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Abstract

X-ray free-electron lasers (FELs) open up new frontiers in photon science, and in order to
take full advantage of these unique accelerator-based light sources, the characterization and
control of the femtosecond electron and X-ray beams is essential. Within this cumulative
thesis, recent results achieved within the active research field of femtosecond electron and
X-ray beams at FELs are reported. The basic principles of X-ray FELs are described, and con-
cepts of longitudinal electron beam diagnostics with femtosecond accuracy are covered. Ex-
perimental results obtainedwith a transverse deflecting structure (TDS) and spectroscopy of
coherent terahertz radiation are presented, and the suppression of coherent optical radiation
effects, required for diagnostics utilizing a TDS, is demonstrated. Control of the longitudi-
nal phase space by using multiple radio frequencies for longitudinal electron beam tailoring
is presented, and a new technique of reversible electron beam heating with two TDSs is de-
scribed. For the characterization of femtosecond X-ray pulses, a novel method based on
dedicated longitudinal phase space diagnostics for electron beams is introduced, and recent
measurements with a streaking technique using external terahertz fields are presented.

Kurzbeschreibung

Röntgen-Freie-Elektronen Laser (FELs) eröffnen neue Möglichkeiten in der Forschung mit
Photonen, undumdiese einzigartigen beschleuniger-basierten Lichtquellen vollständig nut-
zen zu können, ist die Charakterisierung und Kontrolle der Femtosekunden-Elektronen-
und -Röntgenstrahlen wesentlich. Im Rahmen dieser kumulativen Arbeit wird über neues-
te Ergebnisse aus dem aktiven Forschungsfeld der Femtosekunden-Elektronen- und -Rönt-
genstrahlen bei FELs berichtet. Die Grundlagen von Röntgen-FELs werden beschrieben,
und Konzepte von longitudinalen Elektronenstrahl-Diagnostiken mit Femtosekunden-Ge-
nauigkeit werden behandelt. Experimentelle Ergebnisse, erhalten mit einer transversal ab-
lenkenden Struktur (TDS) und Spektroskopie von kohärenter Terahertz-Strahlung, werden
präsentiert, und die Unterdrückung von kohärenten optischen Strahlungseffekten, notwen-
dig fuer die Diagnostiken, welche eine TDS nutzen, wird demonstriert. Kontrolle des longi-
tudinalen Phasenraumes durch Verwendung von vielfachen Hochfrequenzen für longitudi-
nale Elektronenstrahl-Schneiderei wird präsentiert, und eine neue Technik des reversiblen
Heizens vonElektronenstrahlenmit zwei TDSswird beschrieben. Für die Charakterisierung
von Femtosekunden-Röntgenpulsen wird eine neuartige Methode basierend auf dedizier-
ter longitudinaler Phasenraum-Diagnostik für Elektronenstrahlen eingeführt, und neueste
Messungen einer Schmier-Technik mit externen Terahertz-Feldern werden präsentiert.





“Ich hatte von meiner Arbeit niemand etwas gesagt; meiner Frau teilte ich
nur mit, daß ich etwas mache, von dem die Leute, wenn sie es erfahren,

sagen würden, der Röntgen ist wohl verrückt geworden.”

Wilhelm Conrad Röntgen (1845-1923)
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1 Introduction

Both the discovery of X-rays by Röntgen in 1895 (“On a New Kind of Rays” [1]) and the real-
ization of light amplification by stimulated emission of radiation, i.e., the laser, by Maiman
in 1960 (“Stimulated Optical Emission in Ruby” [2]) fundamentally changed our under-
standing of the physical world. X-rays and lasers have many applications in industry and
medicine, and have led to enormous implications for various disciplines of natural sciences.

X-ray beams, capable of penetrating matter, were discovered by experimental studies
with cathode rays [1], i.e., particle beams of electrons in vacuum tubes. Their wavelike na-
ture of nanometer (10−9m) wavelength involved the phenomenon of X-ray diffraction by a
crystal, described and observed by Friedrich, Knipping, and von Laue in 1912 (“Interferenz-
Erscheinungen bei Röntgenstrahlen” [3]). Based on the theoretical work of von Laue, X-ray
diffraction could be explained by W.H. Bragg and W.L. Bragg (father and son) in 1913 by
describing the observed diffraction patterns geometrically as interferences of the incident
X-rays from the crystal lattice planes (“X-rays and Crystals” [4] and “The Diffraction of
Short Electromagnetic Waves by a Crystal” [5]). For incident monochromatic X-ray beams
of well-known wavelength, the observable diffraction patterns are fundamentally given by
the distances of the lattice planes in the crystal. Thus, the structure of crystals can be deter-
mined, and X-ray beams provide a unique tool for studying the structure of matter.

The principles of (quantum) lasers evolved from the theory of stimulated emission, de-
scribed by Einstein in 1916within the framework of quantumphysics (“Strahlungs-Emission
und -Absorption nach der Quantentheorie” [6]). Before the first laser was demonstrated [2],
amplification by stimulated emission was reported for microwaves by Gordon, Zeiger, and
Townes in 1955 (“The Maser—New Type of Microwave Amplifier, Frequency Standard, and
Spectrometer” [7]) and proposed for the infrared and optical wavelength range by Schawlow
and Townes in 1958 (“Infrared and Optical Masers” [8]). In contrast to conventional radi-
ation sources, lasers provide radiation with outstanding properties, e.g., a high degree of
spatial and temporal coherence, a high spectral brightness, and the prospects of pulse dura-
tions in the femtosecond (10−15 s) range and below, which allow research on extreme states
of matter or time-resolved spectroscopy of dynamical systems, to name but a few.

