=9

= 9kS + CkB (i.e. 27.22 nm) and kn=�1,m=9

= 9kS � CkB (i.e. 27.5 nm)
with a total intensity (⇠ 25 µJ) almost equally distributed among the three spectral lines.
While a significant amount of bunching can be present at all wavenumbers of Eq. (4.14),
only the ones that are inside the FEL amplification bandwidth can e↵ectively undergo the
FEL process and lase. In the case reported in Fig. 4.23(a) only the three visible lines satisfy
the bandwidth requirements, hence the FEL emission is a three color one. By properly
choosing the radiator resonance, i.e. the undulator parameter K, one can adapt the FEL
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amplification properties and select the frequency components to be amplified, i.e., change
m and n of Eq. (4.14) (Fig. 4.23(b)).

More interestingly, the spectral properties of each color in terms of bandwidth and the
central wavelength stability are preserved with respect to the single line case of Fig. 4.23(a,
black line).
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Figure 4.23: False color (a) FEL spectra in case of a uniform heating (black line) and in case of
the beating (red line). Shown spectra are average over 20 shots. (b) FEL emission spectra versus
radiator resonance in case of an energy spread modulation. Image reproduced from [43].

Eq. (4.14) also states that it is also possible to tune the final wavelength of the FEL lines
with m 6= 0 by acting either on the compression factor C or on the LH beating wavenumber
kB . In Figure 4.24 the shift of the modulation-induced peaks is reported as the compression
factor is increased. It is worth noticing that, since the LH modulation is induced prior
of compression, the final FEL output wavelength can be tuned changing the compression
factor. Such a possibility can be very useful for future FEL operations since it can provide
a tunable seeded FEL without the need of a complex tunable seed laser [44].

0.5 1.0 1.5 2.0 2.5x105

Pyro detector (arb. units)

27.1

27.2

27.3

27.4

27.5

27.6

W
a
v
e
le

n
g
th

 (
n
m

)

0.5 1.0 1.5 2.0 2.5x105

Pyro detector (arb. units)

0

2

4

6

8

10

C
o
m

p
re

ss
io

n
 f

a
ct

o
r

linear fit

up. sideband

low. sideband

(a) (b)

0 1.0

Figure 4.24: FEL spectrum versus compression factor. The false color scale (a) corresponds to
the spectral intensity of the two spectral components. (b) Central wavelengths of the two spectral
components. As the compression factor is changed the wavelength of the sideband is shifted. The
pyro detector signal (horizontal axis) is proportional to the compression factor. Image reproduced
from [43].

Di↵erently with other methods used to produce multi-color FEL pulses [45–53], with the
presented scheme the two wavelengths are temporally superposed as they are the result of
a coherent modulation of the FEL field phase. This opens the possibility of new kind of
experiments where the FEL radiation phase is controlled over a temporal scale of tens of
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femtosecond. From the accelerator physics point of view, the technique allows the possibility
of study the µBI gain by selectively excite a particular modulation wavelength without the
need of inducing a modulation at the injector. It can be also used to generate narrow band
tunable THz radiation at the TeraFERMI beamline [54], similarly as proposed in [55] or
mode-locked SASE radiation, similarly as proposed in [56].

4.5 Conclusions

The LH is a device capable of suppressing the µBI gain by inducing a controllable increase
in the energy spread of the electron beam. However the increase in the energy spread still
represents a decrease in the e-beam brightness, so the possibility of reversely induce it is a
very attractive one. The LH has been shown to be beneficial for the FEL performance in
both LCLS and FERMI and almost all future FEL projects foresee the presence of such a
device.

The measurements performed at FERMI are in excellent agreement with analytic pre-
dictions, as well as with numerical simulations. Optimal heating level are in the range 7-10
keV, depending on details of the e-beam as well as the compression scheme applied.

While the LH was thought to be device that “simply” increases the electron beam energy
spread, it was shown to be a source of extremely interesting, rich and surprising physics.
The Non-Gaussian energy spread distribution and the LH beating represent two examples
of the usage of the device beyond its initial scope, in particular for a seeded FEL.
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Chapter 5

FEL Polarization

As we have seen in Chapter 3 the two FEL lines of FERMI, FEL-1 [1] and FEL-2 [2], are
based on APPLE-II-type undulators [3, 4] that allow production of light with arbitrary po-
larization. In the following we report the first study of the polarization properties of FERMI
FEL obtained using three di↵erent and independent measurement setups. The results are
consistent with a degree of polarization >90% and are in agreement with numerical calcu-
lations. Moreover, we found that the optics along the photon transport from the radiators
exit to the experimental beamlines does not significantly a↵ect the FEL polarization prop-
erties. The measurements allowed a cross check of the results obtained with the di↵erent
instruments used and represent a key indication for users who require a known and control-
lable degree of polarization. In the following, we will also present results obtained using a
scheme [5] in which the light generated by undulators with orthogonal polarization states is
combined in order to generate FEL radiation with arbitrary polarization.

The possibility to select the light polarization is particularly attractive for those ex-
periments that explore the local symmetry of the sample under scrutiny, e.g., the lattice
geometry of a crystal, the chirality of a molecule, or the system’s magnetic moment.

Circularly polarized light in particular represents a critical tool to investigate the afore-
mentioned properties of matter. It is associated with angular-momentum selection rules,
resulting in di↵erent final states being accessible and di↵erent angular distribution, e.g.,
of photoelectrons [6–8]. The chirality of a system, usually derived from the geometry ar-
rangement of its constituents and typically present in biomolecules [9], can be probed using
circular dichroism which is also widely used to probe magnetic properties. In the latter
the polarization of light can be used to manipulate the magnetic state on fs timescale via
spin-orbit interactions [10]. X-rays holography of magnetic domains [11] requires circularly
polarized light to obtain high-resolution images and to study the time evolution of the
magnetic system of interest. As a final example, polarization of the incoming or outgoing
radiation can be directly related to the three-dimensional electron wave function through
electron tomography [12] and angular streaking [13, 14].

In synchrotron-based light sources, polarization control is achieved by using properly
designed undulators that force the relativistic beam into a wiggling trajectory [4, 15–17].
However these sources are limited to longer time-scales (of the order of 10s of ps or longer)
and low peak brightness.

While full polarization control is nowadays widespread in modern synchrotron radiation
facilities, this is not true for most operational and planned X-ray FELs [18–20], that are
usually operated with (fixed) linearly polarized undulators for reasons of reduced costs,
higher magnetic fields requirements and tight specifications of the magnetic field quality.
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The application of variable polarization undulators is therefore limited, at the time, to FEL
facilities based on shorter length undulators. Among those currently operational, FERMI
is the only one equipped with variable polarization undulators, see Chapter 3. LCLS has
recently commissioned a variable polarization undulator to be used at the end of the main
undulator line [21, 22] to obtain some polarization control of the output radiation. Also very
recently at SACLA, by means of specially designed diamond-crystal optics that can be used
in the hard x ray as a phase retarder, a high degree of circularly and vertically polarized
radiation has been measured at about 1 angstrom [23].

Over the past year, users at FERMI have already taken advantage of these unique ca-
pabilities, e.g., to study dichroic e↵ects via atomic photoionization [24] and to carry out
coherent imaging in ferromagnetic materials [25, 26].

5.1 The polarization of light

Let’s step back and recall what the polarization is. Polarization is a property of the waves
that describes the direction in which the oscillation takes place [27]. For an electromagnetic
wave, it is described by specifying the orientation of the electric field at a point of the space,
over one period of the oscillation. Consider the electric vector of a plane wave. This can be
written as

~E = ✏̂E exp[i(~k · ~r � !t)] , (5.1)

where ~k is the wave-vector, ! is the angular frequency of the wave, E is the amplitude of
the wave, ~r is the position vector and ✏̂ is a fixed direction. In this case, the electric field
is oriented along a specific direction and such a wave is said to be linearly polarized with
polarization vector ✏̂.

Consider now a reference system (xyz), like the one of Fig. 5.1. By combining two plane

waves, one can express the most general plane wave propagating in the direction ~k = k~z:

~E(~r, t) = (x̂Ex + ŷEy) exp[i(~k · ~r � !t)] , (5.2)

In this case the amplitudes Ex and Ey are complex numbers, allowing the possibility to have
a phase di↵erence between waves of di↵erent linear polarization.

Figure 5.1 showns some examples of the electric field vector evolution (continuous line) of
a wave propagating along the z direction. The dotted and dashed lines are the components
of the vector on the x and y directions. The bottom plane shows the shape traced out by the
electric vector, also called Lissajous figure, which is a description of the polarization state.

In Figure 5.1(a) the two components have the same phase, so the direction of the electric
vector is constant.

In Figure 5.1(c), the two components have exactly the same amplitude, but they are
ninety degrees out of phase. In this case one component is zero when the other component
is at maximum or minimum amplitude. In this special case the electric vector traces out a
circle in the (x, y) plane, so the polarization is called circular.

In Figure 5.1(b), the two components are not in phase, but the o↵set between them is
constant. This kind of polarization is called elliptical, because the electric vector traces out
an ellipse in the (x, y) plane. This can happen either if the amplitudes are di↵erent and the
phase mismatch is ninety degrees, or if they have equal amplitude, but the phase di↵erence
is not ninety degrees.

It is also customary, when the reflection optics is considered, to define a di↵erent coor-
dinate system based on the propagation direction and the incidence plane. A p-polarized
wave has the electric field parallel to this plane, while an s-polarized wave is normale to the
incidence plane.
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Figure 5.1: Description of the di↵erent polarizations and electric field vector evolution (continuous
line) of a wave propagating along the z direction. The dotted and dashed lines are the components
of the vector on the x and y directions. On the bottom plane, it is shown the shape traced out by
the electric vector, which is a description of the polarization state Images reproduced from [28].

5.2 The measurement of light polarization

Light polarization can be fully determined by measuring the so-called Stokes parameters [29].
Stokes parameters are defined as:

S
0

= h|Ex|2i+ h|Ey|2i = I(0�) + I(90�) ,

S
1

= h|Ex|2i � h|Ey|2i = I(0�)� I(90�) ,

S
2

= <hExEyi = I(45�)� I(135�) ,

S
3

= =hExEyi = IRHC � ILHC ,

(5.3)

where h. . .i indicates a mean on a long time interval, I(. . .) is the measured intensity on a
particular direction, IRHC and ILHC are the intensities of the circular components (right
and left) of the field. The total polarization fraction of the light, P , defined as

P =

p
S2

1

+ S2

2

+ S2

3

S
0

(5.4)

represents the fractional intensity of the light that is polarized.

While in the visible wavelength range polarization measurement is straightforward [30],
in the VUV spectral range the absorption of the materials represent a limiting factor and
no transmission optics can be used. This means that the polarization measurement is an
experiment in itself, as we will see in the following.
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5.2.1 The VUV-optical polarimeter

The VUV-optical polarimeter is an all-optical device based on a well-known polarimetry
scheme [31, 32]. It is composed of a polarizer and an analyzer, which can be rotated
independently around the optical axis, to retrieve the complete state of polarization of
an electromagnetic wave. While at infrared or visible wavelengths this type of polarimetry
can be done by using transmission optics, the extension to the VUV or soft x-rays requires
the usage of reflective optics due to the material absorption at such wavelengths. At each
reflection onto an optical element of the polarimeter, the s and p components of the electric
field experience di↵erent reflectivities, namely Rs and Rp, and di↵erent phase shifts, �s and
�p. This di↵erence enables the realisation of an XUV linear (low Rp/Rs ratio) or circular
(90o phase-shift di↵erence) polarizer and analyzer.

In Fig. 5.2 a sketch of the whole system is represented. The polarizer consists of four
identical fused-silica mirrors, coated with a 35 nm layer of molybdenum and capped with
5 nm of B

4

C. The choice of the particular coating is optimized for circularly polarized
radiation in the 20 – 35 nm wavelength range [33]. The polarizer has been previously fully
characterized at the synchrotron light source BESSY II in Berlin. For the experiment carried
out at FERMI the four mirrors were set at a grazing angle of 20o in a trade-o↵ between the
Rp/Rs ratio, phase-shift di↵erence and overall transmission.

The analyzer is made of an uncoated fused-silica mirror set at an incidence angle of 45o.
At this angle, the Rp/Rs ratio for this mirror is very low in the wavelength range considered
making it a very e�cient analyzer. The reflected signal is measured by a 1 ⇥ 1 cm2 XUV
photodiode. The angle formed by the polarizer and the horizontal plane, ↵, and by the
analyzer with the same plane, �, are shown in Fig. 5.2. The intensity of the light at the
photodiode can be theoretically described by the following expression [31, 32]:
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(5.5)

where S
0

, S
1

, S
2

and S
3

are the Stokes’ parameters of the FEL light at the entrance of the
polarimeter,  = tan(Rp/Rs) and � = �s � �p. Subscript 1 refers to the polarizer (group of
the four mirrors) and subscript 2 to the analyzer. Note that there is no �

2

component to be
accounted for, i.e. the phase delay into the analyzer plays no role in the measurement. The
analysis of the polarization properties of the incoming radiation was performed by measuring
the intensity transmitted by the polarization setup as a function of the rotation angle of
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both the polarizer and analyzer optics. The Stokes parameters of the FEL radiation can be
then recovered by a least square fitting of Eq. (5.5).

Figure 5.2: VUV-optical polarimeter setup. The polarizer and the analyzer are placed into two
successive vacuum chambers. The whole setup, approximately 1.5 m long, is positioned downstream
of the DiProI end station. The alignment of the setup is done using two 5 mm irises placed at the
entrance and exit. The ↵ angle can be varied from �30o to 40o, the � angle from �170o to 170o.
Image reproduced from [34].

5.2.2 The e-TOF polarimeter

The e-TOF polarimeter [35] uses angle-resolved electron spectroscopy to determine the de-
gree and direction of linear polarization of the incident radiation. This is done by measuring
the angular distribution of photoelectrons produced by the FEL pulse passing through an
atomic gas target. It does so by measuring, on a shot-to-shot basis, the signal coming
from its 16 independent electron time-of-flight (e-TOF) spectrometers, mounted in a plane
perpendicular to the FEL beam. A schematic representation of the device is reported in
Fig. 5.3, together with two angular distributions corresponding to the Ne 2p (blue) and
He 1s (green). The angular distribution in this plane depends on the degree and state of
linear polarization of the incoming radiation, on the particular atomic gas target and on the
initial state of the target that is ionized [36]. The e�ciency and transmission of the di↵erent
e-TOF channels can be unambiguously normalized by measuring the signal coming either
from di↵erent subshells or, if the incoming photon energy is large enough, by measuring the
signal of the Auger electrons [35] which is radially homogeneous.

Initially designed for and tested at the Variable Polarization XUV Beamline P04 of
PETRA III [37] it has been successfully used at LCLS [22, 35] and will be installed at
XFEL [38]. As it uses a gas target it is a non-invasive device capable of measuring the
polarization, as well as other properties of the incoming radiation, on-line and on a shot-to-
shot basis and simultaneously with other experiments.

The data acquisition system (DAQ) of the e-TOF system was integrated into the FERMI
control system [39] and its data were tagged with the FERMI bunch number [40]. This
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Figure 5.3: Geometry of the 16-fold electron TOF spectrometer setup. The FEL beam enters
perpendicular into the plane of the figure. The angular distribution for Ne 2p (blue) and He 1s
(green) photoelectrons is depicted for a wavelength of 26 nm and horizontally polarized light. Image
reproduced from [34].

enabled us to do o↵-line cross-comparison of the polarimeter data with a set of corresponding
FERMI beam parameters on a shot-by-shot basis.

For each individual FEL shot, the 16 signals corresponding to the 16 e-TOF channels
give the probability distribution function of the emitted electrons. This can be fitted by a
theoretical prediction taking into account the physics of the ionization process. In the dipole
approximation, the angular distribution probability for the photoelectrons, or, equivalently,
the angular intensity recorded by the setup, can be described as:

I(✓) = 1 +
�TOF

4
{1 + 3Plin cos [2(✓ �  )]} . (5.6)

Here Plin =
p
S2

1

+ S2

2

is the degree of linear polarization,  = 0.5 ⇤ tan�1(S
2

/S
1

) is
the direction of the linear polarization, �TOF is a parameter which describes the angular
anisotropy parameter, ✓ is the detection angle for the photoelectron. For the case of He
atoms used in the experiment, �TOF = 2. Please note that �TOF parameter is not an angle,
nor it is related to the parameter � appearing in Eqs. (5.5) and (5.7).

Unfortunately, the circular polarization component of the radiation generates an angular
distribution of the photoelectrons that is indistinguishable from an unpolarized one. The
absolute degree of circular polarization can be nevertheless deduced if one assumes constant
total polarization and determines the unpolarized background beforehand in the linear po-
larized mode of the light source [34]. If one assume that the unpolarized component is
negligible [34] (S

0

= 1), the circular polarization component, S
3

, can be inferred from Plin

via quadrature di↵erence as S
3

=
p

S2

0

� P 2

lin.
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5.2.3 The fluorescence polarimeter

The polarization measurements at LDM were carried out by means of a novel experimental
approach that uses the polarization properties of fluorescence light from resonantly excited
atoms, developed by the LDM team themselfs. This method is based on the conversion
of polarized VUV radiation to visible radiation with the same polarization state of the
incoming photons. It can be used if the decay pattern of the excited atom includes a
suitable intermediate radiative step. The process is theoretically well understood [41] and
was previously used on a synchrotron lightsouce [42].

With respect to direct polarization measurements at VUV wavelengths, this method has
the significant advantage that the polarization measurement is done on visible light and
is therefore straightforward [30]. In fact phase retarders and linearly polarizing analyzers
based on transmission optics are readily available. The polarization measurements presented
here are based on resonance fluorescence from atomic He. The chosen excitation and decay
pattern is as follows. The He atom absorb the VUV radiation at 53.703 nm (23.087 eV) and
is resonantly excited from the ground state to the 3 1P singlet state (atomic configuration
He(1s3p) [43]). The excited state can decay into two radiative channels: 98% back to
the ground state and 2% to the 2 1S state (atomic configuration He(1s2s)). The latter
is associated with emission of 501.5 nm (2.471 eV) green photons [44] and preserves the
polarization state of the primary beam if observed along the propagation direction [45].

Figure 5.4: Schematic representation of the experimental setup for the polarization measurements
at LDM. Image reproduced from [34].

The experimental setup, previously tested on a HHG source [46], is schematically de-
picted in Fig. 5.4. A constant flow of He was injected at the interaction region from a
needle-type inlet with nominal pressure of 1 ⇥ 10�5 mbar. The polarization measurement
apparatus for the fluorescent light was mounted in air and shielded from environmental light.
It consists of a broadband �/4 phase retarder and an analyzer. The rotation angle of the
polarizing optics accuracy is of the order of 0.1o. The transmitted intensity was measured
using a photomultiplier with a 20-mm-diameter aperture, with total angular acceptance of
about 3o. Polarization analysis was carried out by monitoring the intensity as a function of
the rotation angle of each of the two polarizing optics. In order to minimize the probability
of nonlinear processes which do not have the same properties as the design, the FEL beam
spot size at the interaction region was purposefully set to about 1 mm diameter (FWHM).
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The total transmitted intensity Id by the polarimetry setup, in the approximation of high-
extinction ratio of the polarizer and �/4 phase retarder, can be written as

Id / {1+1

2
S
1

[cos 2� + cos(4↵� 2�)]+
1

2
S
2

[sin 2� + sin(4↵� 2�)]+S
3

sin(2↵�2�)} . (5.7)

Consistently with Eq. (5.5), ↵ and � are measured relative to the horizontal axis. The hor-
izontal direction was determined by means of a mechanical level that defined the alignment
with accuracy of about 1o.

5.2.4 The photon transport system

As we have seen in Chapter 3, at the exit of the final radiator the FEL pulses enter the
photon-beam-transport system (PADReS) that conveys them to the experimental stations
and allows their characterisation. As one can see in Fig. 5.5, the three polarimeters were
installed both at the LDM and DiProI endstations. Along the optical path of PADReS
several optical elements are present and they can influence the polarization properties of the
photon beam. On both beamlines there are some optical elements, namely an angle-defining
aperture, the a set of plane mirrors, and a di↵raction grating (used at zeroth order), together
with a vertical-deflecting mirror and a set of KB refocusing mirrors (KAOS in Chapter 3).
Due to the operating wavelength range, all the optics work in grazing-incidence geometry.

During the measurements the photon beam followed two di↵erent paths. After the
common part, comprising three horizontal reflections (PM1a, PM1b, and the grating). In
both cases, the photon beam undergoes three further reflections (VDM, V-KB, and H-KB),
with the first two being in the vertical plane. In total, the FEL beam experiences six
reflections for DiProI (four horizontally deflecting and two vertically deflecting) and seven
for LDM (five horizontally and two vertically). All mirrors are planar except the two KB
types.

Figure 5.5: Schematic layout of the PADReS system with the three installed polarimeters: a VUV
optical polarimeter and an electron time-of-flight (e-TOF) polarimeter have been installed in the
DiProI beam line. A fluorescence polarimeter has been instead installed in the LDM beam line.
Image reproduced from [34].

The e-TOF and the VUV-optical polarimeters were mounted in series at the exit flange
of the DiProI end station. The focal position of the radiation was optimized by changing the
KB parameters in order to have a spot size of ⇠ 100⇥100µm2 in the interaction region of the
e-TOF polarimeter. This configuration satisfied at the same time the optical requirements
of the VUV-optical polarimeter in terms of both beam size (2.4⇥ 2.8mm2 at the entrance)
and angular divergence. In a similar way the focus at the LDM station was optimized to a
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⇠ 1 ⇥ 1mm2 spot. As the optical system entails reflections in both horizontal and vertical
planes, the beam transport can modify the final polarization of the incoming FEL pulses.
This is due to the fact that, when an optical element is used at grazing incidence, it can
exhibit di↵erent reflection coe�cients for the s and p polarization components, resulting in a
di↵erent transmission e�ciency of the beam line for the horizontal and vertical polarization.

The total transmission was estimated by the PADReS team using the optical transport
code IMD [47] for both DiProI and LDM beam paths, the results are reported in Fig. 5.6.
Since there are more reflections in the horizontal than in the vertical plane, the transmission
for horizontally polarized radiation is less e�cient than for vertically polarized radiation [34].
The di↵erence is wavelength-dependent and more important at longer wavelengths. Again
as expected by the additional reflection towards LDM, its transmission is slightly smaller
than the one for DiProI. Besides a↵ecting the transmission, the transport optics may also
modify the phase delay between the horizontal and vertical polarization components. While
the e↵ect can be completely neglected for (perfectly) horizontal or vertical polarization, it
must be taken into account for di↵erent polarization states.
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Figure 5.6: Simulated transmission for horizontal and vertical polarization as a function of wave-
length for the optical transport system to the DiProI (a) and LDM (b) end stations. The step at
⇠41.3 nm (30 eV) is an artifact due to the use of two di↵erent data bases [48–50] for the compu-
tation above and below 41.3 nm. Image reproduced from [34].

The phase delay for horizontal and vertical polarization, estimated using Fresnel equa-
tions for the parameters of the PADReS mirrors [48–50], is reported as a function of the
wavelength in Fig. 5.7 for the both beamlines.
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Figure 5.7: Simulated phase delay between horizontal and vertical polarization versus wavelength
for the optical transport system to DiProI (a) and LDM (b). Image reproduced from [34].

The simulations reported in Figs. 5.6 and 5.7 show that, even with an ideal polarization
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state at the source, the transport modifies the polarization properties of the FEL radiation
in a wavelength-dependent.

5.3 Results

The polarization properties of the FEL radiation were measured with the three setups de-
scribed in the previous sections. While the VUV-optical and e-TOF systems could operate
in parallel, thus simultaneously characterize the same FEL pulses, the LDM apparatus was
operated as an independent experiment. The latter was the only setup that required a
particular wavelength of the FEL photons in order to match the desired atomic resonance.

5.3.1 VUV-optical measurements and analysis

For each FEL configuration of interest the � angle was scanned for di↵erent values of ↵, see
Fig. 5.8. A typical measurement of the intensity collected by the photodiode at a fixed ↵
value is shown in Fig. 5.8. For each FEL shot, the photodiode signal is normalized to the
measured FEL intensity in order to account for the FEL shot-to-shot intensity fluctuations.
For each value of � a significant number of shots have been acquired in order to obtain
significant statistics. A least-squares fitting to Eq. (5.5) is then performed, allowing the
retrieval of the Stokes parameters.
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Figure 5.8: Typical data set of a � scan acquired with the optical polarimeter. The normalized
detector signal averaged over 50 FEL shots (blue points) and the (RMS) errors for each � value are
plotted versus the polarizer angle �. In red, the best fit is also shown. Reported data refer to FEL
radiation at 26 nm in vertical polarization (↵ = 7o). Image reproduced from [34].