The powerful combination of both X-rays and lasers renders unprecedented research on
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1 Introduction

matter at atomic length and ultrafast time scales possible, and several methods have been
proposed and tested to generate laserlike, coherent X-ray beams. For instance, amplified
spontaneous emission (ASE) of soft X-rays by means of population inversion between en-
ergy levels in neonlike selenium was reported by Matthews et al. in 1985 (“Demonstration
of a Soft X-Ray Amplifier” [9]). However, an effective way to realize X-ray lasers are free-
electron lasers (FELs) driven by relativistic electron beams from linear accelerators.

The principle of FELs was proposed by Madey in 1971 (“Stimulated Emission of Brems-
strahlung in a PeriodicMagnetic Field” [10]) and experimentally demonstrated with an FEL
oscillator, i.e., in combination with an optical resonator, at a wavelength of 3.4 µm by Dea-
con et al. in 1977 (“First Operation of a Free-Electron Laser” [11]). For the X-ray region, an
FEL oscillator using a resonator with single-crystal silicon mirrors was proposed by Colella
and Luccio in 1984 (“Proposal for a free electron laser in the X-ray region” [12]) but not
demonstrated yet. In order to circumvent the restrictive needs formirrors, principles of FELs
operating in a self-amplified spontaneous emission (SASE) mode were developed by Kon-
dratenko and Saldin in 1980 (“Generation of Coherent Radiation by a Relativistic Electron
Beam in an Ondulator” [13]) and by Bonifacio, Pellegrini, and Narducci in 1984 (“Collective
Instabilities and High-Gain Regime in a Free Electron Laser” [14]), allowing high-gain am-
plification of X-rays without mirror resonators. The successful operation of SASE FELs was
reported for soft X-rays by Ackermann et al. in 2007 (“Operation of a free-electron laser
from the extreme ultraviolet to the water window” [15]) and for hard X-rays by Emma et al.
in 2010 (“First lasing and operation of an ångstrom-wavelength free-electron laser” [16]).

Within this cumulative thesis, recent results achieved within the active research field of
femtosecond electron and X-ray beams at FELs are reported and discussed. In the remain-
der of the introduction, accelerator-based light sources for research in photon science are
introduced. In chapter 2, the principles of X-ray FELs are described, and emphasis is put on
the requirements on the FEL driving electron beams and on the characteristics of FEL ra-
diation. Chapter 3 reports on concepts of diagnostics for femtosecond electron beams, and
chapter 4 deals with the control and manipulation of the longitudinal phase space of elec-
tron beams. Techniques for the characterization of femtosecond X-ray pulses are presented
and discussed in chapter 5, and a summary and conclusions are given in chapter 6.

1.1 Accelerator-based light sources

While accelerators were initially built for high-energy particle physics, they have evolved
into powerful light and radiation sources for research in various disciplines of natural sci-
ences. The mean energy loss of relativistic electron beams in a betatron (a magnetic-induc-

2



1.1 Accelerator-based light sources

tion electron accelerator [17, 18]) due to the emission of radiation, predicted by Iwanenko
and Pomeranchuk in 1944 (“On theMaximal Energy Attainable in a Betatron” [19]), and the
following observation of visible radiation emitted in the bending magnets of a synchrotron
(a circular radio-frequency accelerator with the guiding magnetic fields being synchronized
to the particle beam energy [20, 21]) by Elder et al. in 1947 (“Radiation from Electrons in
a Synchrotron” [22]) resulted in the development of accelerator-based light sources, which
were classified into four types or generations (e.g., Refs. [23, 24]). The characteristics of the
radiation fan emitted in a bending magnet, the so-called synchrotron radiation, were cal-
culated by Schwinger in 1949 (“On the Classical Radiation of Accelerated Electrons” [25])
and utilized for various experiments in the first and second generation of accelerator-based
light sources, where the latter were based on storage-ring synchrotrons keeping the electron
beams stored at the final energy [26]. The total radiated power of a single electron with the
normalized energy γ =W/(mec2) in a dipole magnet with the bending radius R, where me

is the electron rest mass and c is the speed of light in vacuum, can be calculated as [25]

Ps =
e2c
6πε0

γ4

R2 , (1.1)

where ε0 is the permittivity of free space and e is the elementary charge. The total radiation
power shows a strong energy dependence, and the main part is emitted in a narrow cone of
opening angle Θ ≈ 1/γ around the instantaneous direction of themotion of the electron. For
highly relativistic electrons with γ ≫ 1, the narrow cone of radiation with Θ ≪ 1 is effec-
tively generated within a small part of the trajectory, leading to a short radiation pulse with
a corresponding broad spectrum extending frequencies beyond the critical frequency [25]

ωc =
3c
2
γ3

R
. (1.2)

The powerful source of broadband synchrotron radiation emitted in a single bending mag-
net was improved in terms of brightness (brilliance) by using insertion devices composed
of periodic arrays of magnets with alternating polarity, called undulators and described by
Motz in 1951 (“Applications of the Radiation from Fast Electron Beams” [27]). The pho-
ton beam brightness, defined as the number of photons per unit time per unit area of the
radiation source per unit solid angle of the radiation cone per unit spectral bandwidth, is
significantly enhanced for undulators due to the concentration of the radiation in narrow
cones along the trajectory around the straight undulator axis (see Fig. 1.1) and in narrow
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Figure 1.1: The sinusoidal trajectory of an electron in a planar undulator, emitting radiation [28].