For each FEL configuration, the � scans were repeated for various ↵ values in order to
have a robust fitting procedure and to reduce the errors. The accuracy in the absolute values
for the determined Stokes parameters has been estimated to be better than 0.05 according
to the fitting procedure.

Figure 5.9 reports a collection of the measured average signals for various ↵ and �, to-
gether with the fitted curves. Data reported in Figs. 5.8 and 5.9 refer to the FEL optimized
at 26 nm for vertical polarization and clean spectrum. The fitting algorithm applied to the
presented data set retrieves the Stokes vector S = [1, �0.97, 0.03, 0.07] that characterizes
the measured FEL radiation. The fitting routine is robust and returns consistent results for
the di↵erent values of ↵, see Figure 5.9(a). Figure 5.9(b) shows the reconstructed polariza-
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Figure 5.9: (a) Complete data set of the scans for 26 nm radiation in vertical polarization. Red
points report the average signal for each value of ↵ and �. Blue lines show the fitted curves obtained
from the various � scans, allowing the retrieval of the FEL Stokes parameters. (b) Polarization
ellipse reconstructed with the Stokes parameters obtained from the fit. Note the expanded horizontal
scale. Image reproduced from [34].
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tion ellipse obtained from the measured Stokes parameters, corresponding to a total degree
of polarization of P = 0.97.

Similar analysis procedures have been carried out for all the data sets acquired for di↵er-
ent polarization states and wavelengths, as summarized in Table 5.1. Unfortunately the data
corresponding to horizontal polarization could not be acquired due to the reduced photon
flux on the photodiode, caused by the low reflectivity of the polarizer setup for this polar-
ization. In every other case the total degree of polarization has been found to be above 0.9
and the retrieved Stokes parameters match, as expected, the nominal polarization settings
of the undulator. One should note that for the circular cases, non-negligible values of S

1

and S
2

were obtained. These values are consistent with the expected e↵ect of the beamline
optics upon the polarization of the FEL light, see Figs. 5.6 and 5.7.

Table 5.1: Results of the analysis of the VUV-optical polarimeter data. The total degree of po-
larization and the normalized Stokes parameters are reported for di↵erent undulator settings and
wavelengths.

Wavelength [nm] FEL polarization Measured Polarization S
1

/S
0

S
2

/S
0

S
3

/S
0

26 Linear Vertical 0.97 -0.97 0.03 0.07
26 Circular Right 0.96 -0.02 0.05 0.96
32 Linear Vertical 0.96 -0.96 0.02 0.06
32 Circular Left 0.93 -0.06 -0.19 -0.91

In addition to the Stokes parameters, the data fitting procedure allows the retrieval of
 
1

,  
2

, and �
1

parameters, see Eq. (5.5), i.e. the Rp/Rs ratio in the polarizer and in the
analyzer and the phase delay in the polarizer. The phase delay and the Rp/Rs ratio in the
polarizer are in agreement with previous calibration measurements, which is a further check
of the quality of the data analysis.

5.3.2 e-TOF polarimeter

After proper calibration of the setup, the analysis of the TOF signals acquired by the
polarimeter allowed reconstruction of the angular distribution of the photoelectrons ionized
by the polarized FEL pulses, see e.g. Fig. 5.10 via a fitting procedure based on Eq. (5.6).

As already anticipated, the e-TOF polarimeter in the configuration used during the
experiments can only directly measure the degree of linear polarization, Plin, while the degree
of circular polarization, Pcirc, without distinction of chirality, can only be estimated by the
formula Pcirc =

p
1� P 2

lin under the assumption that the radiation is fully polarized. This
assumption is reasonable for the case of the FERMI FEL since it has been demonstrated,
both by measurement of the linear polarization and by measurements done with the other
two polarimeters that the fraction of the unpolarized light is negligible (<3%). Table 5.2
summarizes the results of the measurements done for the four “pure” polarization states at
26 nm and 32 nm.

The unique capability provided by the e-TOF polarimeter of performing single-shot po-
larization measurements has been exploited to study the sensitivity of the FEL polarization
to the various parameters typically used to optimize the FEL output. The parameter stud-
ies were mostly made with the FEL at a 32 nm in horizontal polarization. Several series
of polarization measurements were conducted as the seeding (e.g., power, relative timing
with respect to the electron beam) and FEL parameters (e.g., dispersion-section strength,
laser-heater power, number of radiators on resonance) were changed.
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Figure 5.10: Example of the processed signal of the e-TOF showing single shot data for the
photoelectron distribution on He for the FEL at 32-nm horizontally polarized (a) and circularly right
polarized (b). Panels (c) and (d) report the corresponding reconstructed ellipses. Image reproduced
from [34].

Table 5.2: Summary of the measured average degree of polarization for various FEL configurations.
S

1

and S

2

are extracted from P

lin

through trigonometry, S
3

is calculated assuming perfectly polarized
light.

Wavelength [nm] FEL polarization Plin  [o] S
1

/S
0

S
2

/S
0

S
3

/S
0

26 Linear Vertical 0.97± 0.02 90± 1 -0.97 0.01 0.25
26 Linear Horizontal 0.94± 0.02 0± 1 0.94 0.01 0.34
26 Circular Left 0.11± 0.02 50± 6 -0.02 0.11 -0.99
26 Circular Right 0.11± 0.02 127± 6 -0.03 -0.10 0.99
32 Linear Vertical 0.90± 0.02 91± 1 -0.90 -0.04 0.43
32 Linear Horizontal 0.97± 0.02 �1± 1 0.97 -0.04 0.23
32 Circular Left 0.10± 0.02 124± 5 -0.04 -0.09 -0.99
32 Circular Right 0.14± 0.02 53± 6 -0.04 0.13 0.99
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Figure 5.11: Evolution of FEL and polarization as a function of the seed-laser power: (a) FEL
spectrum, (b) average signal measured by the 16 e-TOF, and (c) FEL energy per pulse as a function
of the seed-laser power. Panel (d) reports the polar plot of 16 e-TOF average signals for a few
seed-laser intensities and shows that the angular distribution of the signal over the 16 detectors is
essentially maintained at all seeding intensities. Image reproduced from [34].

104



Results

A representative data set is shown in Fig. 5.11, where the seed-laser power has been
changed from the minimum value that is necessary for producing a coherent signal up to very
high values that far exceed the optimum and generate strong overbunching, as is evident from
structures appearing in the FEL output spectrum [51]. During this scan, we simultaneously
acquired the FEL spectrum, reported in Fig. 5.11(a), the FEL intensity as measured by the
PADReS intensity monitor, see Fig. 5.11(c), and the 16 e-TOF signals, Fig. 5.11(b). These
signals could be directly correlated since all acquisitions were tagged with the bunch number,
i.e. they can be unequivocally associated to a given FEL pulse. The results summarized
in Fig. 5.11 provide strong evidence that the degree of polarization, as measured by the
e-TOF, is insensitive to the seed power and to its e↵ect on the FEL output power and
spectrum [34]. Changes of critical parameters, such as the seed-laser timing, undulator
resonance and strength of the dispersive section to the extent that the FEL intensity is
suppressed by more than a factor 2 and the spectrum is significantly a↵ected, have not shown
any e↵ect on the degree of the measured polarization [34]. It is important to underline that
usual shot-to-shot fluctuations of the machine parameters induce variations of FEL intensity
and spectral properties that are much smaller [1, 2] than those intentionally induced in the
mentioned parameter scans and no correlations between polarization and other machine
parameters have been observed to date.

As a reference, we report in Fig. 5.12 a measurement done with all the six radiators tuned
in LH polarization mode. The degree of linearly polarized light (Plin) and the direction of
the polarization vector ( ) for each FEL shot are reported in Fig. 5.12(a) and 5.12(b)
respectively, along with their histograms. The lines represent the moving average of Plin

and  over 30 shots. The averages show that the light is characterized by a very high degree
of horizontal polarization. Single shot fluctuations both on the degree and the direction of
polarization are dominated by the statistical measurement uncertainties that, as suggested
by previous experiments [34], greatly dominate the real fluctuations of the output light
polarization.

The reported fluctuations of 0.1 in the degree of polarization and 3o in the direction of
polarization are determined by the accuracy of the measurement and not by real fluctuations
of polarization properties. The accuracy is determined by fluctuations in single e-TOF
signals and may depend on the polarimeter settings. Data with a degree of linear polarization
that exceeds one is physically not possible but algebraically correct for the used model.

5.3.3 Fluorescence polarimeter

Polarization measurements at LDM were carried out for linear horizontal (Fig. 5.13), cir-
cular right (data not shown), and circular left (Fig. 5.14) states for the FEL operated at a
wavelength of 53.7 nm. As for the case of the VUV polarimeter, also in this case the signal
for each data point was normalized to the FEL single-shot intensity. After subtraction of
the background fluorescence, emitted in our understanding by the fused silica window, the
Stokes parameters were determined by a least-square fitting to the function of Eq. (5.7). A
summary of the obtained results is shown in Table 5.3.

In the case of linear horizontal polarization the measurement was done both with and
without a phase retarder, both cases providing the same degree of polarization of the light
P = 0.92. The maxima and minima appear at the same angular position for the two curves,
which is an indication of the satisfactory alignment of the polarimeter. However, the maxima
do not appear exactly at 0o but exhibit a shift of ⇡ 3o which induces a nonzero S

2

. In
principle, one cannot rule out a systematic error introduced by a rotation of the polarimeter
in the laboratory reference frame, even though 3o appears to be larger compared to the
estimated accuracy of the initial positioning. The discrepancy could be due to the optics or
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Figure 5.12: Stability of the polarization on multiple shots. (a) Degree of linear polarization (P
lin

)
and (b) direction of the polarization vector ( ) for the FEL produced when all the undulators are
tuned to “pure” linear horizontally polarized light. The lines represent the moving average over 30
shots of the reported quantities. The histograms show the distribution of the data. Image reproduced
from [52].
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Figure 5.13: Analyzer scan (markers) and fitting curves (solid line) for the linear horizontal
polarized state. (a) Linear horizontal state measured with the analyzer only, in order to determine
with higher accuracy the position of the maxima. (b) Same polarization state, but measured with
the complete polarimeter setup. Image reproduced from [34].

unaccounted misalignments in the experimental chamber.
A remarkable result pertaining to the circular polarization is the substantial amounts of

S
1

and S
2

measured. These parameters, expected to be strictly zero for a perfectly circu-
larly polarized light, are instead compatible with an elliptical polarization state. However,
the measured values are in agreement with the predictions presented in Fig. 5.7, where a
phase delay of more than 10o may occur between the horizontal and vertical polarization
components for the LDM beamline. The e↵ect is in this case large due to the relatively long
wavelength used in the experiment and should be taken into account for the experiments on
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Table 5.3: Summary of the results obtained with the LDM fluorescent polarimeter for di↵erent
FEL nominal polarization states.

FEL polarization Measured Polarization S
1

/S
0

S
2

/S
0

S
3

/S
0

Linear Horizontal 0.92 0.92 0.11 0.00
Circular Right 0.92 -0.07 0.21 0.89
Circular Left 0.93 -0.20 -0.31 -0.85
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Figure 5.14: Analyzer scans for circular left polarization at ↵ = �45o (red) and ↵ = 45o (blue).
Image reproduced from [34].

LDM that require a particularly high polarization purity of the radiation.

5.3.4 Summary

The results of polarization measurements obtained with the three polarimeters summarized
in Tables 5.1, 5.2 and 5.3 indicate a high degree of polarization for all the cases studied [34].
The tilted elliptical polarization measured for the circularly polarized undulators case is
explained and well understood as an e↵ect of the beamline transport optics. It has been
confirmed that the e↵ect is indeed more prominent for longer wavelength. The small amount
of nonpolarized light measured can be attributed to the beamline optics with residual rough-
ness and di↵raction e↵ects.

In Fig. 5.15 the measured Stokes parameters for “pure” circularly polarized FEL light are
reported, together with the predicted beamline-induced polarizing e↵ect. The calculation
takes into account the roughness of the optics as well as the carbon contamination. The
measured behaviour is in very good agreement with the optical calculations accounting for
the di↵erent response of the mirror to s and p polarization components.

The measurements here reported were conducted at various wavelengths and machine
conditions in order to study the FEL polarization generated by FEL-1. The radiator is
composed of APPLE-II type undulators which are capable of producing lineraly, elliptically
and circularly polarized light in the VUV soft x-ray spectral range. As in the wavelength
range considered (26–55 nm) no transmission optics can be used for the polarization mea-
surement, we took advantage of three di↵erent approaches to perform the measurement,
which has been found to be mutually consistent.
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Figure 5.15: Predicted impact of the LDM (dashed lines) and DiProI (continuous line) beamline
optics on the Stokes parameters (red = S
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0

, black = S

2

/S

0

, blue = S

3

) for a circular polarized light
produced at the undulator. Predictions are shown together with measured Stokes parameters at the
experimental stations (circular-right filled symbols and circular-left empty symbols) obtained with the
LDM setup (triangles), VUV optical polarimeter (circles), and e-TOF polarimeter (squares). See
Fig. 5.6 for the step at ⇠41.3 nm. Computation courtesy of the PADReS team. Image reproduced
from [34].

The measured polarization has been found to be larger than 0.9 for all the polariza-
tion states investigated. We did not found any indication that the output polarization is
correlated to machine parameters. It is, however, influenced by the beam transport optics
as predicted by the simulations presented. We were in fact able to measure a wavelength-
dependent ellipticity when the undulators were tuned to produce circularly polarized radia-
tion. This indicates that, in case of particularly tight requirements on the purity of the final
polarization state by an experiment, a pre-compensation at the undulators should be used
in order to reduce the spurious S

1

component.

5.4 Crossed polarized undulators

As we have seen in the previous paragraphs, while polarization control is widespread for
synchrotron-based light sources, it is still limited for FELs. This is mainly due to technolog-
ical and cost reasons. Alternative solutions for achieving polarization control, in particular
for SASE FELs in the X-ray wavelength range, have been proposed and studied in the last
decades [5, 53–55]. One of the most attractive possibility relies on the coherent superpo-
sition of the radiation generated by orthogonally polarized undulators [5] in a setup called
the “crossed polarized undulator scheme”.

The crossed polarized undulator scheme has been already successfully implemented on a
synchrotron source [56] where the light from two linearly polarized undulators has been used
to produce circularly polarized light. The latter has been then used to perform magnetic
dichroism experiments [57]. However the obtained degree of polarization was limited to
⇠0.4 [56] due to the partial coherence of the source, as well as the wider bandwidth of the
emission. In general, in fact, the ideal source to be used for this kind of setup must have
a high degree of coherence and narrow bandwidth spectrum in order to enable significant
constructive interference of the two electromagnetic waves emitted by the undulators. In
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the case of synchrotrons the scheme needs a monochromator to be e↵ective. FEL sources
thus represent the ideal candidate for applying the crossed polarized undulator scheme as
they are capable of emitting light with much smaller bandwidth than do synchrotrons.

In fact, the control of the polarization by means of a combination of undulators with
di↵erent polarization has been reported in an FEL oscillator operating in the optical klystron
configuration [58]. Of interest is also the experiment performed at the SINAP FEL test
facility [59], where the e↵ectiveness of the crossed polarized undulator in single pass FELs
has been demonstrated, although only in the visible spectral range and with a low-gain FEL
configuration, with only limited statistics. In the following we present a model that can be
used to better understand the obtained experimental results. The experiment itself is the
first study of the crossed polarized undulators scheme on a high-gain seeded FEL operating
in the XUV spectral range.

For facilities based on linearly polarized undulators, the crossed polarized undulator
scheme is particularly useful as it allows to produce circularly polarized light. This capabil-
ity is already available for the insertion devices installed at FERMI, as we have seen above.
Nevertheless the crossed polarized undulator scheme is also useful at FERMI because, as we
will see, it allows for emission of linearly polarized light at an arbitrary direction, which is
outside the present capabilities of the APPLE-II devices. The scheme can be also used to
implement fast polarization switching by simply changing the tuning of the phase shifters
installed in between the undulators. The mentioned capability is interesting from the ma-
chine prospective as it does not require a change in the undulator polarization properties,
which can be time consuming and can require additional optimization in terms of machine
optics. Finally, the crossed polarized undulator scheme allows for the emission of linearly
polarized FEL radiation without on-axis harmonic content.

5.4.1 Gaussian propagation model

Preliminary studies conducted on FERMI in October 2013 showed an unexpected decrease
in the output polarization when the crossed polarized scheme was implemented [52].

The FEL beam is is well-described by a diversion Gaussian mode and not a plane wave
and therefore particular care is required when one considers interference. As explained in
Chapter 3, between each undulator, in the break sections, exists a magnetic phase shifter.
In “normal” FEL configuration the phase shifters modify the electron beam path length to
ensure that slippage over the break length is exactly an integer of the radiation wavelength,
so the electron beam and the radiation keep interacting with the same phase. Also, the
FERMI parameters are such that the distance between the di↵erent undulators centers is
larger than the Rayleigh range of the radiation, and hence the interference between the
radiation emitted by each undulator must be taken into account. By looking at the FEL
spot on a photon screen, see Fig. 5.16, it is readily evident that, by changing the phase
shifter settings, one can change the phasing and obtain FEL mode shapes di↵erent from the
single Gaussian TEM

00

. The FEL process guides the radiation (wave-guiding e↵ect [60]),
mitigating the propagation e↵ects of the radiation, and the maximum of FEL intensity in
the lower order mode is obtained when the phase shifters are tuned in order to ensure the
correct phasing between the electron and the photons.

In the case of the crossed polarized undulator scheme the interference e↵ects can be even
larger due to the reduced FEL gain and cannot be ignored. In the following we show that
the loss of polarization in this configuration is related to the fact that the wavefront of the
photon beam is not a plane wave and its phase varies as a function of the distance from
the propagation direction. To better understand the problem we developed a simple model,
based on Gaussian propagation that is capable of explaining the obtained results.
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(a) (b) (c)

Figure 5.16: FEL transverse spot profile for two di↵erent settings of the last phase shifter. (a) the
phasing enhances the emission of on-axis Gaussian mode, (b) intermediate and (c) the net emission
is mainly o↵-axis. This demonstrates that the Gaussian propagation e↵ects are relevant also for
normal FEL operations.

Model description

The model is based on fully coherent monochromatic beams propagating in free space. The
source of each field, corresponding to the FEL emission by each undulator, is presumed to
be fully characterized by its waist size and divergence. The waist size is approximated to be
equal to the electron beam dimension at the center of each undulator. We decompose the
electric field E along Cartesian coordinates, on a plane transverse to the beam propagation
direction. For simplicity we ignored misalignment e↵ects, that could nevertheless be intro-
duced in a more general model. In this conditions the field components corresponding to
the emission of the ith source can be written as

Ei,x,y(x, y, z) = E
0i,x,y

w
0,i

wi(z)
⇥ exp

 
�
✓

r

wi(z)

◆
2

� ikz � ik
r2

2R
+ i�+ i'i

!
, (5.8)

where zR,i =
⇡w2

0,i

�
is the Rayleigh range of the radiation, wi(z) = w

0,i

p
1 + (z/zR,i)2 is the

beam size dimension at distance z from the waist position of the source to the measurement
location, w

0,i being the waist size. k is the wavenumber, R = z ⇥ (1 + (zR,i/z)2) is the

radius of curvature, r =
p
x2 + y2 the distance from the beam axis, � = tan�1

✓
z

zR,i

◆
is

the Gouy’s phase and 'i is the phase between the x and y field components of the same
source.

The total electric field can be then written, according to the superposition principle, as

Etot
x,y(x, y, z) =

X

i

Ei,x,y(x, y, zi)⇥ exp(i��) , (5.9)

where zi is the distance of each source from the measurement location and �� is the phase
between the di↵erent superimposing fields. Notice that �� 6= 'i, the latter being the phase
between the x and y components of the same field.

From the model we can compute the components of the resulting electric field on a grid
and we can compute the corresponding Stokes parameters using Eq. (5.3). In the same
way we can also compute the intensity I, the degree of linear polarization Plin and the
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direction of the linear polarization vector  that can be measured directly with the e-TOF
polarimeter.

We started with the simplest possible configuration for the model that is only two sep-
arated sources interfering between each other, with orthogonal polarization. In Fig. 5.17
an example of the computed field parameters when a LH and LV sources, separated by
a distance ⇠ 3 larger than the Rayleigh range of the radiation. The intensity of the two
fields and their waist sizes were the same. We made this choice as we were interested in
investigating the FERMI case, but the model is completely general.

Fig. 5.17(a,b,c) shows the intensity, degree of linear polarization and direction of the
linear polarization vector as a function of the transverse coordinate at the measurement
location, which is supposed to be in the far field. It is readily evident that the polarization
properties of the radiation are changing radially along the beam. In Fig. 5.17(e,f,g) we
report the same quantities as a function of the horizontal coordinate, for two fixed vertical
positions, to stress the fact that both the degree and direction of the linear polarization
vector are not constant due to the interference in between the two sources. If one computes
the average Plin by considering the whole beam, the polarization is lower than one even if
the two sources have the same intensity.

We then used the model to investigate the maximum degree of polarization obtainable
in a crossed polarization scheme, as a function of the distance between the two sources d.
The results are reported in Fig. 5.18, where the distance has been normalized by Rayleigh
range of the radiation. One can clearly see that an high degree of polarization is obtained
when d/zR is less than one, so when the distance between the two sources is less than the
Rayleigh range of the radiation. In this case the sources are interfering as two plane waves
and the propagation e↵ects can be neglected. When instead d/zR > 1 the linear degree of
polarization is reduced. We explain this result as the variation of the phase and amplitude
ratio between the two fields at the measurement location have a radial dependence along
the wavefront. Di↵erent phases and amplitudes between the two sources determine di↵erent
polarization properties of the resulting radiation as a function of the beam radius. By
considering the average polarization of the overrall beam spot a decrease of Plin is observed.

We also used the model to explore the dependence of the polarization parameters on the
phase between the two fields. In the following we focus on the case where d/zR > 1, as in
the experimental case. The phase is reported in �, i.e. a shift of �/2 corresponds to a phase
shift of 180o.

LV and LH fields

When two linearly polarized fields are superimposed, the resulting radiation has a polariza-
tion state that depends on the phase between the two fields. Intuitively, two fields with the
same intensity and relative phase n�/2 (n integer) lead to a linearly polarized output field
with direction at ±45o with respect to the horizontal plane. This is the case when the two
fields can be described as plane waves (no propagation e↵ects). Similarly, if the phase is
(n+ 1/2)�/2, the output polarization state will be fully circular with appropriate chirality,
see Fig. 5.19.

If propagation e↵ects cannot be ignored, e.g. when the distance of the two sources is
larger than the Rayleigh range, things are not so intuitive anymore. The degree of linear
polarization, as shown in Fig. 5.20(a) blue line, changes from 0 to a maximum that depends
on the d/zR ratio, as shown in Fig. 5.18, and could not reach one.

The total degree of polarization, dashed line, and the intensity of the radiation, green
line, are instead independent of the phase between the fields.

The direction of the linear polarization  , see Fig. 5.20(b) red line, shows instead a
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Figure 5.18: Degree of linear polarization as a function of the distance between the sources,
normalized by the Rayleigh range of the radiation. The two sources have the same amplitude and
linear orthogonal polarization. Insert: zoom for ratios less than one. One can see that the maximum
P

lin

obtainable depends critically on the distance between the sources, as the phase di↵erence along
the wavefront becomes more critical if the distance becomes larger than the Rayleigh range.

Figure 5.19: Schematic representation of the principle of the crossed polarized undulator scheme,
in the case when one source in LV (green curve) and one in LH (red curve) are superimposed to
produce circularly polarized light (light blue curve). Image obtained using [61].
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discontinuity at the phase corresponding to the minimum of linear polarization, while it is
fixed to ±45o otherwise. The discontinuity corresponds to the same phase that leads to
Plin = 0, where the radiation has its maximum obtainable degree of circular polarization.
Notice that, as the degree of polarization (dashed line) is not one, only part of the radiation is
e↵ectively converted to circularly polarized light and the remainder is unpolarized radiation,
so the hypothesis reported in Paragr. 5.2.2 for the computation of the degree of circular
polarization Pcirc does not hold, hence Plin = 0 does not correspond to perfectly circular
polarization, but rather to an elliptically polarized state. The unpolarized background is
due to the di↵erent phases and amplitudes of the two interfering fields along the wavefront.

(a) (b)

Figure 5.20: Degree of linear polarization (a) and direction (b) as a function of the phase between
the two sources. The two fields have the same amplitude and linear orthogonal polarization (LV and
LH), while the distance between the two sources is ⇠ 3 z

R

and the collection aperture is 4� both in
horizontal and vertical direction.

CL and CR fields

The superposition of two circularly polarized fields, with opposite chirality, see Fig. 5.21, is
another example of crossed polarization. If the e↵ects due to the curvature of the wavefront
can be neglected and the two sources have the same intensity, one would expect a linearly
polarized resulting field with direction of polarization determined by the relative phase in
between the two circularly polarized fields. By changing the phase one could adjust the
direction of the linear polarization vector at will.

If instead the plane wave approximation does not hold, the propagation e↵ects can play
a crucial role as shown in Fig. 5.22. One can see that in this case the degree of linear
polarization is fixed at a value lower than unity which is a function of the ratio d/zR as
before, cfr. Fig. 5.18. The same argument for the loss of the polarization used before also
applies here. The direction of the linear polarization vector is changing linearly as the phase
is modified.

5.4.2 Pollution e↵ects

Up to now we only considered two superimposing fields with identical amplitude. In the
following we will describe how the polarization properties of the resulting field are modified
when the amplitudes are di↵erent or the two polarization vectors are not exactly orthogonal.
This can induce further loss of polarization. We refer to these e↵ects as “pollution”. The
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Figure 5.21: Schematic representation of the principle of the crossed polarized undulator scheme,
in the case when one source in CR (green curve) and one in CL (red curve) can be superimposed to
produce linearly polarized light (light blue curve). Image obtained using [61].

(a) (b)

Figure 5.22: Degree of linear polarization (a) and direction (b) as a function of the phase between
two circularly polarized sources (CR and CL). The two fields have the same amplitude, the distance
between the two sources is ⇠ 3 z

R

and the collection aperture is 4� both in horizontal and vertical
direction.
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results reported in the following are relative to the LV and LH case (d/zR ⇠ 3), but similar
considerations apply to the CR and CL case. We analysed the polarization properties as a
function of the phase between the two fields.

Unbalanced fields

The first and most common case is relative to a possible unbalance in intensity of the two
sources. For the FEL process in particular, the intensity is increasing along the undulator
due to FEL gain and therefore balancing the amplitude of the two fields is not trivial. The
polarization properties of the resulting field are reported in Fig. 5.23 as a function of the
phase in between the two fields, when the amplitude of the LV field is 10% larger than
the LH one. The behaviour of Plin, Fig. 5.23(a) is di↵erent from the unpolluted case, cfr.
Fig. 5.20, as it is not possible to recover zero degree of linear polarization anymore. The
distance between the maxima in Plin is instead constant (same as the unpolluted case) and
equal to �/2. The direction of linear polarization, Fig. 5.23(b) does not show the sharp
transition observed before and the oscillation is less than 90o. The dashed lines in Fig. 5.23
correspond instead to an amplitude unbalance of 50%: this is associated with an increase
in magnitude of the e↵ects described above. Notice that the maximum degree of linear
polarization obtained is larger than in the unpolluted case and increases as the asymmetry
in the amplitude of the two fields becomes larger. The resulting field is less and less elliptical
as the larger field (still linear) ultimately determines the polarization state.

(a) (b)

Figure 5.23: Degree of linear polarization (a) and direction (b) as a function of the phase between
the two sources. Also reported is the (normalized) intensity (green). The LV field has 10% larger
amplitude than LH. One can notice that the minimum and maximum P

lin

are di↵erent from the
unpolluted case, cfr. Fig. 5.20, in particular the minimum value is not zero anymore. The direction
of linear polarization does not show the sharp transition observed before. The dashed lines refer to
the case when the LV field has a 50% larger amplitude with respect to the LH one.

On-phase non-orthogonality

The crossed polarized scheme is also polluted if the two fields have the same amplitude (in
module) but are no longer orthogonal. This can happen if one field has a tilt of the linear
polarization vector with respect to the orthogonal direction of the other. The pollution in
this case is due to the presence of a residual component of the first field that is parallel to
the other field. The plots of Fig. 5.24 report the case of two balanced fields, but LV has a
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tilt of ⇠ 6o with respect to the vertical plane, i.e. it has a component parallel to the LH
field.

In this case we can notice again di↵erent behaviours for the polarization properties of
the resulting field. The behaviour of Plin shows asymmetric maxima as a function of the
phase, while the minima are again zero. The phase corresponding to the maxima is the
same as in the unpolluted case. The locations of the minima of Plin are instead shifted with
respect to the unpolluted case. One can also notice that the intensity is oscillating due to
the interference of the residual component of one field parallel to the other. The interference
is destructive or constructive depending on the phase, hence the presence of the minima and
maxima in the intensity. Notice that the local maxima and minima of the intensity are in
correspondence with local maxima of Plin. The direction of linear polarization is almost flat
with respect to the phase, except for values of the phase corresponding to Plin = 0 where it
shows a spike-like behaviour.

(a) (b)

Figure 5.24: Degree of linear polarization (a, blue) and direction (b, red) as a function of the
phase between the two sources. The two fields have the same amplitude, but the LV field has a tilt of
⇠ 6o with respect to the vertical plane, so the overall configuration is not orthogonal anymore. Also
reported is the (normalized) intensity (green). The behaviour of P

lin

in this case shows asymmetric
maxima, while the minima are again zero as the two fields amplitudes are equal. One can notice
that the intensity is oscillating as a function of the phase, as the component of the LV field, due to
the tilt, interferes with the LH field. The direction of linear polarization is almost flat, except for
values of the phase corresponding to P

lin

= 0.

O↵-phase non-orthogonality

Finally we report what happens when one of the two fields has a component parallel to the
other field with a phase shift of 90o, while keeping the amplitude (in module) equal. This
corresponds to an elliptical field instead of a linear one. In this case, as shown in Fig. 5.25,
we observe a behaviour in between the previously two situations. The intensity shows again
an oscillating trend, as the two fields have a parallel component. Plin does not reach zero
anymore and the direction of the polarization vector shows both sharp and smooth transition
in between its maximum and minimum values. Notice also that in this case the maxima and
minima of the intensity are in correspondence to the minima of Plin.
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(a) (b)

Figure 5.25: Degree of linear polarization (a, blue) and direction (b, red) as a function of the
phase between the two sources. The two fields have the same amplitude, but the LV field is not
perfectly linear, but has a residual ellipticity. The behaviour of P

lin

in this case shows a shift from
zero. One can notice that the intensity is oscillating as a function of the phase, as the LV field,
due to the residual ellipticity, has a component parallel to the LH field that interferes, constructively
or destructively depending on the phase. The direction of linear polarization shows both sharp and
smooth transitions in between its maximum and minimum values.

Scan of the phase for di↵erent apertures

Our hypothesis concerning the modification of the polarization properties due to the di↵erent
phase and field amplitudes between the crossed polarized fields can be further explored using
the model. We investigated the dependence upon the phase between the LV and LH fields
limiting the computation of the polarization parameters to small regions at di↵erent locations
of the wavefront, i.e. selecting a beam aperture with size ⇠ �/10, � being the beam size at
the measurement location. The results are reported in Fig. 5.26 for Plin (blue) and  (red).

The curves show, for both quantities, significant shifts in both the location of the maxima
and minima, as well as di↵erent values of extrema, for di↵erent locations along the wavefront.
Combined with the results concerning the e↵ects of a pollution in the scheme that we
investigated before, the results of Fig. 5.26 confirm our hypothesis that di↵erent regions of
the wavefront have di↵erent polarization states. The change in the phase corresponding to
the values of extrema is a clear indication of a phase variation between the two orthogonal
fields, while the change in the values of maxima and minima is a clear indication of the
variation in the amplitude ratio of the interfering fields.

Summary

We developed a simple model, based on Gaussian beams, that can be used to study the in-
terference between di↵erent monochromatic sources, e.g. in the crossed polarized undulator
scheme. We showed that the maximum obtainable degree of polarization critically depends
on the ratio between the distance of the sources over the Rayleigh range of the radiation.

We also investigated the dependence of the scheme on the phase in between the two
sources with both linear and circular orthogonal sources. The impact of polluting e↵ects on
the scheme has been studied.

We showed that the predicted polarization properties change along the beam wavefront
due to changes in the phasing and/or in the amplitude ratio of the interfering fields, leading,
on average, to a loss of polarization.
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(a) (b)

Figure 5.26: Degree of linear polarization (right, blue) and direction (left, red) as a function of
the phase between the two sources, for di↵erent beam defining aperture position. The two fields have
the same amplitude and have LV and LH polarization.

In its simplicity the model is extremely flexible and can be easily adapted to any setup
one wants to investigate.

5.4.3 Experimental results

The experiment was carried out at FERMI FEL-1 [1]. The FEL wavelength was 23.8 nm,
corresponding to the 11th harmonic of the 261.1-nm seed laser. The electron beam energy
was ⇠1.45 GeV, 700 pC charge with 650 A current. The polarization data has been acquired
using the e-TOF polarimeter, see Paragr. 5.2.2, capable of characterizing the polarization of
the radiation on a shot-to-shot basis. Both the stability and reproducibility of the scheme
constitute, in fact, one of the main concerns for the applicability of the scheme to experi-
ments [62], hence we performed a careful characterisation of the statistical fluctuations of
the FEL polarization properties.

A summary of the parameters of the experiment is reported in Tab. 5.4. As already
mentioned, FEL-1 undulator chain is characterized by a distance between the sources (the
centers of each undulator) that is larger than the Rayleigh range of the radiation. This
leads to a decrease of the maximum degree of linear polarization obtainable with the crossed
polarized scheme due to phase and/or amplitude variations along the wavefront of the beam,
as investigated using the Gaussian propagation model.

Undulator length 6 x 2.4 m
Break length 1.3 m
FEL wavelength 23.8 nm
FEL source size (RMS) 120 µm
FEL Rayleigh range 1.9 m

Table 5.4: Relevant parameters for the FEL configuration used in the experiment.
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FERMI setup

Each of the six undulators that constitute the FEL-1 radiator can be independently tuned in
wavelength and polarization allowing various possibilities to implement the crossed polarized
undulator scheme. Two di↵erent approaches are possible to implement the crossed polarized
undulator scheme by either superposition of two orthogonal linearly polarized undulators to
produce circular polarization or two orthogonal circularly polarized undulators to generate
linear polarization.

MOD R56
Seed pulse

Electron bunch

P1 P2

Crossed 
Polarized FEL

P2 P1 P2 P1
(b)

MOD R56
Seed pulse

Electron bunch

P1 P2

phase shift

P1 P1 P1 P1
(a) Crossed 

Polarized FEL
FEL P1 FEL P2

FEL P1FEL P2

Figure 5.27: Schematic representation of the FEL-1 setup. The crossed polarized undulator scheme
can be implemented as a superposition of two consecutive sources (a) or in a distributed scheme (b).
Red and green represent undulators with two orthogonal polarizations (P1 and P2) that can be either
CR – CL, or LH – LV that produce FEL pulses with corresponding polarization properties (FEL

P1

and FEL
P2

). MOD is the modulator undulator, R56 is the dispersive section. Image reproduced
from [52].

Moreover, the flexibility of the undulator setup allows one to use two undulator con-
figurations as illustrated in Fig. 5.27(a,b). Similarly to the original proposal [5], one can
implement the crossed polarized undulator scheme by setting a first group of undulators to
a given polarization state (CR or LH), and a second set of undulators to the corresponding
orthogonal polarization (CL or LV). A critical aspect to be considered in order to obtain an
e�cient generation of polarized light with the crossed polarized scheme is that the intensity
of the two sources should be as similar as possible. In the case of an FEL characterized by an
exponential growth of the power along the radiator, one requires an unbalanced number of
undulators for the two sets to satisfy this requirement. For FERMI the required conditions
can be achieved by properly tuning the seeding parameters (i.e., the seed laser power, the
dispersive section strength, etc.) and/or by having a di↵erent the number of undulators
tuned in the two polarization states.

Another possibility, see Fig. 5.27(b), is to implement the distributed crossed polarized
undulator scheme already discussed in [63, 64], in which the undulators are tuned with
alternating polarization. In this case both orthogonal fields will exponentially grow in the
two undulator groups that can, therefore, have the same number of undulators.

When the undulator chain is configured in crossed-polarized mode the setting of the
phase shifters is extremely critical. The phase shifters can be used to control the light-
electron phase in di↵erent undulators and therefore modify the phase relation in between
the two orthogonal fields.
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LV and LH fields

In Fig. 5.28 we report the measured degree (blue), direction (red) of linear polarization and
intensity (green) as a function of the phase between the two fields, for both the consecutive
(Fig. 5.28(a,b)) and distributed (Fig. 5.28(c,d)) configuration. The two undulator groups
had LV and LH polarization states, with 4 undulators in LV and 2 in LH for the consecutive
scheme, while all 6 were used for the distributed scheme. The data points and relative error
bars are obtained as the average and standard deviation of 40 shots, acquired at each value of
the phase between the two fields. The beam defining apertures were fully opened during the
acquisition. The solid lines correspond to the prediction of the Gaussian propagation model
for the same quantities. For the amplitudes of the fields used in the model we measured
the FEL intensity as a function of the number of undulators (gain curve), obtained in the
di↵erent configurations (data not shown).

By changing the phase in this linear plus linear crossed polarized undulator scheme one
would be able to obtain light with full linear polarization at 45o angle from the horizontal
(maxima of Plin) or circularly polarized light (minima of Plin). By considering the prediction
of the Gaussian propagation model, we expect that the output polarization state will not
have a perfect polarization state due to o↵-axis distortions of the wavefront.

One can see in Fig. 5.28(a,c) that in both cases Plin is oscillating as a function of the
phase, with maxima that correspond to the maximum polarization obtainable, which results
to be 0.8 and 0.6 for the distributed and consecutive schemes, respectively. While for the
distributed configuration the maxima of the curve have the same value and shape, for the
consecutive configuration the maxima show the previously identified signatures of both on
and o↵-phase pollution, most probably due to an elliptical residual with tilted angle. Notice
that this agrees with the results found for the “pure” polarization case reported in Fig. 5.9(b).
The pollution is further confirmed by looking at the intensity of the FEL as a function of the
phase, which shows oscillations in the consecutive case. The direction of linear polarization
 is oscillating from ⇠ �40o to ⇠ 40o for both configurations, see Fig. 5.28(b,d).

The results are well fit by the model that indicates a clear advantage in the quality of the
output polarization state when the distributed scheme is implemented, as it is characterized
by an increased degree of linear polarization and is less sensitive to pollution. Variations in
the intensity of one of the sources in the distributed scheme is less important as the light is
not further amplified in the next undulator as in the consecutive scheme.

In Fig. 5.29 we show the scan of the phase between the two fields when the measurement
aperture is closed to 1⇥1mm2 and the position of the aperture is modified in order to sample
di↵erent parts of the beam wavefront. The black trace refers to the aperture fully open, as in
Fig. 5.28. Both the degree (blue) and direction (red) of the linear polarization vector show
significant di↵erence for the consecutive (Fig. 5.29(a,b)) and distributed (Fig. 5.29(c,d))
schemes. The consecutive scheme shows a significant variation of the trends for both Plin

and  at di↵erent aperture centers, with di↵erent values of the maxima and minima as well
as di↵erent phases corresponding to the extrema value. The distributed scheme results are
instead characterized by a less spread in the behaviour as a function of the aperture position
as the final wavefront is more “flat”. The phases corresponding to the extreme values are
similar to the fully open aperture.

The change in the phase corresponding to the extreme values is a clear indication of
the phase variation between the two orthogonal fields along the beam wavefront, while a
change in the extreme values themselves is an indication of the variation in the amplitude
ratio. The e↵ect is important when the consecutive configuration is implemented, while it
is mitigated for the distributed configuration.

In both cases the measured results are in satisfactory agreement with the model, see
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(a) (b)

(c) (d)

Figure 5.28: Scan of the phase between LV and LH crossed polarized fields. The degree (blue) and
direction (red) of the linear polarization vector are reported as a function of the phase in between the
two fields, together with the intensity of the FEL radiation (green). Data (markers) and Gaussian
propagation model predictions (solid lines) are reported for the consecutive (a, b) and the distributed
(c, d) schemes. The model was obtained using a reasonable set of parameters, compatible with the
experimental ones. Notice that the intensity is almost constant for the distributed case, while it
is oscillating in the consecutive scheme, clearly indicating the presence of pollution e↵ects. The
consecutive scheme has been obtained using 4 undulators in LV polarization and 2 in LH, while the
distributed scheme was implemented using 6 undulators.
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Fig. 5.26.

(a) (b)

(c) (d)

Figure 5.29: Scan of the phase between the horizontal and vertical polarized fields. The degree
(blue) and direction (red) of the linear polarization vector are reported as a function of the phase in
between the two fields. The data were obtained as the average of 40 consecutive shots at the same
phase shift, the uncertainties are similar to Fig. 5.28 and not shown only for better clarity in the
plots. The results for the consecutive (a, b) and the distributed (c, d) crossed polarized undulator
scheme are shown.

Circularly polarized fields with opposite chirality

As anticipated, the crossed polarized undulator scheme can be also implemented by super-
imposing two circularly polarized fields with opposite chirality to obtain linearly polarized
light at an arbitrary polarization direction.

In Fig. 5.30, results for the crossed polarized undulator setup are shown for the case
of CL and CR radiation superimposed to generate linearly polarized light. The degree of
polarization (blue) and the direction of the linear polarization vector (red) are reported as
a function of time. The two top panels refer to the consecutive scheme, while the bottom
two panels are relative to the distributed scheme. The consecutive scheme was implemented
using 4 undulators with one chirality and 1 with the orthogonal polarization, while the
distributed scheme used all 6 available devices. As predicted by the Gaussian propagation
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model, limiting the collection aperture of the radiation can be used to select a region of
the wavefront with similar polarization properties. The data in Fig. 5.30 was obtained by
reducing the beam defining aperture to a 1 ⇥ 1mm2 size, centered on the beam axis. The
choice was made in order to increase the experimental sensitivity to small fluctuations in the
polarization properties of the emitted radiation produced by the crossed polarized undulator
scheme.

Figure 5.30: Degree and direction of the linear polarization component for the crossed circularly
polarized undulators. (a) and (b) are relative to the consecutive scheme (Fig. 5.27(a)), while (c)
and (d) refer to the distributed scheme (Fig. 5.27(b)). The lines represent the moving average over
30 shots of the reported quantities. The data were acquired selecting a 1⇥ 1mm2 aperture, centered
on the beam axis.

The average degree of linear polarization is ⇠0.9 for both cases. As remarked in [52],
a significant di↵erence for the two schemes is instead the stability of direction of the po-
larization vector. The (RMS) fluctuations are ⇠ 4o for the distributed scheme and ⇠ 7o
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for the consecutive scheme. One can notice that the di↵erence between the two schemes
is important, as the fluctuations in the distributed scheme have ‘similar amplitude of the
‘pure” polarization state, cfr. Fig. 5.12 and are inside the estimated instrumental error. The
consecutive scheme shows instead almost a factor 2 larger in the amplitude of the fluctu-
ations. This indicates that the direction of the polarization is changing on a shot-to-shot
basis as a consequence of the fluctuation on e-beam and FEL parameters.

Such a result is originated by the di↵erent sensitivity to FEL power in the two orthogonal
undulator groups using the consecutive and distributed undulator schemes. A small variation
in the consecutive scheme is amplified by the presence of a series of undulators with the same
polarization, while it is suppressed in the distributed scheme as the FEL gain is reduced
when the subsequent undulator has an orthogonal polarization with respect to the one
where the variation occoured. E↵ects on the degree of polarization Plin are smaller than the
instrumental accuracy as they could not be measured.

We also measured the dependence of the polarization properties along the wavefront of
the beam, again by changing the beam defining aperture center and dimensions. The results
are reported in Fig. 5.31 for the intensity (green), Plin (blue) and  (red). Fig. 5.31(a,b,c)
refer to the consecutive scheme, while Fig. 5.31(d,e,f) refer to the distributed scheme. The
value for each quantity (shown inside the squares) was obtained as an average over 500
shots. In both configurations one can clearly observe a variation of the degree and direction
of the linear polarization vector at di↵erent locations of the beam wavefront. The maximum
Plin corresponds to the on-axis emission. The degree of polarization is then decaying while
moving o↵-axis, similarly to the model prediction, see Fig. 5.17. Also the direction of the
polarization vector is changing along the wavefront. This confirms that the decrease in the
overall polarization observed for the crossed polarized undulator scheme is due to variations
of the polarization properties along the wavefront of the beam as a consequence of the phase
and relative amplitudes of the two interfering waves. This variation is important when the
distance in between the orthogonal sources is larger than the Rayleigh range of the radiation,
as in the present case.

The di↵erence between the consecutive and distributed scheme, as predicted also by
the model, can be observed in the central region of the beam. The distributed scheme is
characterized by a larger region with similar polarization properties, while the consecutive
scheme shows a faster change. Furthermore, wavefront regions that show variation in the
polarization properties with respect to on-axis have a reduced intensity in the distributed
case, while the intensity of such regions is still significant for the consecutive case. The
contribution of such regions causes the decrease in the average degree of polarization when
the full beam is considered.

Finally, in Fig. 5.32 we report the results of an experiment confirming the possibility
of controlling the direction of the linear polarization by varying the phase between the two
consecutive sets of undulators. The direction of linear polarization is reported, as a function
of the phase in between the two circularly polarized fields, in distributed configuration.
As one can see, the direction of the linear polarization vector can be arbitrarily adjusted
by changing the phase in between the two fields and has a linear dependence with the
phase shifter itself. If one than swaps the chirality of the two undulator groups, the same
linear dependence can be obtained with opposite sign. In both cases the degree of linear
polarization, i.e., ⇠0.8, was independent of the phase, within the measurement uncertainty.
This indicates the absence of pollution e↵ects.

This result demonstrates the ability to engineer the polarization state using the crossed
polarized undulator scheme. It also represent an improvement for the source, as the APPLE-
II undulators installed at FERMI are only capable in the present configuration to produce
linearly polarized light only along the horizontal or vertical planes.
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Figure 5.32: Direction of the linear polarization vector as a function of the phase between the
circularly polarized fields with opposite chirality. The distributed scheme was used.  shows the
expected linear dependence on the phase in between the two fields. By swapping the chiralities of
each undulator the same linear dependence can be observed, but with opposite sign. The data were
obtained by the statistical analysis (average and standard deviation) of 40 consecutive shots at the
same phase shift value.

Harmonic suppression

An attractive possibility enabled by the crossed polarized undulator scheme, in the CR
and CL configuration, is the ability to produce linearly polarized radiation without on-
axis harmonic emission. When a linearly polarized undulator is used, the output light
is also characterized by emission of on-axis odd harmonics of the fundamental undulator
radiation [65]. Typical intensities associated with the third harmonic are a factor ⇠ 10�3

of the fundamental, but they could significantly limit experiments, e.g. if one is interested
in non-linear processes induced by the absorption of three photons at the fundamental
wavelength: the linear signal induced by the absorption of the harmonic emission can be
orders of magnitude larger than the nonlinear one. Using circularly polarized undulators can
limit the harmonic content, as the harmonic radiation is emitted o↵-axis [66]. However in
this case the fundamental is in a circular polarization state. The crossed polarized undulator
scheme, circular plus circular, can be a viable option for both having an adequate degree of
linearly polarized light without the unwanted on-axis harmonic emission.

In order to confirm this prediction we implemented the crossed polarized undulator
scheme and looked at the third harmonic radiation using the photon spectrometer. The
images shown in Fig. 5.33 compare the emission at 7.95 nm, the third harmonic of the
fundamental wavelength used during the experiments, when all the undulators are tuned to
emit linearly polarized radiation (left) and in the crossed polarized CR and CL undulator
scheme (right).

One can clearly see that the harmonic radiation is not present in the case of the crossed
polarized scheme. This demonstrates that we are able to suppress the signal associated
to the third harmonic of the fundamental and emit linearly polarized radiation. O↵-axis
harmonics can be spatially filtered out using the beam defining aperture that, as we have
seen above, also increases the degree of linear polarization of the radiation.
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Figure 5.33: Third harmonic spectrum of the radiation produced with a pure linear polarization
tune of the undulators (left) and in the crossed polarized undulator scheme when two circularly
polarized fields are superimposed in order to produce linearly polarized radiation. A harmonic signal
is present for the pure polarization state and suppressed in the crossed polarized undulator scheme.
This demonstrates the ability to emit linearly polarized FEL radiation without any on-axis harmonic
content. The crossed polarized undulator scheme was obtained in the distributed configuration, but
similar results were also confirmed with the consecutive configuration.