spectral peaks (a fundamental and harmonics) given by the wavelength (e.g., Refs. [24, 29])

λ =
1
h
λu
2γ2
(1 + K2

2
+ γ2Θ2) (1.3)

with the harmonics h = 1, 2, 3, ..., the undulator period λu, and the undulator parameter

K =
eB0λu
2πmec

, (1.4)

where B0 is the peak field of the sinusoidal magnetic field on the axis of a planar undulator.
The fundamental wavelength (first harmonic with h = 1) can be calculated by applying a
Lorentz transformation of the radiation field emitted by an oscillating dipole. In the moving
frame of reference of an electron, the relativistic length contraction reduces the undulator
period to λ∗u = λu/γ and the electron is performing dipole oscillations at a corresponding
higher frequency. In the laboratory frame of reference of an observer looking towards the
moving electron, the frequency of the emitted radiation is further increased (blue-shifted)
by the relativistic Doppler effect. Taking into account both the reduced undulator period
and the relativistic Doppler effect with the average longitudinal velocity of the sinusoidal
trajectory [see Eq. (2.5) in chapter 2] leads to the wavelength described by Eq. (1.3). Higher
harmonics can be explained by amaximumbending angle of the sinusoidal trajectory ∼ K/γ
[cf. Eq. (2.3)] exceeding the emission cone angle of ∼ 1/γ. Then the observer only receives
radiation generated within a small part of the trajectory, and the periodic radiation pulses
of short duration result in a spectrum containing higher harmonics (e.g., Ref. [30]).

Planar undulators generate linearly polarized radiation, and another type, generating
circularly polarized radiation, is the helical undulator, which has rotating transverse mag-
netic fields along the straight undulator axis, forcing the electrons to move on helical trajec-
tories. For undulator parameterswithK ≫ 1, the insertion devices are referred to aswigglers
(undulators have K ≲ 1) and generate a quasi-continuous spectrum with higher brightness
compared to typical bending magnets. The incorporation of insertion devices into the long
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Figure 1.2: The photon beam brightness (brilliance) provided by several types or generations of
accelerator-based light sources with (a) the average brightness and (b) the peak brightness [31].

straight sections of dedicated storage rings, providing electron beams optimized for high
brightness, led to the third generation of accelerator-based light sources (e.g., Refs. [23, 24]).

Electron beams in accelerator-based light sources are bunched with a spacing given by
the accelerator driving radio-frequency (r.f.) system, and the Ne electrons per bunch gener-
ally emit incoherent (spontaneous) radiation with a total intensity being Ne times the inten-
sity of a single electron, i.e., the individual electrons contribute independently and random
in phase. The emission of coherent radiation at a particular wavelength λ, scaling quadrati-
cally with the number of electrons, can be achieved either for electron bunches shorter than
λ or for density modulation in the electron bunch on the scale of λ (e.g., Ref. [29]). Only the
latter can be satisfied in the X-ray region, based on a process of self-organization of the elec-
trons (so-called microbunching) in a bunch at free-electron lasers (e.g., Refs.[28, 29, 32]),
leading to the fourth generation of accelerator-based light sources. X-ray FELs are tunable
over a wide photon energy (wavelength) range and exceed the photon beam brightness of
third generation light sources by several orders of magnitude, as is presented in Fig. 1.2.

1.2 Prospects for photon science

The development of X-ray free-electron lasers opens up new frontiers in photon science,
which encompasses the interaction of light with matter, leading to various scientific drivers,
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1 Introduction

e.g., the understanding and controlling of electronic, atomic, and molecular dynamics on
their natural time scales (e.g., Refs. [33, 34]), the study of soft condensedmatter (e.g., Refs. [35,
36]), the research in life sciences (see, e.g., Ref. [37]), and many more. An excellent compre-
hensive overview of scientific drivers for future accelerator-based light sources can be found
in the report “Science and Technology of Future Light Sources: A White Paper” [23].

The outstanding capabilities of X-ray FELs, such as providing laserlike, high-brightness
radiation tunable over a wide photon energy range, meet many requirements of experi-
ments and techniques in photon science. Further key features are high spatial coherence,
needed for diffractive imaging experiments (e.g., Refs. [38, 39]), prospects of polarization
control, important for studies in the research field of magnetic materials, or control of the
photon beams in terms of pulse shape, duration, and bandwidth (e.g., Ref. [23]). In recent
years, several methods to control FEL photon pulse durations have been proposed by ma-
nipulating and controlling the FEL driving electron bunches, achieving femtosecond pulse
durations (e.g., Refs. [40, 41, 42]). Other methods, with additional prospects of generat-
ing FEL photon pulses with durations in the attosecond range, make use of electron bunch
manipulation with external quantum lasers (e.g., Refs. [43, 44, 45]). Techniques to achieve
Fourier-transform-limited (bandwidth-limited) photon pulses with full temporal coherence
complement the versatile capabilities of X-ray FELs (see, e.g., Refs. [23, 31]).