Crossed polarized undulators and SASE

Finally we tested both the consecutive and the distributed configuration with SASE radi-
ation. The results reported in the following are referred to the CR and CL polarization
crossed polarized undulators to produce linearly polarized radiation. In Fig. 5.34 the con-
secutive (top two panels) and the distributed configuration (bottom two panels) results are
shown for the degree of linear polarization (blue) and direction of linear polarization (red).
The wavelength of the radiation was the same of the experiments reported for the seeding
and the results shown are relative to full aperture collection.

For SASE the obtained degree of linear polarization when superimposing two circularly
polarized fields is lower than the one obtained with the seeding for the same collection
aperture due to the reduced longitudinal coherence of SASE with respect to seeding. One
can also notice that the consecutive configuration leads to an average Plin of 0.5, while the
distributed configuration is characterized by an average Plin of 0.27. This result is opposite
to the one observed for the seeded case, where the distributed scheme can lead to a higher
degree of linear polarization. In our understanding, the SASE results can be explained by
considering the reduced longitudinal coherence of the SASE pulses.

Furthermore we did not observe a change in the polarization properties by limiting the
collection aperture of the FEL light. In our understanding this results indicate that the
limiting factor for the crossed undulator scheme in SASE is the longitudinal coherence of
the radiation, rather than the change of phase and amplitude of the two superimposing
fields along the wavefront. SASE is in fact characterized by a limited longitudinal coherence
which limits the crossed polarized undulator scheme applicability. Similar results have been
reported for the LCLS facility in SASE [22].
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Figure 5.34: Degree and direction of the linear polarization component for the crossed circularly
polarized undulators in SASE. The two top panels refer to the consecutive configuration, obtained
using 4 undulators with CR and 1 undulator with CL polarization. The bottom panels refer to the
distributed configuration with 6 undulators. The lines represent the moving average over 30 shots
of the reported quantities. Notice that, in the case of SASE, the distributed configuration leads to a
reduced degree of linear polarization with respect to the consecutive one.
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5.4.4 Summary

The obtained results demonstrate the successful implementation of the crossed polarized un-
dulator scheme at FERMI in the XUV wavelength range, in both consecutive and distributed
scheme, superimposing either two linearly polarized fields or two circularly polarized ones.

The stability of both schemes has been investigated, in terms of direction of the polar-
ization vector and degree of linear polarization. The distributed scheme has been found
to be characterized by a higher shot-to-shot stability, mainly in terms of the polarization
vector direction  . The degree of linear polarization has been found to be characterized
by the same fluctuations that have been obtained with the pure LH undulator, below the
instrumental noise [52]. An increase of a factor ⇠2 in the amplitude of the fluctuations of
 has been observed for the consecutive scheme.

Both configurations are able to produce a high degree of horizontally polarized light,
although lower than the one obtained in pure linear mode. The distributed scheme is
characterized by a higher stability of the polarization parameters of the output radiation.

The achieved performance in terms of polarization control at FERMI can be used to
extend the present capability of the two FERMI FELs to generate linearly polarized radiation
with arbitrary direction, as indicated in Fig. 5.32.

The experimental results are well explained using a simple Gaussian propagation model.
The key parameter is the ratio between the distance of the two sources and the Rayleigh
range of the emitted radiation. If this ratio is significantly smaller than one the light emitted
from the first source will not diverge significantly when superimposed to the second source
point, so the total output radiation could in principle be nearly 100% polarized. If instead
the ratio is larger than one, the o↵-axis radiation emitted from the first source will interfere
at di↵erent phases with the orthogonal light emitted by the second source. Because the
two orthogonal fields have di↵erent source points, only the on-axis phase can be adjusted to
the desired value to define the final polarization: the relative phase and intensity of o↵-axis
fields change with the distance from the axis. As a result, di↵erent polarization states will
be produced o↵-axis, with a lower average degree of polarization if a large beam aperture is
considered.

The good agreement with theoretical predictions of this simple model is an indication of
the high degree of longitudinal coherence of the FEL pulses that are interfering to generate
the polarized light. In fact, if SASE radiation is considered, the crossed polarized undulator
scheme performance are poor and, in our understanding, limited by the reduced longitudinal
coherence of the SASE pulses.

We also demonstrated the capability of producing linearly polarized radiation without
on-axis harmonic components.

The measured levels of polarization would be su�cient for a wide range of experiments
requiring polarization control. Eventually, by limiting the beam collection aperture, a high
degree of polarization can be produced.
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[49] F. Schäfers and M. Krumrey. REFLEC: A Program to Calculate VUV/X-ray Optical
Elements and Synchrotron Radiation Beamlines. BESSY. 1996.

[50] E. D. Palik. Handbook of Optical Constants of Solids, Vol. 1, 2, 3. Ed. by New York
Academic Press. 1997.

[51] G. De Ninno et al. “Chirped Seeded Free-Electron Lasers: Self-Standing Light Sources
for Two-Color Pump-Probe Experiments”. In: Phys. Rev. Lett. 110 (6 2013), p. 064801.
doi: 10.1103/PhysRevLett.110.064801.

[52] E. Ferrari et al. “Single Shot Polarization Characterization of XUV FEL Pulses from
Crossed Polarized Undulators”. In: Scientific Reports 5 (Aug. 2015), 13531 EP. doi:
10.1038/srep13531.

[53] K. J. Kim. “Polarization characteristics of synchrotron radiation sources and a new
two undulator system”. In: Nuclear Instruments and Methods In Physics Research
222.1-2 (1984), pp. 11–13. doi: 10.1016/0167-5087(84)90497-6.

133

http://dx.doi.org/10.1103/RevModPhys.54.389
http://dx.doi.org/10.1103/RevModPhys.54.389
http://dx.doi.org/10.1016/j.nima.2012.10.110
http://xfel.desy.de/technical_information/photon_beam_parameter/
http://dx.doi.org/10.1007/BF00146651
http://dx.doi.org/10.1007/BF00146651
http://dx.doi.org/10.1016/S0368-2048(98)00407-1
http://dx.doi.org/http://dx.doi.org/10.1063/1.4864298
http://dx.doi.org/10.1063/1.168689
http://dx.doi.org/10.1006/adnd.1993.1013
http://dx.doi.org/10.1006/adnd.1993.1013
http://dx.doi.org/10.1103/PhysRevLett.110.064801
http://dx.doi.org/10.1038/srep13531
http://dx.doi.org/10.1016/0167-5087(84)90497-6


FEL Polarization

[54] Y. Li et al. “Study of controllable polarization sase fel by a crossed-planar undulator”.
In: EPAC 2008 - Contributions to the Proceedings. 2008, pp. 2282–2284.

[55] E. A. Schneidmiller and M. V. Yurkov. “Obtaining high degree of circular polarization
at x-ray free electron lasers via a reverse undulator taper”. In: Physical Review Special
Topics - Accelerators and Beams 16.11 (2013). doi: 10. 1103/ PhysRevSTAB. 16.
110702.

[56] J. Bahrdt et al. “Circularly polarized synchrotron radiation from the crossed undulator
at BESSY”. In: Review of Scientific Instruments 63.1 (1992), pp. 339–342. doi: 10.
1063/1.1142750.

[57] F. U. Hillebrecht et al. “Photoelectron di↵raction in magnetic linear dichroism”. In:
Physical Review Letters 75.15 (1995), pp. 2883–2886. doi: 10.1103/PhysRevLett.
75.2883.

[58] Y. K. Wu et al. “High-Gain Lasing and Polarization Switch with a Distributed Optical-
Klystron Free-Electron Laser”. In: Phys. Rev. Lett. 96 (22 2006), p. 224801. doi:
10.1103/PhysRevLett.96.224801.

[59] H. Deng et al. “Polarization switching demonstration using crossed-planar undulators
in a seeded free-electron laser”. In: Phys. Rev. ST Accel. Beams 17 (2 2014), p. 020704.
doi: 10.1103/PhysRevSTAB.17.020704.

[60] E. Saldin, E. Schneidmiller, and M.V. Yurkov. The Physics of Free Electron Lasers.
Springer Science, 2000.

[61] http://emanim.szialab.org/emanim.htm.

[62] Y. Ding and Z. Huang. “Statistical analysis of crossed undulator for polarization con-
trol in a self-amplified spontaneous emission free electron laser”. In: Physical Review
Special Topics - Accelerators and Beams 11.3 (2008). doi: 10.1103/PhysRevSTAB.
11.030702.

[63] G. Geloni, V. Kocharyan, and E. Saldin. “Improvement of the crossed undulator design
for e↵ective circular polarization”. In: FEL 2011 - 33rd International Free Electron
Laser Conference. 2011, pp. 61–64.

[64] T. Tanaka and H. Kitamura. “Improvement of Crossed Undulator for Higher Degree
of Polarization”. In: AIP Conference Proceedings 705.1 (2004), pp. 231–234. doi: 10.
1063/1.1757776.

[65] L. Giannessi. Private Communication.

[66] C. Spezzani et al. “Coherent Light with Tunable Polarization from Single-Pass Free-
Electron Lasers”. In: Phys. Rev. Lett. 107 (8 2011), p. 084801. doi: 10.1103/PhysRevLett.
107.084801.

134

http://dx.doi.org/10.1103/PhysRevSTAB.16.110702
http://dx.doi.org/10.1103/PhysRevSTAB.16.110702
http://dx.doi.org/10.1063/1.1142750
http://dx.doi.org/10.1063/1.1142750
http://dx.doi.org/10.1103/PhysRevLett.75.2883
http://dx.doi.org/10.1103/PhysRevLett.75.2883
http://dx.doi.org/10.1103/PhysRevLett.96.224801
http://dx.doi.org/10.1103/PhysRevSTAB.17.020704
http://emanim.szialab.org/emanim.htm
http://dx.doi.org/10.1103/PhysRevSTAB.11.030702
http://dx.doi.org/10.1103/PhysRevSTAB.11.030702
http://dx.doi.org/10.1063/1.1757776
http://dx.doi.org/10.1063/1.1757776
http://dx.doi.org/10.1103/PhysRevLett.107.084801
http://dx.doi.org/10.1103/PhysRevLett.107.084801


Chapter 6

Coherence Control

The experiments enabled by ultrashort XUV/X-rays FELs, e.g. coherent control of quantum
phenomena [1–3], nonlinear optics, etc., require the knowledge, and possibly the control, of
the spectro-temporal content of individual pulses. While spatial coherence is also a property
of FELs based on SASE [4], the capability of generating temporally coherent pulses is a
distinctive feature of seeded FELs. Indeed, this is a natural consequence of the principle
on which a seeded FEL relies: before emitting radiation, electrons interact with a coherent
source, the seed, and, under given conditions, the latter transmits its coherence properties
to the FEL light.

Seeded FELs have therefore the potential to produce spatially and temporally fully co-
herent pulses [5]. However, the ability to generate fully coherent pulses and shape their
spectro-temporal content with high stability on a shot-to-shot basis is extremely challeng-
ing, due to the di�culties in precisely controlling the light generation process [6]. In addition
to amplification, several factors contribute to the evolution of the electric field during the
FEL process. A linear frequency chirp d!/dt in the seed a↵ects the emission process, causing
a broadening of the spectral envelope [7]. Furthermore, before interacting with the seed,
electrons are accelerated and can acquire a time-dependent energy profile. A curvature
d2�(t)/dt2 in the electron energy �(t) produces the same e↵ect as a linear frequency chirp
in the seed [8–10] and causes an additional linear frequency o↵set during amplification due
to varying d�(t)/dt along the electron beam [11]. The interplay between these e↵ects deter-
mines the FEL temporal phase, which has an impact on the spectral content of the radiated
light [12].

In the following, we demonstrate the use of interferometry in the frequency domain to
investigate the properties of the seeded FEL pulses. Moreover, we provide the first direct ev-
idence of the temporal coherence of a seeded FEL working in the extreme ultraviolet spectral
range and show the way to control the light generation process to produce Fourier-limited
pulses. My personal contribution to the topics described in this Chapter has been manning
and optimising the machine, as well as collecting data. I also found some optimisation knobs
that greatly simplified the measurements, in particular concerning the electron/seed laser
alignment in such configurations.

6.1 Phase-Locked FEL pulses

In a coherent control experiment, light pulses are used to guide the real-time evolution of
a quantum system. This requires the coherence and the control of the pulses’ electric-field
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carrier waves. In the following we demonstrate the generation of two time-delayed phase-
locked XUV pulses from a seeded FEL. The pulses are produced by two seed replicas locked
in phase. The adopted approach also provides a method to investigate the longitudinal
coherence of a seeded FEL. As we will see in Chapter 7 another approach to obtain phase-
locked FEL pulses relies on the control of the phase of the electron beam with respect to
the radiation in di↵erent undulator sections.

6.1.1 Experimental setup

The experiment was performed on FEL-1 and exploits the capability of the seed laser to
trigger and drive the FEL process and generate coherent and controllable XUV pulses.

Fig. 6.1 shows the experimental setup for the generation of two time-delayed phase-locked
pulses implemented at FERMI. The twin seed pulses are produced from a single pulse of
the third harmonic of a Ti:Sa laser and temporally split into two pulses after transmission
through a birefringent plate. The thickness of the birefringent plate and the group velocity
di↵erence for the two plate’s orthogonal axes, rotated at 45o with respect to the laser
polarization, determine the time delay ⌧ between the two seed pulses. The polarization
of both pulses is then adjusted to be parallel to the modulator one using adequate optical
components. This ensures optimum seed-electron coupling in the modulator.

The relative phase between the carrier waves of the twin seed pulses ��seed is controlled
by fine tuning the incidence angle on the plate using a motorized rotation stage with min-
imum phase step of about �seed/30. The two seeds interact with the relativistic electron
beam inside the modulator and give rise to a periodic energy modulation at the seed wave-
length, which is confined to the position of the two seed pulses within the electron beam
(see Fig. 6.1).

The electron beam used for the experiment had an energy of 1014 MeV, a flat ⇠550
A current profile and a duration of about 1 ps. The LPS was characterised by an almost
constant energy chirp of the electron beam. The single-shot spectra are recorded by the
online spectrometer.

6.1.2 Interferogram creation and measurements

Two mutually coherent pulses delayed in time produce a spectral interference pattern [13].
This configuration can be regarded as the temporal equivalent of the Young’s double slit
interferometer where the time-delayed pulses play the role of the spatially separated slits,
and the spectrometer is the equivalent of the far-field screen. The interference arises in the
frequency domain instead of the spatial one.

The resulting interferogram is characterized by the presence of interference fringes, the
fringe spacing is inversely proportional to the time delay, and the interferogram envelope is a
superposition of the spectral envelopes of the two individual pulses. The fringe distribution
within the interferogram contains information on the spectral phase di↵erence of the two
interfering pulses. The maximum contrast, defined as the ratio between the di↵erence of the
maximum and minimum intensity of the spectrogram over the sum of the same quantities, is
maximum when the two interfering pulses are identical, with a regular spacing between the
fringes. If the two interfering pulses do not have the same amplitude (identical configuration)
the fringes’ contrast is smeared out and/or one can observe changes in the uniformity of the
fringe pattern.

In the experiment, we were interested in the control of the fringe position inside the
interferogram envelope. This can be achieved by controlling the carrier-envelope phase
di↵erence ��FEL between the two FEL pulses.
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Figure 6.1: HGHG FEL in the two phase-locked pulses configuration. Two time-delayed seed
pulses are created by transmission of a single laser pulse through a birefringent plate. The plate is
motorized to precisely control the relative phase ��

seed

between the two carrier waves of the twin
seeds, which interact with the relativistic electron beam in the modulator. The time-delayed twin
FEL pulses are spectrally overlapped and give rise to a spectral interference pattern acquired by an
online spectrometer. The relative phase ��

FEL

can be deduced from the distribution of the fringes
in the interferogram. As an example, two cases are sketched. For the experiment reported here, ⌧
= 280 fs and the estimated duration of the individual FEL pulse is about 70 - 80 fs.

In the ideal case, for a homogeneous and symmetric interferogram, the relative phase
��FEL between the two interfering pulses can be extracted from the position of the fringes
as sketched in Fig. 6.1.

As the FEL emission in a seeded scheme is initiated by the coherent structure imprinted
on the electrons by the seed laser itself, we expect that the two FEL pulses obtained using
the above scheme will be mutually coherent and that their relative carrier-envelope phase
can be precisely controlled. The relative phase between the two FEL pulses is related to the
one between the two seeds according to

��FEL = n⇥��seed + C , (6.1)

where n is the harmonic number. C is a factor that includes the phase contribution due to
the electron beam time-dependent energy profile and a phase di↵erence possibly developed
during pulses amplification in the radiator.

6.1.3 Interferogram analysis

Fig. 6.2(a) shows the evolution of the spectral fringes as a function of the rotation angle
of the birefringent plate. The minimum rotation step size is �seed/28.33, corresponding to
�FEL/5.67. Fig. 6.2(b) and (c) highlights the fringe displacement for each step. The ability
to control the fringe displacement confirms that the phase relationship existing between
the twin seed pulses is coherently transferred onto the two FEL pulses. This is a direct
consequence of the principle on which a seeded FEL working in the harmonic generation
configuration relies.

The analysis of a sequence of shot-to-shot interferograms keeping the twin seed phasing
fixed contains complementary information on the stability of the phase locking. A collec-
tion of 2000 single-shot interferograms is shown Fig. 6.3(a). The shot-to-shot regularity of
the interferogram indicates that the relative amplitude and phase profile of the pulses are
conserved. The statistics on the shot-to-shot stability of the central fringe is shown in the
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ΔϕFEL + 2π

Spectral intensity (arb. units)

(a)

(b)

(c)

Figure 6.2: Interferogram from two phase-locked FEL pulses. (a) Evolution of the spectral in-
terference fringes as a function of the rotation angle of the birefringent plate (see Fig. 6.1). (b)
Zoom of the central part. At each rotation step, 20 consecutive single-shot spectra are acquired. (c)
Single-shot profiles extracted from (b), one for each rotation step.
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histogram of Fig. 6.3(c). The fringe (RMS) location stability is ⇠ FS/12, FS being the
fringe spacing (= 0.0372 nm). This implies that the phase stability in between the two FEL
pulses is about ⇡/6 rads, corresponds to temporal fluctuations lower than 15 attoseconds
between the carrier waves of two consecutive FEL pulses. The measured fringe instabilities
are related to di↵erent e↵ects, the main ones were identified to be the shot-to-shot variation
of the electron beam properties and the timing jitter between the electron beam and the
seed lasers. An example of such dependence is reported in Fig. 6.3(d), where the central
interferogram wavelength and the arrival time of the electron beam (see Appendix A) show
a significant correlation.

(a)

(c)

(d)

(b)

Figure 6.3: Analysis of the fringe stability. (a) Sequence of spectra acquired for a fixed angle of
the birefringent plate. (b) Ten single-shot interferogram profiles extracted from (a). (c) Histogram
showing the distribution of the position of a central fringe on the spectrometer. (d) Correlation
between the fringe position and the time jitter of the electron beam.

Changes in the longitudinal electron beam properties experienced by the two time-
delayed seed pulses can lead to the emission of non-identical FEL pulses and/or to vari-
ations in their relative phase with respect to the one introduced by the twin seeds. The
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described interferometric method therefore can represent a valuable tool for monitoring the
FEL stability and performance.

6.1.4 Summary

In conclusion, using an interferometric setup, we demonstrated phase-locking between two
pulses from a seeded FEL and studied the control and the stability of their relative temporal
properties. It turns out that the physical process on which an FEL relies preserves the mutual
coherence driven by the two seed laser pulses. Finally, we identified the non-ideal electron
beam as the main source of the remaining phase instability. In the general context of laser-
driven light sources, we proved once again the capability to control and manipulate the light
emitted by a seeded FEL [6, 14]. The setup is easy to implement. By extending the FEL
output from two to a train of multiple phase-locked pulses, a frequency comb like spectrum
could be generated [15, 16]. Moreover, the individual control of each pulse, specifically its
spectral phase, can allow a vast range of coherent control applications at short wavelengths,
such as quantum state holography [17]. The generation of phase-locked pulses could also be
naturally extended to the XUV photon energies generated by FEL-2.

6.2 SPIDER reconstruction of FEL pulses

Single-shot characterization and control of the spectral and temporal features of FEL pulses
are fundamental prerequisites for experiments aiming at taking full advantage of the laser-
like properties of a seeded FEL. Such a characterization is a challenging task, mainly due to
the strong material absorption of the light in the XUV-soft-X-rays wavelength range.

Only few e↵ective techniques have been proposed to measure the duration of a femtosec-
ond short-wavelength SASE pulse [18, 19]. In the following we demonstrate the possibility to
reconstruct, both in the temporal and spectral domains, the envelopes and phases of a pulse
generated by a seeded FEL using the spectral phase interferometry for direct electric-field
reconstruction (SPIDER) method [20–24].

6.2.1 The SPIDER algorithm

SPIDER uses spectral shearing interferometry [25, 26] to retrieve the spectral phase of the
incident pulse [22]. The spectral interferogram is generated by the interference in between
two replicas of the pulse one wants to investigate. The replicas needs to be identical one to
another except for a shift in frequency with respect to each other [20].

Writing the electric field of the pulse one wants to characterize, in the frequency domain,
as E(!) = |E(!)| exp(i�(!)), the SPIDER signal reads

S(!) = |E(!)|2 + |E(! + ⌦)|2 + 2|E(!)||E(! + ⌦)| cos(�(!)� �(! + ⌦) + !⌧) , (6.2)

where ⌦ is the spectral shear and ⌧ is the temporal distance between the two pulses. The
analysis of the interference pattern allows retrieval of the spectral phase �(!) of the pulse,
for a set of discrete frequencies separated by ⌦ [22], through an inversion routine [21]. The
quantity |E(!)| can be directly obtained from S(!) or measured independently. A schematic
description of the SPIDER algorithm is shown in Fig. 6.4.

The reconstruction procedure for recovering the spectral phase information from the in-
terferogram is based on the Fourier transform of the sampled data, which is composed of
three peaks, separated in time [21, 28]: a single “DC” peak due to the constant term in
Eq. (6.2) near t = 0 and two “AC” sidebands due to the cosine term, located at t = ±⌧ .
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Figure 6.4: Schematic representation of the SPIDER reconstruction algorithm. After the interfer-
ogram is recorded (a) the Fourier transform of the signal is performed (b), which is composed of three
peaks. By proper filtering one of the two “AC” sidebands and the “DC” peak and successive Inverse
Fourier transform (c), it is possible to recover the argument of the cosine (Eq. (6.2)). Through a
concatenation of this phase di↵erence data, the spectral phase can be recovered (d). The temporal
profile can be finally recovered by carrying out a Fourier transform of E(!) (e). Image reproduced
from [27].
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The phase information is contained in the sideband peaks only and each of them contains
all of the information [22]. By proper filtering the DC peak and one of the sidebands, and
successive inverse Fourier transform, one can recover exactly the argument of the cosine
term in Eq. (6.2). The phase term linear in the pulse separation (!⌧) can be removed by
subtracting a calibration trace. The remaining phase data corresponds to the phase di↵er-
ence between the two frequencies in the pulse pair separated by the spectral shear. Through
a concatenation of this phase di↵erence data, the spectral phase can be recovered [29].

The temporal profile |E(t)| and temporal phase �(t) can be finally recovered by carrying
out a Fourier transform of E(!).

6.2.2 Generation of the interferogram

As mentioned, the electron-beam energy is generally characterized by a time-dependent
profile. If two seed replicas separated by a time interval ⌧ overlap with a quadratic zone of
the �(t) curve, two FEL pulses, separated by the same temporal distance of the two seeds,
are generated. The FEL pulses are also shifted in frequency by a shear ⌦ depending on
the derivative of the quadratic curvature of the beam energy profile. If the electron beam
properties are su�ciently homogeneous, the generated FEL pulses have equal intensities and
temporal phases, satisfying the condition for the application of the SPIDER algorithm.

For the experiments reported in the following the electron beam energy was ⇠1 GeV,
the energy spread ⇠150 keV, the slice emittance ⇠1 mm mrad and the peak current ⇠600 A
on a flat profile of ⇠1 ps. In these conditions, the core of the electron beam, corresponding
to the highlighted region in Fig.6.5(a), is characterized by a dominant quadratic curvature
of about 6.5 MeV/ps�2 in the beam energy profile �(t).

The seed replicas to generate the twin FEL pulses were obtained by splitting the pulse
of the third harmonic of a Ti:Sa laser by means of adjustable polarization rotation and a
birefringent plate, similar to the one described in the previous experiment. As the seeded
FEL pulse properties critically depend on the seed laser properties, we manipulated the seed
temporal duration and chirp using an adequate calcium fluoride lamina and/or an optical
compressor based on transmission gratings. The seed wavelength was 261 nm and the replica
separation ⌧ = 230 fs. The FEL was operated at n = 5 (i.e., 52.2 nm). At the end of the
radiator, this results in the generation of two FEL pulses separated in time by ⌧ and shifted
by a frequency ⌦, which is directly proportional to the amount of electron-energy quadratic
chirp.

The twin FEL pulses yield a spectral interferogram, cfr. Fig. 6.5(c) on which the SPIDER
algorithm relies that was recorded using on the on-line PADReS photon spectrometer [30].
As shown in Fig. 6.5(b), the interferograms evolve as a function of the relative delay be-
tween the seed replicas and the electron beam. Vertical cuts of the map provide single-shot
interferograms, see Fig. 6.5(c). As expected, the central wavelength of the inteferograms
generated by the electrons in the quadratic region displays a linear shift. The good contrast
of the interference fringes is a clear indication of the similarity of the interfering pulses. The
measured shift between spectra separated by the temporal distance ⌧ corresponds to the
spectral shear ⌦. For the experiments the maximum possible value of ⌧ is determined by
the extension of the highlighted region in Fig. 6.5, where the electron-beam energy profile
is characterized by a dominant homogeneous quadratic dependence. The shear ⌦ is then
determined by the amount of such a quadratic chirp. Outside this region, higher-order non-
linear terms become non-negligible. This makes it impossible to generate (almost) identical
FEL pulses and, therefore, apply the SPIDER reconstruction. In our working conditions,
⌦ = 1.7⇥ 1013, which corresponds to �� = 2⇡⌦/�2 ' 0.025 nm (� = 52.2 nm).
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Figure 6.5: Generation of the FEL interferogram. (a) Energy and current time-dependent profiles
of the FERMI electron beam (the bunch head comes at smaller times). In the highlighted region, the
energy profile is characterized by a dominant and constant quadratic term. (b) FEL intereferograms
as a function of the temporal position of the leading seed pulse with respect to the electron beam. The
region of interest corresponds to the overlap between the seed replicas and the electron-beam quadratic
region. Also shown is the definition of the parameters ⌧ and ⌦. For the reported experiment,
⌦ = 1.7 ⇥ 1013 Hz. (c) Vertical cut of the map, providing a single-shot interferogram. Image
reproduced from [5].
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6.2.3 Analysis of the interferogram

The inteferograms in the region of interest highlighted in Fig. 6.5(b) were used to carry out
the SPIDER analysis of the FEL pulse.

Figure 6.6 shows the result of the reconstruction in the spectral (Fig. 6.6(a)) and temporal
(Fig. 6.6(b)) domains for an interferogram located in the middle of the region of interest. The
temporal phase profile has a positive curvature which corresponding to a dominant positive
linear frequency chirp on the pulse. This is consistent with the parameters of the machine,
as both the electron beam energy and the seed pulses were characterized by a positive chirp.
The obtained spectral bandwidth and pulse duration are, respectively, 6.3 ⇥ 10�2 nm and
71 fs (FWHM). The value of the bandwidth is very close (within a few per cent) to the one
obtained by directly measuring the spectrum of a single FEL pulse, generated by one of
the seed replicas. According to the existing theory [10], the FEL pulse duration, �tFEL, is
expected to scale approximately as �tseed ⇥n�1/3, where �tseed is the duration of the seed
pulse. Using the parameters of the experiment the expected FEL pulse duration is 73.7 fs
(FWHM), in good agreement with the reconstructed value. Notice that the time-bandwidth
product, supposing a Gaussian profile of the pulse, is a factor 1.1 above the Fourier limit.
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Figure 6.6: Spectro-temporal reconstruction of an FEL pulse. (a) Reconstruction of the spectral
envelope and phase from an interferogram acquired in the middle of the region of interest shown
in Fig. 6.5(b). (b) Reconstruction of the temporal envelope and phase. Due to the constraints in
the choice of the working conditions, the tails of the temporal phase may be a↵ected by spurious
high-frequency terms. For this reason, the phase plots are truncated before the possible appearance
of the artificial distortion (see also Fig. 6.7). Image reproduced from [5].

6.2.4 Reproducibility of the spectro-temporal reconstruction

The reproducibility of the presented method is demonstrated by comparing the reconstruc-
tions obtained for di↵erent positions in the region of interest and for di↵erent FEL shots,
as reported in Fig. 6.7(a,b). Here lines with the same colour represent the reconstructions
obtained from three consecutive interferograms at di↵erent seed laser-electron beam delays.
One can see that the reconstructions are very similar between each other and the observed
fluctuations in bandwidth and pulse duration are smaller than 10%, confirming also the
stability of the machine.

We also repeated the experiment using two seed replicas with a negative linear frequency
chirp and a duration of 180 fs (FWHM). The results, shown in Fig. 6.7(c,d), demonstrate a
change in concavity of both spectral and temporal phases with respect to the previous case.
This result shows that the chirp on the seed laser dominates the electron beam (energy) one.
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The calculated time-bandwidth product results to be a factor 1.2 above the Fourier limit in
this case, as the spectral bandwidth is 4.8⇥ 10�2 nm and the FEL pulse duration is 99 fs.
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Figure 6.7: Statistical analysis of spectro-temporal reconstructions. a,b, Positive linear frequency
chirp on the seed replicas (quadratic temporal phase: about 1 fs�5): Reconstructions obtained from
three consecutive FEL shots (lines of the same color) at fixed delay and for two di↵erent delays
(represented by black and red colors) separated by 65 fs within the region of interest shown in
Fig. 6.6(b). Continuous line: spectral and temporal envelopes; dotted lines: spectral and temporal
phases. c,d, Negative linear frequency chirp on the seed replicas (quadratic temporal phase: about
-4.5 fs�5): Reconstructions obtained from three consecutive FEL shots (lines of the same color) at
fixed delay and for two di↵erent delays (represented by black and red colors) within the region of
interest shown in Fig. 6.6(b). Continuous line: spectral and temporal envelopes; dotted lines: spectral
and temporal phases. For the sake of visualization, spectra were centered at the same wavelength.
Image reproduced from [5].

6.2.5 Summary

The method we have implemented allows to carry out single-shot spectro-temporal charac-
terizations of femtosecond XUV pulses produced by a seeded FEL. Our measurements also
constitute the first direct evidence of the temporal coherence of a seeded FEL pulse in the
XUV wavelength range. The comparison between the results reported in Fig. 6.7 for the
two di↵erent seed conditions paves a way to fully control the FEL spectral and temporal
properties by properly adjusting the seed laser chirp. This opens the way to the generation
of flat-phase Fourier-limited femtosecond pulses in the XUV region using a seeded FEL,
as we will see in the remaining part of this Chapter. The results are in agreement with
previously developed theory. The described approach is independent of the wavelength of
the radiation and can therefore be implemented on present and future facilities in order to
monitor and shape the properties of a seeded FEL pulse.
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6.3 Spectro-temporal shaping of seeded FEL pulses

By taking inspiration from the results reported in the previous section, we carried out a
series of experiments aimed at demonstrating the possibility of fully controlling the spectro-
temporal content of FEL XUV pulses by properly tuning the seed laser operating parameters.
The results constitute the first experimental evidence of Fourier limited pulses from an FEL
in the XUV spectral range. The possibility of tailoring the spectro-temporal content of
intense short-wavelength pulses represents the first step towards e�cient nonlinear optics
in the XUV to x-ray spectral region and will enable precise manipulation of core-electron
excitation using, e.g., coherent quantum control.

6.3.1 How to control the FEL pulse shape

As we have seen in Chapter 2, the FEL output at the nth harmonic is driven by the electron
bunching factor bn, that can be written as [7, 10, 31]

bn(t) = e�n2B2/2Jn(�nBA(t)) exp(in(�s(t) + �e(t))) , (6.3)

where B is the dispersive section strength [10], Jn is the nth order Bessel function, and
A(t) is the time-dependent energy modulation (normalized to the electron energy spread
��), which is proportional to the envelope a

0

(t) of the seed laser electric field

a(t) = a
0

(t) sin(!
0

t+ �s(t)) , (6.4)

!
0

being the central frequency. The exponent in the last factor, where �e(t) = (B/��)E(t),
accounts for the slowly varying phase of the seed, i.e. �s(t), and for a possible time-dependent
energy profile of the electron beam. As the microbunched beam is injected into the radiator
it starts emitting coherent light. Initially the electron beam is rigid and the FEL electric field
is directly proportional to the bunching factor in Eq. (6.3). Before saturation occurs [32–34],
the shape of the field envelope is preserved despite amplification in the radiator. However,
a small additional phase �a(t) due to the amplification process is introduced [8, 9, 12], so
that the total FEL phase becomes

�FEL(t) = n[�s(t) + �e(t)] + �a(t) . (6.5)

The above equations provide the basis for FEL pulse shaping through the manipulation of
the seed envelope a

0

(t) and phase �s(t).
Both the electron beam time-dependent energy profile and the phase developed during

amplification a↵ect the pulse properties [8–10, 12]. However, these e↵ects can be fully
compensated for by properly tuning the temporal phase of the seed laser. For the cases
considered here, it su�ces to expand each of the individual phase contributions �s(t), �e(t),
and �a(t) into a power series in time up to the second order. While a linear-term coe�cient
d�(t)/dt results in an absolute frequency (wavelength) shift [11], a quadratic-term coe�cient
d2�(t)/dt2 gives rise to a linear frequency chirp in the pulse [7]. A suitable seed laser chirp
can then be used to counter the combined e↵ects due to the electron beam quadratic energy
curvature and the chirp developed during amplification.

Figure 6.8 highlights how the spectro-temporal content of FEL light can be shaped by
tuning the operating parameters. First, Fig. 6.8(a), the bunching envelope, generated here
by a Gaussian seed, can be modified by changing the strength B of the dispersive section.
With increasing B, the bunching develops modulations as a function of time (Eq. (6.3))
due to the process of electron overbunching and rebunching [35, 36], leading to a pulsed
structure. As emphasized above, the FEL pulse temporal shape directly corresponds to the
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Figure 6.8: FEL pulse shaping through manipulations of the electron bunching envelope and FEL
phase. (a) Theoretical bunching envelope (|b

n

(t)|2, see Eq. (6.3)), as a function of the dimensionless
dispersive strength B. Just before the bifurcation B is optimized for maximum bunching, resulting in
a single peak. Increasing B leads to peak splitting due to electron overbunching in the central part.
The envelope develops a multipeak structure as a result of electron rebunching when B is increased
even further. (c) The spectral map (FEL spectrum as a function of B) strongly depends on the
FEL phase (b). For a significantly chirped FEL pulse there is a direct correspondence between the
temporal and spectral domains (top). On the other hand, the spectral map of a Fourier limited pulse
(with a flat phase) develops distinctive features with increasing B due to interference between the
individual peaks in the multipeak bunching structure (bottom). For the sake of visualization, the
bunching and spectral maps are normalized in amplitude for each value of B. Image reproduced
from [6].

bunching envelope. Second, manipulating the FEL temporal phase using a chirped seed,
Fig. 6.8(b), leads to a drastic modification of the FEL spectral content; see Fig. 6.8(c).
While the spectral map (spectrum versus B) of a significantly chirped FEL pulse directly
corresponds to its temporal map [37, 38], a Fourier limited pulse with a flat temporal phase
shows a distinctively di↵erent spectral signature.

6.3.2 Experimental results

We verified the above predictions and demonstrated the possibility of controlling the spectro-
temporal content of the FEL pulses with dedicated experiments. As described before, we
can manipulate the seed laser chirp either by introducing a proper lamina and/or by using
a grating-based optical compressor.

Figure 6.9(a) shows the measured spectral map if a strong positive chirped seed laser
(5.9 ⇥ 10�5rad/fs2) is used to seed the FEL, that will exhibit a corresponding positive
frequency chirp.

The parameters were chosen to be close to the ones of the simulation reported in the
top part of Fig. 6.8(c). One can see that the FEL spectrum develops intensity modulations
as B is increased, which directly correspond to the intensity modulations in the temporal
domain. Excellent agreement between experiment and theory (inset) demonstrates that,
despite amplification in the radiator, the FEL pulse envelope is preserved, justifying the use
of Eqs. (6.3) and (6.5) to describe the spectro-temporal content of FEL light.

The next experiment, Fig. 6.9(b), was performed with a moderate positive chirp on the
seed laser (6.7 ⇥ 10�5rad/fs2). Because the total FEL chirp is not high enough to satisfy
the condition for the spectro-temporal equivalence [38], the central part of the spectral map
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is significantly modified with appearance of intensity islands. Again, a remarkably good
correspondence is obtained between experiment and theory.

Based on the two spectral signatures in Figs. 6.9(a) and 6.9(b), the next set of experi-
ments was carried out by putting a negative chirp rate on the seed (�2.0⇥ 10�5rad/fs2). A
strong modification of the spectral content versus B with respect to the previous two cases
is seen in Fig. 6.9(c), confirming the extremely high sensitivity of the spectral maps to the
FEL phase. Experimental data once again fit well with calculations reported in the inset of
the same figure.

Remarkably, the spectral signature corresponds to that of a Fourier limited pulse with
a flat temporal phase, cfr. Fig. 6.8(c), bottom. The negative chirp rate on the seed com-
pensates the positive chirp in the electron beam energy which was in the experiment ⇠12
MeV/ps2, measured at the end of the LINAC, and the chirp developed during the amplifi-
cation stage. More precisely, because the phase contribution from the electron beam �e(t)
is a function of B, the FEL chirp rate varies linearly from about -1 to 9 ⇥10�5rad/fs2 in
the range of dispersive strengths used in Fig. 6.9(c), going through zero at B ⇠ 0.14, where
full chirp compensation is achieved.

6.3.3 Summary

The experimental spectral maps in Fig. 6.9 and their striking agreement with theory, Eqs. (6.3)
and (6.5), imply that we are able to fully manipulate the FEL output pulse by finely tuning
the seed laser envelope and phase. The dispersive section can be used as an additional tun-
ing knob, e.g. an FEL pulse train with a fixed phase relationship can be obtained by simply
increasing the strength of the dispersive section. Our results demonstrate that, by adjusting
the seed laser phase, a controllable amount of linear frequency chirp can be transferred to
the FEL pulse, which can enable, e.g., chirped pulse amplification [39] on an FEL.

A careful tuning allows generation of Fourier limited pulses with a flat temporal phase.
Such pulses are typically used as references in the field of coherent quantum control. Our
results therefore enable full spectro-temporal shaping of intense ultrashort pulses in the
XUV to soft-x-ray region using methods similar to the ones developed in the visible spectral
region [40]. In combination with the possibility of engineering the FEL transverse radiation
profile using HGHG [14], this sets the stage for entirely new experiments with full control
of pulsed light at short wavelengths.
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Chapter 7

Two Color FEL

The advent of FEL sources delivering two synchronized pulses of di↵erent wavelengths has
made available a whole range of novel pump-probe experiments [1].

The ability to create two synchronized FEL pulses of di↵ering colours has enormous
potential for femtosecond time-resolved studies [2, 3] as it opens up unique opportunities for
studying the dynamic response in atomic, molecular and solid state systems by selectively
tuning electron resonances in atoms. As a consequence it has engendered major research [4–
7] and development [8–14] e↵orts at all FEL facilities worldwide, with the ambition of
attaining wide ranging colour tunability and timing control.

Various two-colour configurations have been proposed, both for seeded [2, 8, 9, 12] and
SASE [10–12] FEL sources. Initial configurations delivered two short FEL pulses with a
controlled temporal separation in the range of a few hundred fs and a small photon wave-
length separation (⇠1%). In the case of SASE, di↵ering photon wavelengths are obtained by
dividing the radiator in two slightly detuned sections [10]. In the case of external seeding,
the FEL wavelength separation is controlled by acting on the seed laser wavelength and by
taking advantage of a residual controllable energy chirp on the electron beam [2, 9]. For
self-seeding schemes [15, 16], it has been demonstrated [12] that two seeded FEL pulses can
be generated using two distinct Bragg di↵raction lines in the self-seeding crystal recombined
within the taper-tuned undulators. The possibility of producing two colours with a wider
spectral separation (up to 30%) has been demonstrated recently at the SACLA hard X-ray
SASE source by using the capabilities of a variable gap undulator [13].

Over the last decade, time-resolved studies made frequent use of short X-ray pulses as
a probe that is coupled to an optical laser pump. Femto-slicing at synchrotrons [17–23],
high harmonic generation in gases [24–27] and FEL sources [28–33] deliver XUV and X-ray
pulses with sub-100 fs duration that have been used for studying the ultrafast dynamics of
magnetic [17–28, 30, 32] and structural [21, 29–31] order in optical-laser pump/X-ray probe
experiments.

A whole new class of pump-probe experiments that require both pump and probe to be
element selective is created by combining the full coherence of seeded FELs with a broad
and independent tunability of the two colours.

Tuning the wavelength to an atomic resonance provides the probe with element selectiv-
ity, which is of considerable interest especially for magnetic studies. Among the numerous
exciting opportunities are studies of exotic properties of matter driven into non-equilibrium
transient states by ultrabright X-ray pulses [34–37]. These studies are relevant to inertial
fusion [38], planetary interior physics [39] and, more generally, to radiation-matter interac-
tions [40].
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Exploring the dynamics of matter driven to extreme non-equilibrium states by an intense
ultrashort X-ray pulse is becoming reality, thanks to the advent of FEL technology that
allows development of di↵erent schemes for probing the sample response at variable time
delay with a second pulse [2].

In this Chapter we will describe in details how three di↵erent configurations has been
successfully implemented at FERMI FEL-1 to obtain multiple-colour FEL pulses. Each
configuration has being used in di↵erent proof-of-principle experiment in condensed matter
and gas phase, demonstrating the possibility to use the machine in these exotic setups that
were not anticipated during the design phase.

7.1 Two seed pulses, single radiator harmonic

In this section we report the successful generation of two FEL pulses starting from two
external laser seed pulses in the HGHG configuration. The emitted FEL pulses have pre-
cise and controllable time delay, wavelength and intensity ratio. The highly coherent FEL
pulse pairs are used in a proof-of-principle FEL pump/FEL probe experiment in the XUV
wavelength range to examine the dynamics of a thin-metal layer structure.

7.1.1 Generation of twin FEL pulse

The process leading to the generation of ultrafast XUV/X-ray light pulses in a HGHG
FEL, as we have seen in Chapter 3, begins with the interaction of an external optical laser,
the seed, with the electron beam. If the seed radiation spectrum is contained inside the
FEL gain bandwidth, the electron beam longitudinal phase space is su�ciently uniform
(in current and energy) and the amplification process occurring in the radiator does not
enter into the deep saturation regime, the output radiation properties in terms of spectrum,
duration and arrival time are tightly correlated with those of the input seed laser pulse.
As proposed in [41], a straightforward method for the generation of multiple pulses from
an HGHG FEL consists of seeding the electron bunch with multiple laser pulses. In the
specific configuration presented in the following, we use two UV seed pulses at slightly
di↵erent central wavelengths, �seed,1 and �seed,2, both independently tunable in the 260-
262 nm range, characterized by a temporal duration of 180 fs FWHM, with adjustable
time separation and intensity ratio. As schematically shown in Fig. 7.1(a), these pulses
are focused in the modulator and interact with the electron bunch. In the experiment the
electron beam length was 750 fs, the energy was 1.2 GeV and the beam had a flat ⇠500-600
A current profile.

As in a conventional HGHG scheme, the electron beam is first energy-modulated as it
interacts with the two seed pulses in the modulator. Successive passage through a chromatic
dispersion section leads to the formation of two density-modulated regions in which the seed
properties are encoded into the electrons. Finally in the radiator, tuned at the nth harmonic
of the average of the two seed (n = 7 in our case), these two regions emit two temporally and
spectrally independent FEL pulses at �

1

= �seed,1/n and �
2

= �seed,2/n. The relative delay
between the two FEL pulses can be controlled by adjusting the delay between the input seed
pulses. As we have seen in Chapter 5, the FERMI radiators have variable polarization thus
the output radiation can have any of the permitted output polarization states.

To produce the two seed pulse we introduced the pulse splitting already at the funda-
mental wavelength (784 nm) of the Ti:Sa regenerative amplifier. The infrared pulses were
divided into two parallel, independent channels for third harmonic generation (THG), both
equipped with a remotely controlled polarizer to tune the laser power to be used for the
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seeding process, a delay stage to manipulate the relative path length and a shutter to block
each seed arm independently. The central wavelength of both pulses can be independently
tuned in the 260-262 nm range by rotation of the generating crystal. The output ultraviolet
pulse durations and separation were measured by a cross-correlator using as a reference a
fraction of the pulses from the Ti:Sa oscillator that seed the amplifier section of the seed
laser. Di↵erent cross-correlation traces recorded during the experiment indicate the absence
of any measurable timing jitter or drifts between the two generated ultraviolet pulses.

Using only the first pulse at �
1

, responsible of seeding the “pump” FEL pulse, a fine scan
of the relative seed/electron beam timing (Fig. 7.1(c)) was performed in order to find an
optimum position in the leading edge of the electron bunch. This ensures that a su�ciently
wide, unused portion of electrons towards the tail could accommodate the second ultraviolet
pulse (probe). When both seed pulses were injected into the HGHG FEL, clean, twin peak
output spectra were observed if the temporal delay between the two pulses was set in the
proper range. The pump-probe delay adopted to perform the experiment reported below
was between about 300 and 700 fs, limited on the upper side by the electron bunch length
and on the lower one by the seed pulse duration. For shorter delays, interference e↵ects lead
to spectral modulation. Fig. 7.1(b) shows a typical spectrometer image of the twin FEL
pulses generated with a time delay of 500 fs. One can see that the spectrum of the twin
FEL pulses is extremely clean and stable.

The performance of the twin-pulse-seeding scheme in terms of spectral purity and in-
tensity stability compared to single-seed FEL emission is displayed in Fig. 7.2. The results
are obtained recording a number of consecutive spectra on both the online spectrometer
(Fig. 7.2(a)) and the total FEL intensity with a gas monitor detector (Fig. 7.2(b)). The
switching between single and double colour FEL emissions is obtained by blocking one of the
seed laser arms, without the need to change the electron beam nor the undulator parameters.

By fitting the two-colour FEL spectra as a sum of two independent Gaussian curves, we
estimate a negligible di↵erence between the single and double FEL emissions, confirming the
robustness of the pulse generation scheme. Statistical analysis of the spectra in Fig. 7.2(a)
shows that the (RMS) bandwidth is about 25⇥10�3 nm (⇠0.05% of the central wavelength).
As one can see from Fig. 7.2(c) the shot-to-shot peak position (RMS) jitter is about 3⇥10�3

nm (⇠0.005% of the central wavelength). The absolute single-wavelength intensities of the
two FEL lines, obtained evaluating the area of the spectrum, are comparable to those of
single FEL emission, see Fig. 7.2(b). The measured (RMS) shot-to-shot stability is about
15%, as reported in Fig. 7.2(d). In the described scheme, the intensity ratio between the
pump and probe pulses can be tuned easily by changing the relative intensity of seed laser
pulses or by changing the radiator tuning to favor the growth of one of the pulses over the
other.