Free-electron lasers providing soft X-rays for photon science are currently the Free-
Electron Laser in Hamburg (FLASH) at DESY in Hamburg and Fermi@Elettra at Elettra
in Trieste. For hard X-rays, the Linac Coherent Light Source (LCLS) at SLAC in Stanford
and the SPring-8 Angstrom Compact Free-Electron Laser (SACLA) at SPring-8 in Hyogo
are in operation, and the European X-ray Free-Electron Laser (E-XFEL) at DESY is under
construction. Table 1.1 summarizes the wavelength and peak brightness provided by these
X-ray FEL facilities. Status information about present FEL projects can be found in Ref. [31].

Table 1.1:Minimum wavelength and peak brightness provided by present and future X-ray FELs.
The parameters are found in literature or taken from the facility’s conceptional design reports.

FLASH Fermi@Elettra LCLS SACLA E-XFEL
Minimum wavelength (nm) 4.4 10 0.15 0.1 0.05
Peak brightness

< 1030 < 1032 < 1033 < 1034 < 1034(ph/s/mm2/mrad2/0.1%-BW)
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2 X-ray free-electron lasers

The basic theory describing free-electron lasers can be derived without methods of quan-
tum physics, as is shown in the following sections of this chapter, and the presented ana-
lytical treatment is based on the article “Review of x-ray free-electron laser theory” [28] by
Huang and Kim, and on the textbooks “Ultraviolet and Soft X-Ray Free-Electron Lasers:
Introduction to Physical Principles, Experimental Results, Technological Challenges” [29]
by Schmüser, Dohlus, and Rossbach and “The physics of free electron lasers” [32] by Saldin,
Schneidmiller, and Yurkov. The principle of FELs is described particularly with regard to
high-gain FELs operating in the X-ray region, and special emphasis is put on the require-
ments on the FEL driving electron beams and on the characteristics of FEL radiation.

In contrast to quantum lasers, where the electrons in the active laser medium are bound
to discrete atomic ormolecular energy levels, the principle of FELs is based on free electrons
in a relativistic electron beam moving in vacuum and co-propagating with an electromag-
netic (EM)wave. As is shown in the following section, net energy transfer from the electrons
to the EMwave, i.e., FEL amplification, can only take place when the electrons have a veloc-
ity component parallel to the transverse electric field of the EM wave. This can be achieved
by means of undulators, forcing the electrons to move on curved periodic trajectories. For
a relativistic electron with the longitudinal velocity vz = dz/dt passing through a planar
undulator (see Fig. 1.1), the horizontal component of the Lorentz force can be written as

γme
dvx
dt
= evzBy = −evzB0 sin(kuz) (2.1)

with the magnetic field in the center between the undulator gaps given by

B = Byey = −B0 sin(kuz)ey , (2.2)

where z is the longitudinal position along the undulator axis, ku = 2π/λu, and ey is the unit
vector in vertical direction. By taking into account γ = const due to the absence of an electric
field, the integration yields

vx =
dx
dt
=
Kc
γ
cos(kuz) (2.3)

7



2 X-ray free-electron lasers

with the undulator parameter defined in Eq. (1.4). As a result of the sinusoidal trajectory
[x ∼ sin(kuz) and y = const], the longitudinal velocity varies along the undulator axis as

vz =
√
v2 − v2x = c

√

1 − 1
γ2
−
v2x
c2

≈ c [1 − 1
2γ2
(1 + K2

2
)] −

cK2

4γ2
cos(2kuz) , (2.4)

and an average longitudinal velocity over an undulator period can accordingly be defined as

vz = c [1 −
1
2γ2
(1 + K2

2
)] . (2.5)

The transverse velocity component vx in Eq. (2.3), parallel to the transverse electric field of
an EM wave, is required but not sufficient by itself to achieve sustained FEL amplification.
The EMwave, travelingwith the speed of light, will slip forwardwith respect to the electrons,
moving with vz ≲ c, and a steady energy transfer is only possible for a certain phase slippage,
leading to the resonance condition for FELs described and derived in the following.

2.1 Principle of free-electron lasers

Free-electron lasers can be classified into two types: amplifiers and oscillators (cf. the termi-
nology of laser physics). The FEL amplifier simply amplifies an input radiation field, whereas
the FEL oscillator incorporates an additional feedback between the input and output radia-
tion fields, realized by means of an optical resonator. The main elements of FELs are a beam
of relativistic electron bunches with energyW = γmec2 and an undulator, which is assumed
to be planar in the following. By considering a plane electromagnetic wave, co-propagating
with the electron beam, as input radiation with the horizontal electric field component

Ex = E0cos(kz − ωt + ψ0) , (2.6)

where k = ω/c = 2π/λ, and E0 and ψ0 are the initial amplitude and (constant) phase of the
electric field, respectively, the rate of energy transfer between electrons and the EM wave is

dW
dt
= −ev ·E = −evxEx . (2.7)

8



2.1 Principle of free-electron lasers

Using the horizontal velocity given in Eq. (2.3) and electric field given in Eq. (2.6) results in

dW
dt
= − e

Kc
γ
cos(kuz)E0cos(kz − ωt + ψ0)

= −
eE0Kc
2γ
{cos[(k + ku)z − ωt + ψ0] + cos[(k − ku)z − ωt + ψ0]} , (2.8)

where the product of cosine functions has been transformed into a sum in order to describe
the rate of energy transfer in an FEL by means of the two phases (arguments of the cosines)

ψ± = (k ± ku)z − ωt + ψ0 . (2.9)