7.1.2 Proof-of-principle pump and probe experiment

The FEL pulses generated as described above has been used in a proof-of-principle pump-
probe experiment, aimed at investigating the temporal evolution of the di↵raction pattern
generated by a titanium grating, for di↵erent intensities of the pump signal. A grating sample
was chosen in order to achieve spatial separation of the di↵raction patterns generated by the
two FEL pulses, in order to distinguish the signal generated by the probe. The wavelength
and intensity of each pulse were measured by the gas monitor and the online spectrometer
(Fig. 7.1(a)). The maximum pulse intensity for the pump pulse was 30 µJ, corresponding
to a fluence F of about 18.5 J/cm2 on the sample, and was attenuated using a gas cell
and/or Al solid-state filters. The di↵raction measurements were carried out at the DiProI
end station [42] using a 195 ± 30 µm2 spot. As shown in Fig. 7.1(d), the pulses hit the
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Figure 7.1: Generation and characterization of the twin-seeded FEL pulses and experimental
set-up. (a) Two distinct ultraviolet laser pulses interact, with an adjustable delay, with a single
electron bunch. Inside the FEL radiator, the two seeded regions emit XUV radiation at di↵erent
wavelengths. The wavelength and temporal separation of generated twin FEL pulses are determined
by the parameters of the seed laser pulses. The spectral purity, pulse intensities and widths of the
pulses is monitored by an online spectrometer. (b) Typical spectrum of the twin-FEL pulses. (c)
Sequence of FEL spectra obtained during a temporal scan of the seed laser pulse pair with respect to
the electron bunch. The zero time is defined as the instant when the first laser pulse interacts with
the electron bunch. Increasing the arrival time delay of the laser pulses with respect to the electron
bunch, the emission of the second FEL pulse is evident after ⇠500 fs. (d) Layout of the detection
system: the twin FEL pulses with di↵erent wavelengths, focused by K-B optics (shown in (a)),
impinge on the Ti grating (80-nm thick and 165-nm wide Ti strips with 400-nm pitch fabricated
on a 20-nm thick Si

3

N
4

window) and are di↵racted along the horizontal plane. The seventh order
di↵raction pattern is detected by a CCD camera placed o↵-axis with respect to the direct beam. Image
reproduced from [2].
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Figure 7.2: Spectral and intensity stability of twin-seeded FEL radiation. Sequence of 1150 con-
secutive single-shot FEL emission spectra (a) and corresponding intensities (b). Green dash lines
highlight the selective block of one of the seed laser arms (pump or probe) in order to suppress one
of the FEL pulses. The filled markers identify the FEL emission configuration: double FEL emis-
sion using twin laser seed pulses (red circles, total signal), single FEL emission probe signal only
(blue triangles) and single FEL emission pump signal only (green squares). The open markers are
the absolute intensities of a single pulse (green for pump and blue for probe) for two-colour emis-
sion, obtained from the corresponding peak area in the spectra. The probability distributions for the
peak wavelength jitter and emission intensity are shown (respectively) in (c) and (d). The colours
correspond to the configurations considered in panel (b). Image reproduced from [2].
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sample at normal incidence and di↵ract along directions defined by the transmission grating
angles ✓

1,2 = sin�1(Nd · �1,2/b), where �1,2 are the FEL wavelengths, Nd is the di↵raction
order of the grating, characterized by a pitch b.

The two-colour pulses were tuned to wavelengths above the Ti M
2/3 edge, at � ⇠38

nm. By tuning to an atomic resonance we become more sensitive in terms of photon deflec-
tion angle and absorption, as the monotonic wavelength dependence of both dispersive (�)
and absorptive (�) terms of the complex refractive index n = 1 � � + i� undergoes sharp
changes through the atomic resonances [43]. Consequently the di↵raction peak intensities
and positions are highly sensitive to the Ti ionization state at the arrival time of the probe
pulse. Performing sets of measurements with di↵erent samples and varying the fluence, we
determined that the “radiation damage” threshold is around 150 mJ/cm2.

Figure 7.3(a-c) show the obtained results in the low-F regime (F < 150mJ/cm2) when
the pump radiation induces minor changes in the Ti electronic structure. In this “unper-
turbed” regime the di↵raction patterns have the expected peak position and, more rele-
vantly, the two-colour (pump-probe) pattern is a sum of the pump (Fig. 7.3(a)) and the
probe (Fig. 7.3(b)) peaks. This is evidenced by the deconvolution of the pump-probe line
profile shown on Fig. 7.3(g) in its two radiation components profile (that is, pump Fig. 7.3(e)
and probe Fig. 7.3(f)) weighted by their relative pulse intensity measured using the online
spectrometer (Fig. 7.3(i-k)).

Figure 7.3(d) shows the single-shot, pump-probe pattern for the high-F regime, which
results in a di↵raction pattern where the contribution of the probe peak appears strongly
attenuated (see also Fig. 7.3(h)). Since the adopted pulse durations and the delay (⇠500
fs) are shorter than the time scales of hydrodynamic expansion of the Ti (1-10 ps) [44,
45], the two pulses probe practically the same grating geometry. Indeed, we estimated that
the expansion of the Ti grating line profile for the experimental conditions is smaller than
2.5 nm. Consequently, the distinct di↵erence in the Fig. 7.3(c,d) patterns indicates that
the intense pump pulse induces dramatic changes in the Ti electronic structure. In accord
with previous studies [46, 47], the high degree of ionization created by the pump shifts
the absorption resonances to shorter wavelengths. For wavelengths tuned to the material
absorption resonance such shift will induce abrupt changes in the complex index of refraction
n, resulting in a decrease of the di↵racted peak intensity and width of the probe pulse.

The observed trend can be qualitatively understood in terms of the deposited energy
during the pump pulse. In the low-F regime only less than 1% of Ti atoms are ionized by
the pump pulse, with negligible e↵ect on the optical properties of the material. Conversely,
at high-F , almost all Ti atoms are ionized within a few 10s of fs. The generated primary
photoelectrons then thermalize creating high ionization states through secondary electron
emission and Auger decay. These events occur at time scales shorter than 100 fs [47, 48] and,
as a result, the absorption edge is shifted towards shorter wavelengths [46, 49] and hence
the same holds for the curves corresponding to � and �. Figure 7.4 shows the calculated
di↵raction line-shape for the low-F (black line) and high-F (red line) regimes. In the latter
case, for the probe pulse, we assumed a rigid shift towards a shorter wavelength using the
tabulated wavelength dependence of � and � [43], while no wavelength shift was considered
for the pump.

Fig. 7.4(a) shows that the experimental result cannot be reproduced for a small absorp-
tion edge shift of 0.5 nm (that is, when the probe wavelength remains within the absorption
edge windows) ⇠500 fs after the pump excitation. A fair agreement with experiments re-
quires assuming an absorption edge shift of 2.3 nm (Fig. 7.4(b)): in this case the probe
signal (green dash dot line) is quenched.

The trend is similar to the observed photo-induced transparency of Al [35] obtained by
high-fluence FEL pulses and to the quenching of the X-ray resonant magnetic scattering sig-
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Figure 7.3: Di↵raction as a function of the FEL intensity. Di↵raction patterns obtained using
�

1

= 37.39 ± 0.03 nm (pump) and �
2

= 37.22 ± 0.03 nm (probe) pulses with a pump-probe delay
of 500 fs. (a) Single-colour low-F pump (⇠ 32mJ/cm2 per pulse). (b) Single-colour low-F probe
(⇠ 9mJ/cm2 per pulse). (c) Two-colour low-F pump and probe (pump ⇠ 31mJ/cm2 per pulse, probe
⇠ 11mJ/cm2 per pulse). (d) Two-colour high-F single-shot pump and probe (pump ⇠ 2.5 J/cm2,
probe ⇠ 1.0 J/cm2). The low-F patterns in (a-c) are obtained integrating over 150 shots. Yellow
dash lines indicate the positions of di↵raction peaks for the pump and probe pulses of the low-F
unperturbed state. The panels (e,f) show the di↵raction line-shape along the dispersive direction of
the Ti grating. In (g) the di↵raction line profile of the pump-probe pattern (black line) is compared
with the sum (dashed green line) of the pump (dashed blue line) and probe (dashed red line) profiles,
weighted to the corresponding pulse intensity. In (h) the di↵raction line-shape along the dispersive
direction of the Ti grating is reported for the pump-probe case, when the pump had a high-F . The
featured line-shape and the di↵erences in the profiles of the pump and probe pulses are due to
structural imperfections of the grating. The corresponding spectra of the incident beam are shown
in the panels (i-l). Image reproduced from [2].
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Figure 7.4: Simulated di↵raction line-shape. Calculated di↵raction line- shape for the Ti grating
illuminated by the two twin FEL pulses at 37.2 and 37.4 nm. Black lines are obtained by assuming
no wavelength shift of the optical constant (that is, low-F regime). Red lines panels (a,b) show the
modification of the di↵raction line-shape induced by 0.5 and 2.3 nm shift towards shorter wavelength
of both � and � for the probe pulse. Blue and green dash-dot lines correspond to the di↵racted signal
from the pump and the probe, respectively. In the simulation, the same experimental ratio of 3:1
between the intensity of the pump and the probe was assumed. Image reproduced from [2].

nal on Co/Pt multilayer systems using very intense FEL pulses [49]. However, the approach
reported here has the remarkable potential advantage of providing time resolution in the
sub-ps domain, allowing to follow the FEL-induced changes in material electronic structure
and non-thermal ion motions.

7.1.3 Summary

We experimentally demonstrated the possibility to generate and use two distinct XUV FEL
pulses with finely controllable wavelength and relative time delay by using a twin-pulse,
external laser seeding of the HGHG-based FEL source. The FEL twin pulses used here had
a relative time delay between 300 and 700 fs and central wavelengths of 37.2 and 37.4 nm,
tuned to the Ti M

2,3 absorption edge. We exploited this newly developed tool to perform the
first all-FEL-based, two-colour pump-probe experiment with specially designed Ti grating.
For fluences > 2 J/cm2 the obtained pump-probe di↵raction patterns indicate the occurrence
of a photo-induced transparency. This evidences the high degree of Ti ionization created
by the intense pump pulse, which results in a sensible shift of the Ti absorption edge to
wavelengths shorter than the probe one.

This technique can easily be extended to generate pump-probe pulses with similar wave-
length separation in the whole FEL-1 wavelength range. The minimum interpulse delay
can be decreased to about 150 fs for the existing seed laser system. Shorter pulse delays
comparable with the FEL pulse duration can be obtained by adopting another scheme that
seeds with a single, frequency-chirped pulse and where deterministic spectro-temporal pulse-
splitting occurs in the deep saturation regime of the FEL [50, 51], as discussed in Chapter 6.
The current upper limit of delay between the two pulses can also be extended to above 1
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ps by optimizing the FERMI photoinjector and linac in order to produce longer electron
bunches with temporally flat output energy distributions. In the particular case reported
here, the wavelength separation was limited to about 0.2 nm by the tuning bandwidth of
the seed laser THG spectrum.

This limitation, as we will report in the following, can easily be overcome by using the
optical parametric amplifier as a source of one of the pulses which could then be tuned to
any desired wavelength of the present seed ultraviolet tuning range (that is, 228-262 nm).
The other pulse could still be generated by the THG channel at 261 nm.

From a wider perspective, the concepts reported here for generating multiple and multi-
colour coherent photon pulses with fully controllable parameters will open up the way to
extend the most advanced, table-top ultrafast methods into the XUV/X-ray domain, thus
potentially adding nanometre spatial resolution and atomic selectivity to these powerful ex-
perimental tools. This will advance our knowledge to the fundamental domains of materials
science, paving the road to future nonlinear X-ray technologies that cannot even be foreseen
today.

7.2 Two seed pulses, FEL radiator tuned at di↵erent
harmonics for wide wavelength tunability

In the following we describe a major step forward using a new configuration of FEL-1 to
deliver two FEL pulses with di↵erent wavelengths, each tunable independently over a broad
(30%) spectral range and with adjustable time delay. The FEL scheme makes use of two seed
laser beams of di↵erent wavelengths and of split radiator sections to generate two XUV pulses
from distinct portions of the same electron bunch. The tunability range of this two-colour
scheme meets the requirements of double-resonant FEL pump/FEL probe time-resolved
studies. The performance of the configuration is demonstrated in a proof-of-principle mag-
netic scattering experiment in Fe-Ni compounds, by tuning the FEL wavelengths to the Fe
and Ni 3p resonances.

Developing FEL sources that can produce two pulses with independently selectable wave-
lengths for the pump and the probe and with a well-defined time separation obviously widens
the potential of FEL radiation for studying the dynamics of a process and makes it possible
to associate the pump energy to a specific electronic excitation of a given element. One field
that will surely profit from this new tool is magnetization dynamics in 3d-transition-metal
and rare-earth based oxides and compounds [19, 20, 23, 52–56]: the presence of highly local-
ized 3d and 4f orbitals and of mediated exchange interactions suggests that associating the
pump energy to a specific electronic excitation will influence the magnetization dynamics
profoundly, compared to using a non-resonant pump.

In the proof-of-principle time resolved scattering experiment on Fe-Ni compounds de-
scribed in the following, we use the two-seed configuration to generate, from the same
electron bunch, two FEL pulses with up to 30% spectral separation, see Fig. 7.5(a). The
pump FEL pulse is used to excite the Fe 3p �! 3d transition resonantly, while the second
FEL pulse, tuned to the Ni 3p �! 3d resonance, probes the ultrafast Ni magnetization
dynamics (Fig. 7.5(b)). The experiment successfully reveals the potential of the aforemen-
tioned configuration for investigating structural, electronic and magnetization dynamics in
the fields of condensed matter as well as atomic and molecular physics.
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7.2.1 Scheme implementation

To implement the configuration the LINAC was operated at 1.3 GeV electron beam energy
and 700 pC nominal charge, with moderate compression in order to produce an almost flat
500 A current electron bunch. The chosen settings provided a relatively long (⇠1 ps) electron
bunch, satisfying the conditions for an e↵ective twin-seeding with temporal separation of up
to ⇠900 fs.

Two FEL pulses with a controlled delay can be produced by seeding the same electron
bunch with two seed pulses [2]. Since in the HGHG seeding process the final FEL wavelength
is determined mainly by �seed and it must be close to one of its harmonics, a way for
delivering two-colour FEL pulses with very di↵erent wavelengths (>10% separation) relies on
seeding the electron beam with two laser pulses and on sustaining the amplification process at
both wavelengths independently (Fig. 1a). In order to achieve this, some constraints have to
be dealt with. Both seed wavelengths �seed,1 (for the probe) and �seed,2 (for the pump) have
to modulate the electron energy in the interaction region e�ciently so their separation must
be within the modulator working bandwidth. The dispersive section then converts the energy
modulation into an electron density modulation that carries the harmonic components of
both �seed,1 and �seed,2. The electron beam is now ready to emit one of these harmonics,
selected by the resonance condition of the radiator (undulator gap). A large separation
between the two colours can be obtained by dividing the radiator into two sub-sections
(Rad 1 and Rad 2 in Fig. 7.5(a)), one resonant at �FEL,1 = �seed,1/m and the other at
�FEL,2 = �seed,2/n, with m and n integers. Since the radiator bandwidths are markedly
narrower than the modulator one, we can emit e�ciently the pump (or the probe) beam from
one radiator sub-section only, while suppressing its amplification in the other, selectively.
Finally, constraints on the temporal separation �t between the two FEL pulses are set by
interference between the laser seeds (lower limit) and by the electron bunch duration (upper
limit). In the example reported below, we spanned delays ranging from 300 to 800 fs.

The Fe-3p resonant-pump and Ni-3p resonant-probe test experiment (Fig. 7.5) used two
FEL pulses tuned to �FEL,2 = 23.2 nm and �FEL,1 = 18.7 nm, corresponding to the 11th

harmonic of �seed,2 = 255 nm and to the 14th harmonic of �seed,1 = 261.5 nm, respectively.
In contrast to the configuration described in the previous section, in this experiment the

seed laser was provided by two UV pulses, one at 255 nm generated by an optical parametric
amplifier (OPA) and the other at 261.5 nm generated by a third harmonic generation (THG)
setup. This approach made the twin-seeding possible at two di↵erent UV wavelengths, one
of them tunable via the OPA. The intensities of the two pulses could be varied independently
through remotely controlled waveplates. The time delay between the two seed pulses was
measured using an optical cross-correlator, where each UV pulse was cross-correlated with
an IR pulse derived from the ultrafast oscillator that seeds the Ti:Sa amplifier. A remotely
controlled delay stage on the THG path was used to set the time delay between the two seed
pulses, before recombining them through a 50% beam-splitter. Both seed pulses originate
from the same source (laser oscillator and regenerative amplifier) and their relative time delay
is very stable [57]. It has been verified that once set, the relative time delay between the two
UV pulses (hence between the two FEL pulses) remains stable within less than ±5 fs over a
time span of two hours. This includes both short-term timing jitter and slow timing drifts.
The adjustment and long-term stabilization of the spatial coincidence and collinearity of the
two seed beams inside the FEL undulator, which are essential for obtaining the coincidence
of the two FEL pulses on the sample, were obtained by using a dedicated feedback loop
based on independent steering optics for each beam.

The radiator was divided into two sub-sections, Rad 1 and Rad 2, set to resonate with
harmonic 14 of �seed,1 and harmonic 11 of �seed,2, respectively. The �seed,2 = 255 nm OPA
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Figure 7.5: Schematic set-up for a two-colour double resonance FEL experiment. (a) Two-colour
seeded FEL source configuration: the modulator (Mod), dispersive (DS) and radiator (Rad) sections
of the FEL source are outlined. In the modulator section, two optical laser pulses of wavelength
�

seed,1

and �
seed,2

delayed by �t interact with the same electron bunch, imposing an energy modu-
lation that is converted into density modulation in the DS. The first radiator sub-section Rad 1 is
tuned to the 14th harmonic of �

seed,1

and the second sub-section Rad 2 is tuned to the 11th har-
monic of �

seed,2

, generating the FEL probe and pump pulses, respectively. (b) Magnetic scattering
experiment: the two linear p-polarized FEL pulses reach the magnetic grating sample and di↵ract
at di↵erent angles according to their wavelengths. The di↵racted intensities are recorded by a two
dimensional detector (CCD camera). The wavelength separation between pump and probe is detected
as a spatial separation at the CCD, while their time separation �t is defined by the delay between
the two seed pulses.
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seed produces a localized bunching at all the harmonics including the 11th that matches
the resonance in Rad 2, generating 23.2 nm coherent emission which is amplified along the
radiator. However, the beam has also bunching at the 18.2 nm 14th harmonic close to the
resonant wavelength of Rad 1 (18.7 nm), which may produce unwanted emission. Similarly,
the �seed,1 = 261.5 nm THG seed induces a bunching at 18.7 nm (14th harmonic), which
generates the FEL probe pulse in Rad 1, but also at 23.8 nm (11th harmonic) which may
excite emission from Rad 2 tuned at 23.3 nm. In both cases, though, the separation between
the undesired bunching wavelength and the radiator resonant wavelength is >2%, i.e. larger
than the ⇠0.7% gain bandwidth measured for the radiators [58]. It is the narrow bandwidth
of the radiators compared to the modulator that makes it possible to produce time-delayed
single frequency pump and probe FEL pulses from the same electron bunch.

We tested di↵erent distributions of the six undulator modules over the Rad 1 and Rad 2
radiator sub-sections. We obtained di↵erent power distributions between pump and probe by
going from one module in Rad 1 and five in Rad 2 to three modules in each sub-section. All
configurations provided satisfactory stable conditions for producing two-colour FEL pulses.
Since in our test experiment the pump is required to be more energetic than the probe,
five of the six available radiator modules were tuned to produce 23.2 nm pulses (Rad 2 in
Fig. 7.5(a)), while the remaining module (Rad 1) was tuned to the probe wavelength. It
was important, in this configuration, that Rad 1 was the first of the undulator modules, in
order to prevent the smearing of the electron density modulation along the radiator section
to degrade its performance. We verified also that one can switch readily the FEL pump
and probe wavelengths, by reversing the time delay between OPA and THG generated seed
pulses and inverting the gap settings of the Rad 1 and Rad 2 radiator sub-sections.

Fig. 7.6(a) shows the spectral distribution of the two UV seed laser pulses and Fig. 7.6(b)
shows the FEL pulse energy as a function of the modulator gap, when using only the UV-
probe or only the UV-pump seeds. The two curves of Fig. 7.6(b), which are normalized
to the same amplitude, illustrate at each wavelength the extreme sensitivity of the FEL
intensity to the modulator setting.

A modulator gap of 19.94 mm optimizes the FEL pump emission when seeding at �seed,2,
while a gap of 19.60 mm is best when seeding at �seed,1 to produce the FEL probe pulse. The
gap can be used as an adjustable parameter for the fine control of the relative e�ciency in the
generation of the pump and probe FEL pulses, thanks to the ⇠3% resonance bandwidth of
the modulator. In our case, a good compromise was found at a gap of 19.75 mm, which made
it possible to generate both �FEL,1 = 18.7 nm and �FEL,2 = 23.2 nm pulses, albeit with a
reduced intensity. For the Fe-Ni experiment, the FERMI FEL source was characterized by
pulse energies of up to ⇠10 µJ at the pump wavelength and ⇠1 µJ at the probe wavelength
using these parameters. The corresponding fluence F at the sample surface was su�cient
to reach, in our experiment, the damage threshold and single shot detection conditions for
the pump and the probe pulses, respectively.

7.2.2 Resonant-pump/resonant-probe magnetic scattering experi-
ment

We tested the two-colour twin-seeded FEL source by studying the resonant-pump/resonant-
probe magnetization dynamics in Fe-Ni samples, using the IRMA reflectometer [59] installed
at the DiProI beamline.

The samples were a 20 nm thick permalloy (Ni
0.81Fe0.19 alloy) film deposited on a Si

grating and a 12.5 nm thick NiFe
2

O
4

layer epitaxially grown on MgAl
2

O
4

(001). Both
samples were structured as line gratings with a period of⇠600 nm. They worked as dispersive
elements, separating di↵erent wavelengths at the level of the CCD detector [24, 25]. All
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Figure 7.6: Seed pulses and modulator setting. (a) Spectral properties of the UV laser twin-seed
source. Lines are Gaussian fits to the �

seed,1

= 261.5 nm (red) and �
seed,2

= 255 nm (blue) probe
and pump contributions, respectively. (b) Modulator gap dependence of the FEL output for the
two seed laser wavelengths. Red circles and blue squares refer to seeding at 261.5 and 255 nm,
respectively. Each point is the average of 100 consecutive FEL shots. Lines represent Gaussian fits
to the intensity distributions. The curves are normalized to the same average maximum, showing
that tuning the modulator gap to 19.75 mm (green bar) makes it possible to seed with two colours
simultaneously, preserving a fraction of the maximum pulse energy.
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Figure 7.7: FEL source configuration and scattering data recording. Di↵racted intensity from the
20 nm thick permalloy grating sample at 46.3o incidence. Data are collected under di↵erent seeding
conditions (schematics on the left) using a position sensitive CCD detector (images on the right);
the 1025⇥ 202 pixels images correspond to 13.84⇥ 2.73mm2 and cover ⇠1.48o in scattering angle.
(a) The �

seed,1

= 261.5 nm laser pulse is sent through the modulator, turning on the Ni-3p resonant
FEL emission at �

FEL,1

= 18.7 nm in Rad 1 (14th harmonic) and no emission from Rad 2. (b)
The �

seed,2

= 255 nm laser pulse generates the Fe-3p resonant FEL emission at �
FEL,2

= 23.2 nm
in the radiator section Rad 2 (11th harmonic) and no emission from Rad 1. (c) Both seed laser
pulses, delayed by �t, interact with the electron bunch, generating Fe-3p resonant pump and Ni-3p
resonant probe FEL pulses, also delayed by �t.
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Bragg peaks generated by the grating samples at di↵erent wavelengths fell within the angular
acceptance of the detector and could be collected simultaneously (see Fig. 7.7). The FEL
polarization was set to linear vertical in order to optimize the sensitivity to the sample
magnetization in transverse geometry, i.e. with the external magnetic field applied normal
to the scattering plane and parallel to the lines of the grating sample (see Fig. 7.5(b)). Using
a horseshoe electromagnet an initial 80 mT pulse field, parallel to the sample surface and
normal to the scattering plane was applied. The scattered intensity was collected in an
applied field of 20 mT, guaranteeing the sample magnetic saturation. The scattering signal
was measured at 46.5 deg incidence, near the Brewster condition, in order to reduce the
non-magnetic contributions and maximise the magnetic contrast [24, 25, 60–62].

The pump fluence at the sample was evaluated by correcting the pump energy measured
at the source for the transport-line transmission, focal spot size (⇠ 80 ⇥ 80µm2) and angle
of incidence. The maximum fluence at the sample was ⇠40 and ⇠3 mJ/cm2 for the pump
and the probe, respectively.

In the following, the magnetic signal is defined as an asymmetry ratio, i.e. as the di↵er-
ence between scattered intensities measured for opposite signs of the applied field divided
by their sum, as shown in Fig. 7.8.
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Figure 7.8: Magnetic signal in the scattering data. Di↵racted intensity at the Ni-3p resonant probe
wavelength with no pump (a-c) and following a Fe-3p resonant pump pulse (d-f). The pump fluence
is F = 8mJ/cm2, the delay �t is 450 fs. (a, d) and (b, e) diagrams refer to a positive and negative
saturating magnetic field, respectively. The magnetic signal, expressed as the asymmetry ratio, is
shown in (c, f). Each picture is 128⇥ 128 pixels, corresponding to 1.73⇥ 1.73mm2.