The argument ψ+ is referred to as ponderomotive phase, and a steady energy transfer be-
tween the electrons and the EM wave can be achieved for ψ+ = const and, accordingly, for

dψ+
dz
= (k + ku) −

ω
vz
= 0 (2.10)

along the undulator, where dz/dt = vz, neglecting the longitudinal oscillations in the full
term of Eq. (2.4) for the sake of simplicity. Taking into account the longitudinal oscillations
leads to minor modifications as is described later in this section. The wavelength satisfying
the resonance condition in Eq. (2.10) for a sustained energy transfer in an FEL reads [32]

λr =
λu
vz
(c − vz) = λu

(1 − vz/c)
vz/c

≈ λu
1
2γ2r
(1 + K2

2
) , (2.11)

where γr is the corresponding (normalized) resonance energy. Thus, sustained energy trans-
fer takes place when the slippage of the EM wave with respect to the electrons is one radia-
tion wavelength per undulator period. The wavelength in Eq. (2.11), satisfying the resonance
condition, is the same wavelength as is generated by undulators in forward direction with
Θ = 0 [see Eq. (1.3)], hence spontaneous undulator radiation can provide the input radiation
field to initiate the FEL amplification process. Equation (2.11) shows that the wavelength of
FELs is tunable over a wide range by varying the electron beam energy γr = Wr/(mec2) or
the undulator parameter K by adjusting the gap height between the magnetic poles.

The second cosine function in Eq. (2.8) with the phase ψ−, which can be expressed as

ψ− = ψ+ − 2kuz , (2.12)

varies rapidly, and for ψ+ = const, i.e., steady energy transfer, it performs two oscillations
per undulator period and cancels out. Thus, the cosine function with the phase ψ− is not

9



2 X-ray free-electron lasers

considered anymore, and the general evolution of the ponderomotive phase, taking into
account electron energies that differ from the resonance energy defined via Eq. (2.11), reads

dψ
dz
= (k + ku) −

ω
vz
≈ ku − k

1
2γ2
(1 + K2

2
) , (2.13)

where ψ ≡ ψ+ describes the phase of the electrons relative to the EM wave. Even in the ap-
proximation of a monoenergetic electron beam of resonance energy γr, i.e., with the relative
energy deviation η = (γ − γr)/γr = 0, differing electron energies must be admitted to take
account for the demanded energy transfer in an FEL. In the limit of an electron beam with
low energy spread, i.e., with ∣η∣≪ 1, the evolution of ψ in Eq. (2.13) can be written as [28]

dψ
dz
= 2kuη , (2.14)

showing a linear dependence on the relative energy deviation. According to Eq. (2.8) and by
using dz/dt = vz ≈ c, the evolution of the phase space (ψ, η) is complemented by means of

dη
dz
= −

eE0K
2γ2rmec2

cosψ , (2.15)

and the two coupled first-order differential equations in Eqs. (2.14) and (2.15) can be com-
bined into one second-order differential equation (so-called pendulum equation) given by

d2ψ
dz2
+
eE0Kku
γ2rmec2

cosψ = 0 . (2.16)

The low-gain FEL theory, based on Eqs. (2.14) - (2.16), describes the phase space motion
of electrons in the presence of an electromagnetic wave, neglecting the growth of the elec-
tric field amplitude during FEL amplification, i.e., E0 in Eq. (2.15) is assumed to be roughly
constant. This assumption is well justified for FEL oscillators, where the energy gain per
passage of the undulator is low and the electric field amplitude grows only slowly. For X-ray
FELs operating in the high-gain regime, the electric field amplitude grows significantly in a
single pass through a rather long undulator and needs to be taken into account, leading to
the high-gain FEL theory described later in this section. However, the low-gain FEL theory
already describes the basic principles and underlying physics of any FEL, as is discussed in
the following after briefly introducing the modifications due to the neglected longitudinal
oscillations of vz in Eq. (2.10). It can be shown that λr in Eq. (2.11) changes to (e.g., Ref. [29])

λr =
1
h
λu
2γ2r
(1 + K2

2
) (2.17)

10



2.1 Principle of free-electron lasers
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Figure 2.1: Phase space trajectories of electrons in the presence of an electromagnetic wave with an
initial phase of ψ0 = π/2, while the EM wave fulfills the resonance condition for energy trans-
fer [28]. The electrons are initially distributed along ψ with zero relative energy deviation, i.e.,
η = 0 for all phases (bold dotted line). When the energy transfer takes place, the electron distri-
bution becomes sinusoidal (bold solid line) in the longitudinal phase space (ψ, η), following the
trajectories described by the equations of the low-gain FEL theory (thin dashed lines).

with the harmonic number h = 1, 3, 5, ..., hence odd higher harmonics fulfill the resonance
condition and can be amplified in an FEL. In addition to the amplification of harmonics,
the coupling of the electrons to the EMwave in a planar undulator is changed, which can be
taken into account by replacing the undulator parameter K in Eqs. (2.15) and (2.16) by

K = K · [J0 (
K2

4 + 2K2) − J1 (
K2

4 + 2K2)] , (2.18)

where J denotes the Bessel functions of the first kind. The resonance wavelength for a steady
energy transfer in Eq. (2.17) is, however, still calculated by means of K defined in Eq. (1.4).

In the theory of low-gain FELs, the dynamics of electrons in an undulator under the
action of electromagnetic fields is fully described by the first order differential equations
given in Eqs. (2.14) and (2.15), and Fig. 2.1 presents the phase space trajectories of electrons
(curves of a constant Hamiltonian [29]) in the presence of an EM wave that fulfills the res-
onance condition for energy transfer. When the energy transfer during the FEL process
along the undulator takes place, the initially monoenergetic electrons (η = 0 for all ψ) begin
to gain or lose energy depending on the phase relative to the EM wave, as is described by
Eq. (2.15), and a periodic energy modulation at the resonance wavelength λr develops. This
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2 X-ray free-electron lasers

energy modulation results in a modulation of the longitudinal velocity [see Eq. (2.5)], which
is in turn transformed into a density modulation by means of the phase evolution derived
in Eq. (2.14). In this scenario, the net energy transfer is zero since the number of electrons
supplying energy to the EM wave is the same number of electrons removing energy. How-
ever, there are two favorable conditions leading to a net amplification of the EMwave, which
correspond to the FEL operation in the low-gain and high-gain regime, respectively.

2.1.1 Low-gain regime

The zero energy exchange on average between monoenergetic electrons (η = 0) in the pres-
ence of a resonant EM wave, as is represented by the phase space trajectories shown in
Fig. 2.1, can be counteracted by operating the FEL detuned with electrons of higher en-
ergy, i.e., with η > 0. The growth of the electric field amplitude during FEL amplification is
neglected in this operation regime, and the field gain ∆E per undulator pass is small com-
pared to the actual field E0 of the EM wave, leading to the term low-gain regime. Similar
to the conventions in the physics of quantum lasers, the gain g = 1 + G = (E0 + ∆E)2/E2

0

can be described as the ratio of the output and input power (P0 ∼ E2
0), and no amplification

corresponds to g = 1 and G = 0, respectively. For a single pass through a short undulator
with Nu periods, the gain function G can be expressed as (see, e.g., Refs. [29, 32, 46])

G(δ) = −
Γ3N3

uλ3u
2

d
dδ
(
sin2δ
δ2
) , (2.19)

where δ = 2πNuη is the relative energy detuning and Γ is the gain parameter given by [29]

Γ = (µ0K
2e2kune

4γ3rme
)

1/3

(2.20)

with the electron density ne and the permeability of free space µ0. The argument of the
derivative in Eq. (2.19), i.e., the sinc squared function sin2δ/δ2, describes the intensity dis-
tribution I of spontaneous undulator radiation as a function of the frequency deviation
δ = πNu∆ω/ω1 relative to the center frequency ω1 (cf. relative energy detuning). The fact
that G(δ) ∼ −dI/dδ in the low-gain regime is referred to as Madey theorem [47], and both
the intensity distribution of spontaneous undulator radiation I (dashed line) and the gain
g = 1 + G (solid line) are shown in Fig. 2.2 as a function of the relative energy detuning
(frequency deviation) δ. At the resonance energy with δ ∼ η = 0, the gain is unity, i.e., the
net amplification is zero (G = 0). By tuning the electron energy to δ ∼ η > 0, however, FEL
amplification takes place and energy is transferred into the EM wave with g > 1 (G > 0),

12
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Figure 2.2: Intensity distribution I ∼ sin2δ/δ2 of spontaneous undulator radiation (dashed line)
and the gain g = 1 + G of an FEL operating in low-gain regime (solid line) as a function of
the relative energy detuning (frequency deviation) δ. The presented gain is calculated by using
G(δ) ≡ −dI/dδ, and the vertical dotted lines denote the full width at half maximum ∆δ of I.

whereas the operation with δ ∼ η < 0 leads to energy gain of electrons, which is referred
to as inverse FEL mechanism. It is worth pointing out that according to Fig. 2.2, the maxi-
mum of the gain is within the bandwidth of the spontaneous undulator radiation, and the
full width at half maximum of I can be estimated to be ∆δ ≈ π, hence the line width of
spontaneous undulator radiation is ∆ω ≈ ω1/Nu. This is a result of the EM wave train of Nu

oscillations and duration ∆t ≈ Nu2π/ω1 generated in the undulator with ∆t∆ω ≈ 2π.

2.1.2 High-gain regime

In contrast to the low-gain regime, taking into account the growth of the electric field am-
plitude during the energy transfer in an FEL, i.e., E0 = E0(z) in Eq. (2.6), can result in an
exponential increase of the gain within a single pass through a long undulator. In the theory
of this high-gain regime, a density modulated electron beam as is represented in Fig. 2.1 still
results in no net energy transfer by itself but changes the phase of the resonant EMwave ac-
cording to theMaxwell equations, so that the electronsmay end up in the decelerating phase
and begin to lose energy on average, i.e. FEL amplification takes place. Thus, the equations
of motion in Eqs. (2.14) and (2.15) have to be solved together with the inhomogeneous elec-
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2 X-ray free-electron lasers

tromagnetic wave equation for the electric field vector E (complex-valued here):

[∇2 −
1
c2

∂2

∂t2
]E = µ0

∂ j
∂t
+

1
ε0
∇(−ene) , (2.21)

where j = −enev is the current density of the FEL driving electron bunch. The detailed
derivation of the equations describing FELs in the high-gain regime, taking into account
the electric field evolution via Eq. (2.21), is somewhat laborious, hence the basic findings of
the high-gain FEL theory are given without proof in the following, based on the treatment
in Ref. [29] and supported by the comprehensive FEL theory derived in Ref. [32].