At each given delay �t, the Ni magnetic signal was measured as a function of the pump
fluence F . The pump wavelength was tuned either to the Fe-3p resonance (�FEL,2 = 23.2
nm) or o↵-resonance (�FEL,2 = 25.5 nm), the latter being obtained simply by tuning the
radiator sub-section Rad 2 to the 10th harmonic of the �seed,2 seed laser wavelength, instead
of the 11th. It is worth underlining that according to calculations based on tabulated optical
constants [43] the fraction of pump energy absorbed by the sample at 23.2 nm and at 25.5
nm di↵ers by less than 2% for both permalloy and ferrite films. First, we explored the
ultrafast Ni demagnetization while varying the delay �t between the FEL probe and pump
by adjusting the delay between the corresponding seed laser pulses. An example of delay
dependence spanning the 300-800 fs range is shown in Fig. 7.9 where the Ni magnetic signal
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is reported after a Fe-3p resonant pump pulse with fluence F = 10mJ/cm2 (dots and squares
refer to Ni-ferrite and permalloy samples, respectively).

Figure 7.9: Time dependent magnetic signal. Ni demagnetization in the permalloy (blue squares)
and the Ni-ferrite (red circles) samples at several delays �t between probe and pump pulses (F =
10mJ/cm2). Vertical error bars represent the (RMS) spread in the results of 50 measurements. The
maximum fluctuation in the pump-probe delay over the measurement duration (±5 fs) is smaller
than the point width. Lines are a guide to the eye.

The asymmetry ratio in the Bragg peak intensity is calculated over a limited detector
area of ⇠ 100 ⇥ 100µm2 to ensure homogeneous pump fluence and the Ni magnetic signal
is normalized to its static value measured with no pump. The main advantage of this two-
colour scheme over the one presented before is the ability to tune both �FEL,1 and �FEL,2

to selected values over a broad range. It is also important to stress that this scheme makes
the switching between on and o↵-resonance pumping fast and easy. As mentioned before,
this can be achieved simply by changing the gap of the Rad 2 radiator sub-section in order
to select a di↵erent harmonic of the �seed,2 wavelength.

An example of on/o↵-resonance pumping is given in Fig. 7.10. It shows the Ni mag-
netic signal (normalized to its static value) measured at a fixed time delay of ⇠400 fs for
a FEL pump wavelength tuned to the Fe-3p resonance (�FEL,2 = 23.2 nm, red circles) or
o↵-resonance (�FEL,2 = 25.5 nm, blue squares) as a function of the pump fluence F . The
permalloy results (Fig. 7.10(a)) do not reveal a measurable e↵ect of the pump wavelength:
both curves show the same F -dependence of the Ni magnetic signal, which attains a ⇠50%
reduction at ⇠ 10mJ/cm2. On the contrary, pumping at the two on/o↵-resonance wave-
lengths results in an apparent di↵erence in Ni demagnetization behaviour when F exceeds
⇠ 5mJ/cm2 in the case of Ni-ferrite (Fig. 7.10(b)). The observed di↵erences between ferrite
and permalloy behaviour, see Fig. 7.9 and 7.10, can be ascribed to the direct hybridization
of delocalized Fe and Ni 3d-orbitals in ferromagnetic permalloy vs. indirect exchange (via
oxygen) of more localized 3d orbitals in ferrimagnetic NiFe

2

O
4

. These early results are
intriguing and more studies are under consideration to shed light on the observed pump
wavelength dependence.
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Figure 7.10: Resonant vs. non-resonant pumping. Pump fluence dependence of the Ni demag-
netization in permalloy (a) and Ni-ferrite (b) at ⇠400 fs delay, comparing the results for Fe-3p
resonant (�

FEL,2

= 23.2 nm, red circles) and non-resonant (�
FEL,2

= 25.5 nm, blue squares) FEL
pump pulses. The Ni magnetic signal is reported as the asymmetry ratio in the Bragg peak intensity,
normalized to the value measured with no pump (triangles). Horizontal error bars account for pump
energy measurement accuracy and source intensity fluctuations.
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7.2.3 Summary

We have developed and tested a new FEL setup capable of delivering two-colour time-delayed
pulses with independent wavelength tunability over a wide spectral range (18.7 - 25.5 nm).
Combined with the seeded scheme of the source, this provides improved conditions for two-
colour FEL experiments that require tuning both the pump and the probe to selected atomic
resonances. The potential of this two-colour scheme has been demonstrated by a scattering
experiment that probes the magnetization dynamics in systems containing two magnetic
elements, Fe and Ni. Undoubtedly, it can find original applications in many other fields of
condensed matter, atomic and molecular physics.

From a technical point of view the solution that we propose is based on seeding the same
electron bunch with two independent laser pulses and on splitting the FEL radiator in two
subsections. On the one hand, this solution o↵ers the possibility of selectively tuning the two
FEL colours over a very wide range. It may go well beyond the 30% bandwidth demonstrated
here, by amplifying di↵erent harmonics of the seed wavelengths in each radiator sub-section.
On the other hand, using two laser seeds that modulate the same electron bunch and two
radiators imposes some constraints on the relationship between the �FEL,1 and �FEL,2

wavelengths, both in terms of FEL intensity and of possible gaps in the range of wavelengths
that can be spanned.

Figure 7.11: Calculated source e�ciency over the 16-28 nm range. The colour code represents
the relative modulator e�ciency at �

FEL,1

and �
FEL,2

when the modulator gap is set to resonate
with their average value. The calculation uses radiator harmonics from 9 to 16 and �

seed

values
between 228 and 262 nm. Black dots correspond to (�

FEL,1

, �
FEL,2

) couples whose �
seed

values
are within the radiator bandwidth and cannot be produced using the proposed source scheme. Red
circles identify the couples of wavelengths explored during the test experiment.

Fig. 7.11 summarizes the calculated source performance when �FEL,1 and �FEL,2 span
the 16-28 nm range, showing that marked intensity variations are present. The colour
code represents the relative modulator e�ciency for each couple of wavelengths, calculated
assuming that the modulator resonance is set to the average value of �FEL,1 and �FEL,2.
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Both seed wavelengths are allowed to span the 228 - 262 nm range covered by the OPA and
radiator harmonics from 9 to 16 are considered. The finite modulator bandwidth defines
the maximum intensity that can be obtained for each (�FEL,1 , �FEL,2) combination, hence
the e�ciency of the two-colour process. The radiator bandwidth imposes limitations on
the independent tunability of �FEL,1 and �FEL,2: black dots forming diagonal lines in
Fig. 7.11 mark couples of wavelengths whose corresponding �seed values are close enough to
be amplified in both radiator sub-sections. In this case four FEL pulses, and not two, would
be generated and the proposed two-colour scheme does not work properly. Fig. 7.11 shows
calculations over the 16-28 nm range that broadly covers the wavelengths used in our test
experiment and the black circles localize on the figure the pairs of FEL wavelengths that
were actually explored for the Fe-Ni double resonant pump-probe measurements.

In principle, a much wider range of �FEL values extending up to 90 nm can be covered
by using the full set of harmonics available at FERMI.

The accessible delay range between the pump and the probe is limited by the generation
of the two FEL pulses from the same electron bunch of finite temporal length. In our
experiment, we spanned the 300 - 800 fs range and an extension to 200 - 1000 fs can be
envisaged. This remains a strong constraint on the class of dynamic phenomena that can be
addressed. Concerning ultra-fast demagnetization, in particular, many systems of interest
feature response times of the order of 200 fs [22, 27, 63], at the limit of the accessible range.
Further developments can be envisaged for improving the source characteristics, such as the
twin-bunch mode recently demonstrated in SASE configuration [11]. The implementation of
a similar scheme at FERMI would provide a more e�cient bunching at the two wavelengths,
a more e�cient coupling in the radiator sections and, in fine, a significant increase in the
energy per pulse, which could attain tens of µJ for both the pump and the probe. Moreover,
using two independent bunches would provide additional flexibility for tuning the two �seed
wavelengths and would soften the constraints on the temporal separation between pump
and probe pulses. Another significant improvement, already planned at FERMI, implies a
second OPA for tuning both �seed wavelengths independently, as shown in the calculations
of Fig. 7.11. The desired resonant condition for both the pump and the probe FEL pulses
could be finely matched. Finally, it is worth remembering that the FERMI radiator section
is composed of APPLE-II type undulators [64] delivering radiation of selectable polarization,
either circular (right/left) or linear (vertical/horizontal). Therefore our two-colour source
o↵ers the possibility of choosing the polarization state of each pulse independently, which
may be especially important in atomic and molecular physics studies.

The two-colour XUV source that we have developed at FERMI already has potential for
many interesting and original studies in magnetization dynamics and beyond. For instance,
it can cover the 3p resonances of any couple of elements among Mn, Fe, Co and Ni, mak-
ing a wide class of relevant magnetic materials accessible to resonant FEL pump/resonant
FEL probe experiments. More generally, it enables the excitation of a particular energy
and polarization selected resonance on a well-defined atomic site in a complex system and
makes it possible to study its dynamics with the second FEL pulse, by choosing for the
probe another electronic subshell or another atomic site. This new source will provide un-
precedented opportunities for probing in a highly selective way the dynamics of complex
relaxation processes, such as Auger cascades or sequential multiple ionization, and of charge
transfer processes in large molecules and clusters.
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7.3 One seed pulse, two harmonics locked in phase

While many experiments, previously possible at long wavelengths only, such as multiphoton
ionization [65], pumping an atomic laser [66], and four-wave mixing spectroscopy [67] have
successfully taken advantage of the unique characteristics of the light emitted by XUV FELs,
an important optical technique, coherent control [68–70], has not yet been demonstrated on
FELs, because it requires a degree of longitudinal coherence not available in SASE-based
sources [71–74].

Coherent control using lasers involves steering a quantum system along two or more
pathways to the same final state, and manipulating the phase and wavelength of light to
favour this state. The technique represents a major achievement in the quest to understand
and control the quantum world.

To achieve coherent control with lasers two light pulses with commensurate wavelengths
and almost overlapping arrival times are needed, with full control of the relative phase. In
order to implement the scheme we used two FEL harmonics produced by the same electron
beam, seeded by a single laser pulse and we properly tuned the radiator in order to have
emission at two di↵erent FEL harmonics with proper wavelength relation.

In the experiment reported in the following we demonstrated and exploit the longitudinal
coherence of two-colour XUV light from FERMI by adopting a radically di↵erent approach
to tuning the phase with respect to the conventional one implied in laser sources. Instead of
generating the light and manipulating the phase subsequently, two FEL pulses with variable
phase di↵erence are directly generated. The phase di↵erence is controlled by changing the
strength of the magnetic phase shifters between the radiator sections tuned at the two
wavelengths. This approach to obtain phase-locked FEL pulses is di↵erent from the one
described in Chapter 6 as it allows for an arbitrary large separation in the wavelength of
the two pulses, that only need to satisfy the harmonic relation.

Figure 7.12: Scheme used in the present study. Red waves indicate schematically the first-harmonic
radiation, and blue waves the second-harmonic radiation.

7.3.1 Scheme implementation

Between each pair of undulators of FEL-1, a phase shifter lengthens the path of the electrons
by nm-scale increments, thus allowing tuning of the relative phase between the bunched
electron beam and the co-propagating photon beam. This is the key to our approach, as
n undulators are set to the first harmonic, 6 � n are set to the second harmonic and the
phase shifters between the two groups are used to adjust the phase di↵erence between the
harmonics. In the experiment reported in the following five undulators were set to the first
harmonic and the last to the second harmonic, in order to obtain the intensity ratio required.
A schematic representation of the setup used during the experiment is reported in Fig. 7.12.

Fig. 7.13(a) shows theoretical simulations of the temporal intensity profiles and relative
phase of first and second-harmonic pulses for the wavelengths used in the test experiment
described below (⇠63.0 and ⇠31.5 nm). The two pulses show good temporal overlap with
calculated pulse durations of ⇠120 and ⇠100 fs while the phase has a mean variation of 0.07
rad at 31.5 nm.
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fitting

Figure 7.13: Simulated intensities of the first and second harmonics (red and blue curves) as
a function of time, and their phase di↵erence (black curve), with a quadratic fit (green curve).
Simulations performed by E. Allaria and L. Giannessi.
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One of the concerns for this scheme is to have two distinct FEL pulses produced in each
of the two undulator sections. To ensure that the condition is met, we measured the intensity
of the second harmonic radiation, i.e. at the wavelength of the last undulator, as a function
of the phase shifter between the two groups. The corresponding data is reported in Fig. 7.14
for both the intensity monitor signal and the integrated spectrum of the last undulator. The
recorded intensity shows a flat dependency on the phase shifter setting, demonstrating that
the second harmonic signal that could still be produced in the first five undulators (tuned
at the fundamental) does not interfere with the emission of the second undulator group.

Figure 7.14: Upper panel: intensity of the first harmonic (I0 monitor, red), monitored by the gas
absorption intensity monitor of PADReS, and intensity of the second harmonic, determined from
the spectrometer (blue curve). Error bars indicate the (RMS) variation for each measured point.
Lower panel: false colour scale spectrum averaged over 21 shots is shown on the vertical axis, against
phase delay (the zero is arbitrary).

7.3.2 Test experiment

The aim for the test experiment was to demonstrate the possibility of implementing the
coherent control technique to FEL pulses. To do so, we investigated the Velocity Map
Imaging (VMI) signal of Ne atoms and looked for asymmetries. The VMI spectrometer
works by projecting the sphere of the photoelectrons ionized by the FEL pulses on a plane
surface. By proper inversion of the image one is able to recover the angular distribution of
the electrons and detect the asymmetry induced for di↵erent values of the phase between
the two FEL pulses.

For the test experiment, the 2s22p5(2P 0

3/2) 4s resonance of Ne at 62.97 nm (hereafter “4s

resonance”) was selected and the first five undulators were tuned accordingly. The sixth
undulator was set to radiate at the second harmonic, 31.49 nm, while the phase shifter
between the fifth and sixth undulators controlled the relative phase. The wavelengths were
optimized in order to have the maximum VMI signal.

Fig. 7.16(a) reports the possible excitation channels for the Ne electrons. 2p electrons
can be emitted by two quantum paths. Either a single photon excitation, with frequency
2!, induces the emission of an electron as an s or d-wave, or a double two photon excitation,
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each with frequency !, as a p or f -wave. The second-harmonic field of the FEL ionizes the
gas through a first-order process, whereas the first-harmonic field ionizes the gas through
a second-order process. The intensities of the two FEL pulses were adjusted in order to
have similar ionization rates. Choosing the 4s resonance enhances the cross-section for the
two-photon process and selects an outgoing p-wave, without a significant f -wave contribu-
tion. Due to the non-linear nature of the process [75] and di↵erent parity of the outgoing
electronic wave packets generated by the two wavelengths, symmetry breaking occurs in the
photoelectron angular distribution with respect to the plane perpendicular to the electric
vector of the light [76]. The asymmetry depends strongly on the relative phase of the two
fields.

Figure 7.15: (a) Schematic setup. The bichromatic light beam with fixed phase relation crosses the
atomic jet of Ne and ionizes the atoms. The Velocity Map Imaging (VMI) spectrometer measures
the angular distribution of ejected electrons. The intensity is higher on the left or right, depending
on the phase di↵erence. (b) Typical inverted VMI image, 6000 shots. The strong, sharp ring is due
to Ne 2p electrons, emitted by first and second harmonic light. A line profile across the centre of the
image is shown (black line) at the bottom, demonstrating the left-right asymmetry (white arrows).

The measurement setup used for the experiment is schematically shown in Fig. 7.15(a),
while an example of a Velocity Map Imaging (VMI) spectrometer image is reported in
Fig. 7.15(b). The two colour phase-locked FEL pulses cross an atomic jet of Ne and ionizes
the atoms. The VMI spectrometer measures the angular distribution of ejected electrons.
The observed intensity on the spectrometer image is higher on the left or right, depending
on the phase di↵erence in between the two FEL pulses.

The “left-right” asymmetry was quantified by the parameter ALR,

ALR =
IL � IR
IL + IR

, (7.1)

where IL and IR are the integrated intensities on the left and right of the image.
Figure 7.16(b) shows the asymmetry parameter ALR as a function of the phase shift ��.

Clear oscillations are present with a periodicity of 2⇡. The phase shift can be converted into
temporal delay �t according to

�t =
��

2!
. (7.2)

The measured oscillations therefore correspond to a period of 105 attoseconds at the second
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Figure 7.16: (a) Scheme of the present experiment. A photoelectron may be ejected as a p-wave
by a two-photon process, or as an (s+ d)-wave by a one-photon process. (b) Asymmetry parameter
A

LR

as a function of �� (red curve), and �
1

(blue), �
3

(magenta) and �
2

(black) parameters as a
function of phase. Markers: experimental data; lines: sinusoidal fits for �

1

and �
3

, linear fit for �
2

.

harmonic. The measurement steps were approximately 10 as, but other scans were performed
with steps of 900 zeptoseconds.

To understand the asymmetry in detail, the angular distribution was fitted with Legendre
polynomials [77], each characterized by a � parameter. The even (�m m = 2, 4, etc.) and
odd (�m e = 1, 3, etc.) parameters describe the symmetric and antisymmetric parts of the
distribution, respectively.

Fig. 7.16(b) reports the results for �
1

and �
3

parameters, obtained via a fitting procedure.
The obtained results are consistent with the calculated errors, while �

2

shows a larger
deviation, possibly indicating systematic errors. Comparing the data qualitatively to the
calculated spectra of a simpler system, atomic hydrogen [78], one can see that the key
characteristics are reproduced. �

2

is in fact constant while �
1

and �
3

oscillate with a phase
lag consistent with lowest-order perturbation theory.

For infinite pulses and the transitions of Fig. 7.16(a), the lag is derived as arg(
2
p
2

5
�Ds

Dd
),

where
Ds

Dd
is the ratio of the complex first-order ionization amplitudes into the s and d

channels (red arrows in Fig. 7.16(a)). Frozen-core Hartree-Fock calculations of Ds and
Dd, using a simple model based on the perturbation theory and neglecting non-resonant
two-photon transitions, predict a lag of approximately 0.55 rad for Neon. The discrepancy
indicates a breakdown of this theory under our experimental conditions.

7.3.3 Summary

The present result demonstrates the possibility of producing two commensurate phase-locked
FEL pulses. Attosecond-level phase control has been achieved. This result opens the way to
completely new experiments in the XUV and soft X-ray spectral regions, characterized by a
complete control of the wavelength, polarization, phase and intensity. The lower wavelength
limit of the facility provides access to core levels of di↵erent atoms, and thus chemical
specificity in coherent control experiments, a feature otherwise impossible for experiments
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that involve optical lasers. The mentioned time resolution may allow the study of ultrafast
dynamic phenomena, such as Wigner delays in photoemission.
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Appendix A

Diagnostics

A.1 Electron beam diagnostics

In order to measure the electron beam properties an adequate diagnostics system is required.
The beam properties one is usually interested in can be grouped with respect to the beam
propagation direction. Properties on planes orthogonal to the propagation direction are
usually referred as “transverse” while properties on planes parallel to the propagation direc-
tion are also called “longitudinal”. A further classification can be implemented depending
on whether the beam can or cannot propagate further from the measurement location con-
serving the same properties. In the first case it is customary to refer to “non-destructive”
diagnostics, opposed to the “destructive” ones. The non-destructive measurements are par-
ticularly useful to stabilize the machine as they can be performed on line on shot-by-shot
basis and therefore be used as a signal for dedicated feedback loops. The destructive mea-
surements are instead mainly used to check the beam properties in the optimization phases.

A.2 The transverse diagnostics

The transverse properties that are of interest for a LINAC-based facility are the beam po-
sition and sizes. The beam centroid position can be measured in a non-destructive using
dedicated beam position monitors (BPM). The beam horizontal and vertical centroid po-
sition is determined by comparing the signals coming from four antennas installed on the
beam pipe in a quadrant configuration.

The electron beam trajectory along the LINAC is monitored by 31 stripline BPM [1] with
20 µm (RMS) resolution, and can be modified by changing 24 couples of steering magnets
(correctors) both in horizontal and vertical plane. Along both undulator chains the position
accuracy required for FEL operations required the usage of cavity BPMs [2] with 5 µm
(RMS) resolution.

The beam size can be measured, in a destructive configuration, by means of one of the
16 fluorescent multi-screens that can be inserted into the path of the electrons. The multi-
screen stations are equipped with Optical Transition Radiation (OTR) [3] and Yttrium
Aluminium Garnet (YAG) targets [4]. The signal generated by the target is acquired using
a CCD camera. The resolution of the screen/CCD setup has been estimated to be ⇠40 µm
in the case of the YAG target and ⇠20 µm for the OTR. The multi-screens are mainly used
for emittance and Twiss functions’ reconstruction using the quadrupole scan technique [5].
The measurement is critical for matching the beam optics with the designed one [6].
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A.2.1 The wire-scanner

Recently a PSI developed prototype wire-scanner setup has been installed at the LINAC end
and can be used for non-destructive beam profile measurements [7]. The working principle
in this case relies on the beam loss measurement as a thin wire is made interact with the
electron beam.

The device is constituted of an in-vacuum scanning hardware and scintillator-fibers for
out-vacuum detection of the beam-losses [8]. The wire-fork can be inserted 45-deg with
respect to vertical axis by means of a UHV linear-feed-through motorized by a stepper-
motor and equipped with an encoder. Two pairs of Tungsten wires are stretched on the fork
frame to scan the beam profile along the horizontal and vertical directions. The two pairs
of wires have a diameter of 5 and 13 µm, respectively, to ensure a geometrical resolution
in the range 1.3-3.3 µm (RMS). When the wire intercepts the electron beam, a shower
of high energy primary scattered electrons and secondary particles is forward emitted at
a small angle in proportion to the fraction of the beam charge that is intercepted by the
wire. Scanning the wire at constant speed and detecting the beam losses allows the single
projection of the beam profile to be reconstructed. The wire losses have been measured
with three Saint Gobain Scintillator fibers (1 mm diameter): two were placed in the LINAC
tunnel, before the beam stopper, respectively 2.48 m and 5.52 m downstream the device,
while the third one was installed in the undulator hall, at about 8.40 m from the device.
A forth loss monitor, a Cerenkov fiber, has been placed in the LINAC tunnel, at about 4.5
m from the wire-scanner. The second fiber is placed at distance that maximize the beam
losses signal and it is taken as the reference for the measurement.

In Fig. A.1 an example of the horizontal beam profile acquired measuring the four ra-
diation monitors is reported when the 5 µm wire was scanned at 0.1 mm/s, together with
the measured horizontal beam size versus the wire scan speed, looking at the second fiber
signal. The results indicate a beam size smaller than the resolution of the screen systems,
so for a reliable beam size measurement the wire-scanner is required in the case of FERMI.
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Figure A.1: Measurements of beam size with the wire-scanner located at the LINAC end. Right:
Horizontal beam profile as acquired by the four monitors for the vertical 5 µm wire scanning at
0.1mm/s. Left: Horizontal beam size (�

x

) versus the wire speed obtained by processing the second
fiber signal using di↵erent data processing.
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A.3 Timing system

FERMI is the first FEL fully synchronized by means of optical fibers [9]. This is required
in order to have a stable phase reference to the timing system for all the distributed clients
that require it, over the whole length of the facility. The timing system synchronizes, with
femtosecond accuracy, the di↵erent LINAC components together with the di↵erent laser
systems present along the machine and the longitudinal diagnostics.

The requirements for a seeding facility are tighter than the ones of a SASE facility due
to the seeding process itself [6]. In fact the superposition in between the electron beam
and the seed laser must be kept as stable as possible in order to really take advantage of
the improvements in the radiation quality induced by the HGHG process. Typical bunch
lengths for the electron beam are serveral hundreds of fs FWHM and 100 to 200 fs for
the seed laser. However the properties of the beam in terms, e.g., of energy, current and
emittance change along the bunch (energy chirp). The e↵ective region of the electron beam
for the FEL generation is therefore reduced to less than 500 fs. Only recently the capability
to have a longer flat electron beam have been demonstrated [10], but it is still not in normal
use.

The term timing system indicates all the systems needed to generate and to distribute,
over stabilized media, the phase reference signal. The phase reference signal is the clock
signal used to synchronize all the accelerator systems needing femtosecond stability, e.g. the
RF plants, the laser systems and the longitudinal diagnostics. The frequency of the phase
reference has been selected to be equal to 2998.01 MHz, corresponding to the same frequency
of the RF plants that power the accelerating sections of the LINAC. The synchronization
must be kept stable for long time periods and large distances.

A.4 The longitudinal diagnostics

Longitudinal diagnostics are instruments developed to perform measurements in the longi-
tudinal axis of the reference system, i.e. in the direction of the electron motion.

In the case of an FEL in general, and of FERMI in particular, the beam properties one
is interested in are both the whole beam ones (emittance, energy, sizes, etc.), as well as
the ones of small longitudinal “slices” of the beam itself. This is because the FEL process
happens, in a seeded FEL, only in the part of the electron beam which interacts with the
seed laser itself, that is usually <200 fs long. Typical longitudinal measurements performed
during FERMI operations are slice beam energy, energy spread and energy chirp, current
distribution, bunch length, arrival time jitter, etc.