A correct and realistic model of high-gain FELs is based on a full three-dimensional the-
ory considering the spatial (transverse) dependencies of the electron beam, of the EM wave
and of the magnetic field in the undulator. Unfortunately, the full three-dimensional treat-
ment has no practical analytical solutions and requires sophisticated numerical simulation
codes, e.g., FAST [48] or GENESIS [49]. However, by assuming an infinitely long electron
beam, co-propagating with a monochromatic plane EM wave with the horizontal electric
field Ex(z, t) = Ex(z)exp[i(kz − ωt + ψ0)], in a one-dimensional model, i.e., the transverse
dimensions (x and y) are not considered, analytical solutions exist and already provide a
deep insight into the physics of high-gain FELs. The following equations describe the longi-
tudinal phase space motion of the n-th electron and the evolution of the current density J
and horizontal electric field Ex in the one-dimensional model of the high-gain regime [29]:

dψn

dz
=2kuηn , (2.22)

dηn

dz
= −

e
γrmec2

Re [(ExK
2γr
−
iµ0c2

ω
J ) exp(iψn)] , (2.23)

dEx
dz
= −

µ0cK
4γr
J , (2.24)

J = −
2ecne

Ne

Ne

∑
n=1

exp(−iψn) . (2.25)

Here, the evolution of the electric field is taken into account in Eq. (2.23) via Eq. (2.24),
which is a function of the modulated current density given in Eq. (2.25) for Ne electrons
per wavelength. The last term differing from Eqs. (2.14) and (2.15) describing the low-gain
regime is due to longitudinal space charge forces of a modulated electron beam, which lead
to an additional change of the energy of the electrons, described by the second term ∼ J
of the real part in Eq. (2.23). The set of 2Ne + 2 coupled first-order equations in Eqs. (2.22)
- (2.25) describes the main physics of FELs in the high-gain regime, including the effect of
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2.1 Principle of free-electron lasers

FEL saturation. However, even in the one-dimensionalmodel, the 2Ne+2 equations have no
analytical solution without making further assumptions and need to be solved numerically.

By assuming that the periodic density modulations due to the energy transfer in an FEL
remain small, which is not the case in the saturation regime, the evolution of the electric field
amplitude can be described by one third-order differential equation (instead of a set of cou-
pled first-order equations), leading to the analytical solution of an exponentially increasing
gain curve. A thorough analysis results in the third-order equation (e.g., Refs. [29, 32])

E ′′′x

Γ3
+ 2i η

ρ
E ′′x

Γ2
+ (

k2p
Γ2
−
η2

ρ2
)
E ′x

Γ
− iEx = 0 , (2.26)

where E ′x ≡ dEx/dz, and a space charge and an efficiency (or FEL) parameter are defined as

kp =
√

2kuµ0nee2c
γrmeω

and ρ =
Γ
2ku
=

1
4π
√
3
λu
Lg0

, (2.27)

respectively. The FEL parameter ρ contains the (ideal) one-dimensional power gain length
Lg0 = (

√
3Γ)−1. Equation (2.26) shows an impact of energy deviation for η/ρ > 0, discussed

in following section, whereas for monoenergetic electrons with η = 0 and in the assumption
of negligible space charge forces with kp ≈ 0, the linear equation in Eq. (2.26) reduces to
E ′′′x = iΓ3Ex and can be solved by three exponential functions. Two solutions carry out
oscillations (one of them is damped) and the third results in the exponential gain curve

G(z) = ∣
Ex(z)
Ein
∣

2

− 1 ≈ 1
9
exp(z/Lg0) , (2.28)

which dominates the other two solutions for z > 2Lg0. The factor 1/9 is determined by the
input power shared by the three solutions with ∣Ein/3∣2. The result in Eq. (2.28) is essential
and shows the exponential amplification of an input radiation field (seed radiation) in a
single pass through a long undulator, demonstrating the feasibility of X-ray FELs without
the restrictive needs for mirror resonators. In this exponential gain regime, which can be
described by the linear third-order equation in Eq. (2.26), the output radiation fields depend
linearly on the input radiation fields. Thus, the exponential gain regime is also referred as
linear regime, in contrast to the saturation regime, which is a highly nonlinear regime.

Whereas the generation of a suitable seed radiation, e.g., via high harmonic generation
in a gas jet, is a difficult task, the spontaneous undulator radiation emitted by the electron
bunches can initiate the FEL start-up process in a high-gain FEL, leading to the operation
mode of self-amplified spontaneous emission (SASE). Instead of an input radiation field, a
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Figure 2.3: Evolution of the average FEL radiation pulse energy ⟨Ep⟩ along the undulator measured
(large black dots with error bars) at FLASH [15], demonstrating the exponential growth and satu-
ration at a wavelength of λ = 13.7 nm. The FEL driving electron bunch at three different undula-
tor lengths is sketched via bunches of small gray dots, illustrating the process of microbunching.

periodic density modulation can also initiate the FEL start-up process, and spectral compo-
nents of the randomly distributed electrons (cf. shot noise) within the amplification band-
width are amplified with a high gain. Both scenarios give a physically equivalent interpreta-
tion of SASE, and its start-up process needs to be taken into account in order to define the
input radiation field for a calculation of the corresponding gain curve [cf. Eq. (2.28)].