At FERMI, several innovative non-destructive longitudinal diagnostics have been engi-
neered and successfully installed on the machine and will be presented in the following.

A.4.1 The relative Bunch Length Monitor (BLM)

Both the absolute and the relative bunch length measurements are key parameters to the
FERMI operation. A relative Bunch Length Monitor (BLM) system has been designed
measuring such quantity on a shot-to-shot basis [11]. It is based on the measurement of
the coherent radiation power generated by the electron beam as it travels through designed
regions of a bunch compressor chicane. If one considers the coherent edge radiation gener-
ated as the beam travels through the last dipole of the chicane, a pyro-detector is needed.
If instead one relies on the coherent di↵raction radiation generated in a ceramic gap the
measurement can be done using a set of diodes sensitive to wavelengths in the mm range.
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The two possibilities were both implemented as their sensitivity depends on the di↵erent
possible operating conditions for the machine.

The diagnostic based on the first source covers a range in bunch duration from 0.15-1 ps,
while the second process can be used in the range 1-5 ps. In the case of FERMI a replica of
the diagnostic is present at each bunch compressor chicane. A series of mirrors are installed
in the LINAC tunnel in order to collect and collimate the radiation up to the detectors. The
signal produced is used to stabilize the electron bunch length using a feedback system [12].

A.4.2 The Bunch Arrival Monitor (BAM)

The Bunch Arrival Monitor (BAM) developed for FERMI is based on the original idea
of the DESY advanced diagnostics group [13]. The arrival time of each electron bunch is
measured with respect to a reference signal provided by the timing system. The electrical
pulse response is generated by the electron bunch itself and acquired through a pick-up
mounted on the beam-pipe. When the electron bunch arrival time varies also the temporal
overlap between the electrical signal from the pickup and the optical timing pulse changes.
This changes the amplitude of the signal seen by the sampling pulse. In this way the pick-up
signal can be used to modulate the amplitude of one the pulses of the optical reference and
this amplitude variation can be measured using a commercial 12 GHz Mach-Zehnder type
electro-optical modulator (MZM). Several BAM stations have been installed along the beam
path at FERMI, namely two along the LINAC, just after each of the two bunch compressor
chicanes (BC01 and BC02) and one before each of the two FEL beamlines FEL-1 and FEL-2,
see Fig. 3.1.

To operate the BAM a coarse and fine timing alignment of the electron bunch signal and
the reference timing pulse are required, as well as a calibration [9]. This can be done using a
calibrated optical delay line that changes the delay in between the two signals. In this way,
by sweeping the sampling pulse over the pickup response, one can obtain the calibration
factor that converts the amplitude of the modulation into arrival time variation, in fs.

While the system is auto-calibrated, nevertheless a cross calibration check has been
performed in order to validate the response of the diagnostics, using a di↵erent approach.
To do so we correlated the BAM signal at the first bunch compressor (BC01) with the
ones of a time-calibrated BPM located at the center of the chicane on a shot-to-shot basis,
while also artificially inducing a sinusoidal change in the time of flight of the electron beam
through the chicane itself. As the electron beam is ultra-relativistic its arrival time is mainly
influenced by a change in the trajectory inside the chicane itself.

In Fig. A.2 the results of the cross-calibration measurements are reported, as a function
of the shot number (Fig. A.2(a)). In Fig. A.2(b) the analysis of the correlation between the
two devices is presented. The correlation coe�cient of the measurement is larger than 99%
which confirms that the self-calibration process of the BAM is adequate.

After confirmation of the BAM calibration, we tried to estimate an upper limit for
the resolution of the arrival time measurement. To do that we analyzed the shot-to-shot
correlations in between the BC01 and FEL-1 BAM stations. In Fig.A.3 we report the
correlation over 1000 shots. The width of the distribution is mainly due to the resolution of
the instruments, that we assure are contributing equally to the broading of the distribution.
If we can also neglect the possible contributions to the jitter in the arrival time due to other
LINAC elements in between the two devices, mainly accelerating cavities, we can estimate
an upper estimation of the resolution of the BAMs arrival time measurement lower than 8
fs. The mentioned assumptions are reasonable as the correlation coe�cient we measured is
always > 95%. BAMs represent the reference arrival time diagnostic for FERMI and are
routinely used to investigate time jitter sources. Typical values for the arrival time jitter
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Figure A.2: BAM calibration using the BPM in the BC01 chicane. The time-of-flight through the
chicane has been artificially altered, inducing a sinusoidal perturbation with increasing amplitude.
Left: BAM and BPM arrival time variation (in fs) as a function of the shot number. Right:
Correlation between the two devices. The correlation coe�cient is larger than 99%.

are ⇠60 fs (RMS) after the BC01 chicane and ⇠70 fs (RMS) at the beginning of the FEL-1
line.

A.4.3 Electro-optical sampling (EOS)

At the beginning of each of the FEL lines (cfr. Fig.3.1) an electro-optical sampling (EOS)
station [14], based on the spatial encoding scheme [15] is installed. The working principle
of the system is based on the measurement of the change in the polarization properties of
a laser passing through an electro-optical (EO) crystal. The crystal, usually ZnTe or GaP,
is located in the vicinity of the electron beam and its transmission properties are influenced
by the electric field generated by the beam itself. As the EO crystal is placed with a tilt
with respect to the electron beam path, the temporal profile of the electron beam is mapped
in space and can be accessed with the EOS technique. An optical delay line is used to
calibrate the system. The EOS is capable of providing both time jitter and longitudinal
profile measurements in a non-destructive way.

In Fig.A.4 we report the results of the time jitter measurements taken at the EOS
station together with a comparison with the nearby BAM station, together with the shot-
to-shot correlation in between the two devices. The arrival time was artificially modulated
as described above. The upgrade in the locking electronics for the EOS laser [16] were
e↵ective in reducing the measurement noise that was initially a↵ecting the system [17]. The
correlation coe�cient for the two diagnostics results to be larger than 99%, showing a really
satisfactory agreement.

The spatial encoding scheme used for the FERMI EOS allows also to measure the lon-
gitudinal charge distribution profile in the electron beam. An example of 30 consecutive
EO signals are reported in Fig. A.5 for a 700 pC beam charge. The measured profile is in
agreement with the one measured using the RF deflecting cavity at the LINAC end. The
advantage in using the EOS is that the measure can be done on line while the FEL emission
is undergoing. The profiles can also be used to estimate a time arrival jitter of ⇠40 fs (RMS)
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upper limit of the resolution which is less than 8 fs (RMS). Possible arrival time variations due to
jitters in the accelerating cavities in between the two BAMs stations have been neglected. We also
assumed identical performance of the two stations.
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Figure A.4: Measurement of arrival time jitter at the EOS station and comparison with the
nearby BAM station. Left: EOS and BAM arrival time jitter measurements as a function of the
shot number. Right: Correlation in the shot-to-shot measurement between the two devices. The
correlation coe�cient has been found to be larger than 99%.
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of the electron beam.
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Figure A.5: EO signal of 30 consecutive shots obtained using the EOS system. The arrival time
jitter can be estimated to be ⇠40 fs (RMS).

A.5 RF deflectors

FERMI is equipped with three RF-deflecting cavities [18, 19]. One is located after the first
bunch compressor [20] and two at the LINAC end [21], indicated by red boxes in Fig. 3.1.

The working principle of the RF deflector is to provide a null deflecting voltage to
the bunch centroid and stretches the electrons linearly from the head to the tail of the
bunch, when its RF phase is properly set. In this way electrons transverse displacement are
correlated with their longitudinal position along the bunch. Coupling the RF deflector with
a diagnostic fluorescent screen can be used to characterize the bunch current profile and the
time-sliced parameters, as the slice emittance.

As already presented in the BAM section, we were able to check the calibration of the
arrival time variations by artificially change the time-of-flight in the BC01 chicane. This
approach can be also followed to check the RF-deflector calibration. In Fig.A.6 we report
the results of the calibration process, for both the BAM and the deflected beam profile at the
linac end, as a function of the shot number. The agreement between the two measurements
is satisfactory (correlation coe�cient ⇠95%) despite some di↵erences, mainly due to slow
drifts in the klystron powering the cavity. Furthermore we can estimate the resolution of
the RF-deflector measurements, which in the FERMI case at the LINAC end is of the order
of 50 fs (RMS).

A.6 Longitudinal phase space characterization

A detailed knowledge of the longitudinal phase space of the electron bunch, i.e. the electron
energy distribution as a function of the electron temporal position along the bunch, is of
paramount importance to successfully commissioning and operate an FEL. At this purpose
the beam stretched via the RF deflector can be sent into an energy spectrometer that
chromatically disperses electrons in the other transverse plane. In the case of FERMI the
deflection is happening in the vertical direction as the bending magnet spectrometers are
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Figure A.6: Measurement of the arrival time variation at the LINAC end, while a sinusoidal
perturbation was induced in the BC01 chicane. Both the BAM measurement (top) and the deflected
beam profile (bottom) are reported, as a function of the shot number. For the profile, the beam head
position is also highlighted for an easier comparison with the BAM results. The agreement between
the two measurements is satisfactory and the estimated resolution for the RF-deflector is ⇠50 fs
(RMS).
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in the horizontal direction. The bunch longitudinal phase space can then be visualized on
a fluorescent screen system (YAG crystal + CCD camera) placed downstream, as shown
Fig. A.7(a). Temporal slicing of the data in the acquired image, i.e. selecting small vertical
portions of the longitudinal phase space, provides the current profile (red line in Fig. A.7(b))
and the uncorrelated energy spread (blue line in Fig. A.7(b)) along the bunch. Unfortunately,
this measurement is destructive and is not available during the FEL operations. The use
of a deflecting cavity after the undulator would be required for a non-invasive and online
characterization of the electron beam phase space and FEL induced e↵ects on the electron
beam [22].

(a) (b)

Figure A.7: Longitudinal phase space measurement and reconstruction at the LINAC end, for an
electron bunch with 700 pC charge. Left: imaged LPS on a YAG screen in the energy spectrometer.
Right: Time-sliced current (red line) and energy spread (blue line) along the bunch obtained by
analyzing the image.

A.7 The hole

In a seeded FEL the interaction between the electron beam and the seed laser modify locally
the energy distribution of the electron beam [23]. By taking advantage of the correlation
between time and energy in the case of a quasi-linearly chirped electron beam and the
fact that the FERMI seed laser pulse is much shorter than the electron beam duration,
longitudinal measurements of the e-beam pulse length, local energy chirp and current are
possible. After a proper calibration that allows to convert the horizontal coordinate of the
MBD images into fs, it is possible to retrieve the relative position between the e-beam and
the seed laser in fs and measure the jitter between the two.

Experimental results, reported in Fig.A.8, clearly show the presence of an hole in the
electron beam spectrum when the seed laser is present. By measuring the evolution of the
hole in the MBD spectra we can measure the changes in the relative timing between the
electron beam and the seed laser for each shot: an example of a series of 200 seeded shots is
reported in Fig.A.9. With this method we are able to measure a jitter of about 70 fs (RMS)
between the laser and the electron beam.
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Figure A.8: The electron beam energy spectrum in MBD. Left: unseeded case. Right: seeded case.
In specific configurations of the LINAC, the electron beam measured at the end of the accelerator
shows strong linear time-energy correlation. Experimental results clearly show an hole in the electron
beam spectrum as a result of the seeding process. Image reproduced from [23].

Figure A.9: Sequence of 200 seeded electron beam spectra measured in MBD. While the peak is
fixed in energy, the position of the seed induced hole is moving. After a proper calibration, it is
possible to retrieve the relative position between the e-beam and the seed in fs and measure the
timing jitter between the two, which turns out to be ⇠70 fs (RMS). By measuring the evolution of
the hole we can also evaluate the changes in the relative timing between the electron and seed laser
for each shot. Image reproduced from [23].
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A.8 Conclusions and prospective

We presented the longitudinal diagnostics and typical measurements performed at FERMI.
The instruments are routinely used during FEL commissioning and user experiment and
constitute one of the key components that contribute to FERMI reliability. The diagnostics
and feedback systems are capable of keeping the time jitter of the electron beam well under
control, with typical values at the undulator line of around 70 fs (RMS). Continuous im-
provements are undergoing, in order to increase the measurement capabilities and to further
improve the reliability. A major update for machine operations will be the inclusion of the
di↵erent longitudinal feedbacks into a single tool. Long term upgrades include the possi-
bility of moving one high energy RF-deflector from the LINAC end to the undulator chain
end, to include the BAMs output in timing feedback loops, to improve the EOS system for
on-line longitudinal beam profile measurements during FEL operations and finally to take
advantage of the hole e↵ect as FEL emission diagnostic.
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Appendix B

Data Acquisition and Analysis

The acquisition and analysis of the machine data is a critical task to be carried on and is
critical for the success of every experiment. In the following we will present the implemen-
tation of a MATLAB-based acquisition program that, exploiting the real time capabilities
of the TANGO control system, is routinely used at FERMI for acquiring various machine
parameters and electron beam properties together with most FEL signals on a shot-by-shot
basis. Analysis of the saved data files is performed with a second code that can retrieve
correlations and can be used to study dependence of FEL properties on machine parameters.

B.1 Real time capabilities at FERMI

The control system of FERMI uses the Tango [1] toolkit to provide an e↵ective integration
of technical systems and the software controlling them. A distributed real-time framework
is integrated into the control system and provides the capability to measure the seed laser,
electron and FEL output photon properties on a pulse-to-pulse basis [2]. With this frame-
work, a unique “bunch number” time-stamp is distributed to all of the low level computers.
Most of the measurement system detectors (e.g., electron and photon diagnostics) and actu-
ators (e.g., power supplies) are synchronized with the bunch trigger and can have the bunch
number associated to their measurements. Using the Tango bindings, the FERMI control
system allows interfacing the accelerator instrumentation to Matlab. This capability has
been used to develop various scripting procedures and GUIs to permit user interaction with
the machine and has been extensively used for the commissioning of both FEL-1 [3] and
FEL-2 [4].

B.2 The acquisition program

In this section we describe the MATLAB code implemented at FERMI for real time acqui-
sition of relevant machine and FEL output signals. A brief description of the main features
and components of the code will be presented. Acquisitions are first setup from the RT
MATLAB graphical user interface (GUI), see Fig. B.1, that allows the user to define the
type of acquisition and select some of the device signals to be acquired. Before the main
acquisition begins, a one shot record of the most important machine parameters (e.g., undu-
lator gap settings, dipole and quadrupole magnet currents, lasers intensities, ...) is acquired
to provide a snapshot of the machine and FEL configuration. This information is stored and
saved in the final archival data file. The predefined list of the acquired devices in principle
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saves all the relevant information that will allow reconstruction of the LINAC and FEL state
during the data analysis phase. When needed, the list of saved signals can be changed on a
case-by-case basis via a user-defined configuration file.

Figure B.1: Graphical user interface for RT acquisition of FERMI machine instruments.

B.2.1 Types of acquisition

The region highlighted in blue in Fig. B.1 is used to select the type of acquisition. At
present three possible acquisition types are available: “RT sequence”, “actuator scan” and
“script scan”. The RT sequence is the standard acquisition of the specified list of the
machine devices, without any LINAC or FEL parameter being purposefully changed (i.e.,
“scanned”). The type of sequence is normally used to collect large quantities of data for
statistical studies (e.g. correlations). The user can decide the length of the acquisition
by deciding the number of shots acquired. The actuator scan allows the user to actively
change a particular machine parameter (e.g., the seed laser power or a dispersion section
magnet strength) in order to map the response of the FEL. The parameter is selected from
a predefined list as shown in Fig. B.2.

Further options for defining the parameters of the scan (number of shots per individual
scan parameter value acquired, the total range and number of parameters values scanned,
accuracy, ... ) are also available to the user (see Fig. B.3). At present standard actuator
scans involve a linear change of actuator value.
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Figure B.2: List of available machine parameters that can be used for a scan.

Figure B.3: Details of the scan settings section of the data acquisition GUI.

A MATLAB-based script scan can be used in those cases where a simple scan cannot
be defined with a single actuator or a simple linear value change. With the script scan
option it is possible to use an external MATLAB script that controls the changes of one or
more machine parameters during the data scan. One commonly used scan using this option
measures the FEL gain curve by acquiring the FEL intensity as the number of on-resonance
undulators is changed one-by-one.

B.2.2 Data acquired during scans

During the acquisition, the program reads data from the machine devices contained in a
predefined list. This second list only accounts for devices that can be acquired on a shot-to-
shot basis and will have the associated bunch number tag. The list of acquired instruments
is defined in an external text file and is highly inclusive in order to have available in the final
archival file all the possible information that might be useful to study possible correlation
between the FEL intensity and other parameters. Examples of such measured quantities
are the electron beam charge both before and after the undulator, the beam compressor
pyrometer signals, transverse beam position monitor signals at a large number of locations
both before, in, and beyond the undulators. In addition to the predefined list of machine
parameters the user can add to the acquisition few more instruments that may be of interest
depending on the purposes of the measure. This includes the possibility to add data from
one or more CCD cameras at various locations in the machine (see the green highlighted
region in Fig. 1). The CDDs image either an intercepting LINAC e-beam screen or an
FEL diagnostics (e.g.: photon spectrometer). The acquisition can be limited to only the
projections (1D vectors) or include the full 2D matrix. Additional special devices can be
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acquired in synchronization with all the other diagnostics for those case they are needed
and are made available (see the red highlighted region in Fig. 1). This includes the bunch
arrival monitors (BAMs), electro-optical sampling (EOS) station and the main electron
beam dump. After the acquisition is started, both messages about the scan progress are
reported on the dedicated space in the GUI and selected data are shown within a dedicated
figure. After acquisition is concluded, a logbook-ready image is displayed together with a
summary of the acquisition, showing a small subset of the acquired data. An example is
reported in Fig. B.4 where the FEL intensity and the FEL spectra are plotted as a function
of the actuator used during the acquisition (in this case the seed laser delay). The plot also
reports the name of the file that is saved at the end of the acquisition.

Figure B.4: Example of logbook-ready image produced by the program at the end of a scan.

The data file is saved in a MATLAB format, which allows a reasonably good compression,
and contains all the acquired data as well as additional information such as the version of
the code used, an optional user-defined comment to the acquisitions that can be inserted
from the dedicated panel in the GUI, and the time of the acquisition.

A database entry is also written after each successive acquisition with the settings used
and a summary of the machine configuration and parameters such as intensity and so on.
This is extremely useful during data analysis and reduction.

B.3 The analysis program

After the data is taken and stored, a separate MATLAB-based program is available to
analyze the information. An image of the graphical user interface is reported in Fig. B.5.
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Figure B.5: Graphical user interface for the data analysis program.

B.3.1 Data selection

After a file is loaded, all the acquired “single value” devices present in file are recognized and
listed in the two tab-listed region highlighted in blue in Fig. B.5. The two tab-lists allow
the user to select an x-y combination whose preview is then shown in the side image. When
the chosen x-y pair is considered acceptable, the user can add it to a table below. The data
listed in the table is then considered for the final plotting, statistics computation and data
exporting according to the user interests. Vector-like quantities (e.g., spectra profiles) are
listed in a separate tab (the red highlighted region in Fig. B.5) and are visualized as false
colours images. The vertical axis corresponds to 1D vector coordinate of each single profile
while the horizontal direction corresponds to the di↵erent acquired bunches. A preview plot
can also be done either by ordering bunches with time or according to the settings of a third
device. This option is very useful for identifying correlation between the FEL spectra and
other machine parameters as shown in Fig. B.6.

B.3.2 Data filtering

Filter tools are available to improve the e↵ective S/N ratios and to weed out bad shots. The
user can define filter parameters by mean of the dedicated panel (yellow highlighted region
in Fig. B.5). The tab-list allows the user to select any of the acquired “single value” data
and use it for filtering bad shots. In the particular case shown in Fig. B.5 the charge at
the beginning of the LINAC and the position at the last e-beam screen are considered. The
acceptance filter can be set by specifying extremes or by defining number of (RMS) sigmas.
The program indicates to the user the amount of data that are rejected both in total and
from each individual filter. Once the user has defined a filter configuration, it can be applied
resulting in only the good shots will be used for all further analysis and plots. In in the
graphs generated by the code, a label is inserted to emphasize the use of the filter and the

201



Data Acquisition and Analysis

Figure B.6: FEL spectral profiles ordered as a function of the transverse electron beam position in
a dispersive region.

percentage of used data (Figs. B.7, B.8, B.10).

B.3.3 Data analysis and plot

The data selected and listed in the table can be visualized in separate MATLAB figures.
Various plots are generated depending on the type of acquisition and the user particular
interests. In case of an “actuator scan” acquisition, if the actuator is selected for horizontal
axis independent variable, an average and error bar are also calculated and plotted (Fig. B.7).

Figure B.7: Plot generated for a scan acquisition.

Because the acquired data are synchronized by bunch number, they can be used to
visualize correlations between di↵erent parameters. This can be done by plotting as an
example, the FEL intensity as a function of electron beam parameters. It can also be
exploited to show the correlation in FEL-2 between the first stage emission and the second
stage emission (Fig. B.8).

A visualization of the correlation between three separate machine parameters is also
possible by using the dedicated “color coding” panel (the light blue highlighted region in
Fig. B.5). An example is shown in Fig. B.9.
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Figure B.8: Intensity of second stage vs the first stage emission from FEL-2 operated at 5nm.

Figure B.9: FEL intensity in color code as a function of the beam compression and position signals.
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A statistical analysis of the selected data is also possible and the distribution of the
variable values can be plotted together with the calculated average and standard deviation
values (Fig. B.10).

Figure B.10: Histogram distribution of the data selected.

The plotting of the profiles (1D vectors) is handled by the Profile Viewer utility (red
highlighted region in Fig. B.5). A typical image showing the analyzed FEL spectrum as a
function of on scanned parameter (dispersive section) together with the trend of the FEL
intensity is shown in Fig. B.11.

If needed the data selected and listed in the table can be exported in ASCII format for
further analysis or processing with external programs.

B.3.4 Visual correlator

Looking for hidden correlations in large sets of data can be a time consuming operation.
Also, in normal operating conditions some correlations should be always present, ideally
always with the same correlation coe�cient. In order to have an overall indication of the
correlations present in the machine, we developed a visual correlator tool (purple circle in
Fig. B.5), which displays, in false color representation, all the correlation coe�cients of the
acquired data. An example of image obtained in this way is reported in Fig. B.12. Each row
and column corresponds to the data of all the di↵erent devices that are acquired on a shot-
to-shot basis during the acquisition. As one can expect the image is symmetric with respect
to the top-left bottom-right diagonal. Each element along the diagonal itself corresponds to
the autocorrelation, so it is equal to 1. A data-tip can be used to display a summary of the
devices that are correlated by each point. Using the scroller on the right one can also filter
out the correlation coe�cients below a certain value.
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Figure B.11: Plot generated for a scan acquisition when a profile is selected, e.g., the FEL spec-
trum.

Figure B.12: False color representation of the correlation coe�cient in between the acquired data.
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B.3.5 Image analysis

For those data files where diagnostic screen data were taken with images or profiles, an
external program can be used by means of the dedicated button (orange circle in Fig. B.5)
to determine various quantities such as the centroid and (RMS) size in the two transverse
planes. For files with profiles, e.g. FEL spectra, Gaussian fit to the output are used to
determine bandwidth and central wavelength. These quantities can then be added to the
list of “single value” data and correlated against individual machine signals in the case of
RT sequences or against the scan parameter in actuator scans. In Fig. B.13 the GUI for the
profile and image analysis dedicated program is shown.

Figure B.13: Graphical user interface for the dedicated image analysis program.

B.3.6 Machine setup

The machine configuration snapshot produced by the acquisition program at the moment
of the acquisition can be easily visualized by using a dedicated tool that is launched from
the main GUI (green circle in Fig. B.5). The tool automatically recognizes the devices and
produces a user-friendly table with their names and corresponding values divided by machine
sectors as shown in Fig. B.14.

B.4 Conclusion

Over the past two years we have steadily improved the acquisition and analysis programs.
Currently, more than half of all FERMI commissioning data is taken with them. Moreover,
many scientific users on FERMI are also using the acquisition program (or specially modified
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Figure B.14: Tool to visualize the machine snapshot showing the setting for the FEL undulators
at the moment of the acquisition.

versions) for their studies. Since the acquired data is archived and is more-or-less self-
describing in terms of contents, as the analysis program is improved, we are able to extract
additional information from older data runs.
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