The linear third-order equation in Eq. (2.26) describes the electric field evolution of the
EM wave during FEL amplification neglecting the buildup of significant periodic density
modulations, hence saturation effects in high-gain FELs are obviously not considered by
the gain curve in Eq. (2.28), and numerical solutions of the coupled first-order equations in
Eqs. (2.22) - (2.25) are required. The physical reason for saturation in an FEL lies in the fact
that after passing the exponential gain regime, the electron beam supplied enough energy
to the EM wave to get out of resonance [cf. Eq. (2.17)]. Furthermore, the periodic density
modulations (so-called microbunching) reach a maximum at saturation, and the electrons
begin to end up in the accelerating phase of the EM wave and to gain energy on average,
i.e., energy is taken out of the EM wave. The effect of saturation in a high-gain FEL for
soft X-rays after passing the exponential growth regime is demonstrated in Fig. 2.3. The
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2.2 Electron beam requirements

saturation power Psat of a high-gain FEL that is driven by an electron beam containing the
power Pb = IeW/e, where Ie is the bunch peak current, can be expressed as (e.g., Ref. [29])

Psat ≈ ρ Pb , (2.29)

and is reached after the saturation length Lsat, which reads in the one-dimensional model as

Lsat ≈
1
ρ
λu = 4π

√
3 Lg0 ≈ 20 Lg0 . (2.30)

Typical FEL parameters ρ at X-ray FELs are on the order of 10−3, and for electron beams
with energiesW of a few GeV and peak currents of a few kA, the saturation power results in
several gigawatts. Equations (2.28) and (2.30) demonstrate gain functions G > 106 close to
saturation, and the maximum amplification (gain) occurs close to the resonance condition
with η = 0 (cf. low-gain regime). The root mean square (r.m.s.) FEL frequency bandwidth
in the exponential gain regime between 4Lg0 < z < Lsat can be given as (e.g., Ref. [29])

σω(z)
ωr
= ρ

√
18Lg0

z
, (2.31)

which assumes negligible space charge forces and a monoenergetic beam. At the end of the
exponential gain regime, the FEL bandwidth becomes σω/ωr ≈ ρ, which shows that high-
gain FELs serve as narrow-band amplifiers. It is worth pointing out that the FEL parameter
acts like a fundamental scaling parameter for many equations describing high-gain FELs.

The equations and results presented above cover only the basic findings of the compre-
hensive theory of free-electron lasers, and further information and details can be found in
Refs. [28, 29, 32] and in the references cited therein. In the following, the requirements on
the FEL driving electron beams and the characteristics of FEL radiation are discussed.

2.2 Electron beam requirements

X-ray free-electron lasers operating in the high-gain regime put stringent requirements on
the driving electron beams in terms of the longitudinal and transverse brightness, defined
as the electron densities in the particular phase spaces (e.g., Ref. [50]). The required high-
brightness beams, as is described in the following by taking into account energy spread and
transverse beam effects, correspond to a high peak current Ie and to a small r.m.s. energy
spread ση and emittance εx ,y in the longitudinal and transverse phase space, respectively.

Space charge forces counteract the microbunching process in an FEL, leading to an in-
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2 X-ray free-electron lasers

crease of the gain and saturation length, and have been initially neglected with kp/Γ ≈ 0 in
Eq. (2.26) in order to derive the gain curve in Eq. (2.28). However, this assumption is justified
for the demonstration of exponential amplification, becauseX-ray FELs typically have kp < Γ
(see, e.g., Refs. [28, 29]) and the impact of beam energy spread is more significant compared
to space charge effects. In general, energy spread and transverse (three-dimensional) beam
effects lead to an increase of the actual gain length Lg, and their impact can be described by

Lg = Lg0(1 + Λ) with Λ > 0 . (2.32)

The degradation parameter Λ has a cumbersome but useful parametrization presented in
Ref. [51], which includes the impact of energy spread, angular spread, and diffraction. The
degradation due to energy spread can be understood by taking into account that energy
spread causes longitudinal velocity spread [via Eq. (2.5)], hence the electrons get out of res-
onance [see Eq. (2.11)]. A condition for a tolerable r.m.s. energy spread can be defined as [28]

ση < ρ , (2.33)

which demands an energy spread that is smaller than the FEL bandwidth [see Eq. (2.31)].
The one-dimensional gain length in Eq. (2.32) reads Lg0 = (

√
3Γ)−1 [cf. Eq. (2.27)], and by

using the gain parameter defined in Eq. (2.20), the one-dimensional gain length scales as

Lg0 ∼ n
−1/3
e ∼ (

σxσy
Ie
)
1/3

, (2.34)

where σx ,y denotes the r.m.s. beam size in the transverse dimensions x and y, respectively.
Thus, high peak currents and small transverse electron beam sizes are required in order
to achieve a short (one-dimensional) gain and saturation length. Taking into account that
r.m.s. emittances (area of the phase spaces) can be written as εx ,y = σ2

x ,y/βx ,y (e.g., Ref. [52]),
a short one-dimensional gain length corresponds to a small emittance and to a sufficiently
focused electron beam in the undulator, described by the beta function β. According to the
Liouville theorem (e.g., Refs. [46, 50]), the phase space area, i.e., the emittance, cannot be
reduced by focusing elements, and a small electron beam size due to a small beta function
entails a corresponding large beam angular divergence with σx′ ,y′ ∼

√
εx ,y/βx ,y. A large

angular divergence of the electron beam, however, corresponds to an additional longitudinal
velocity spread, which in turn is equivalent to an additional energy spread ∼ γ2r σ2

x′ ,y′ (see, e.g.,
Refs. [29, 53]), leading to an increase of the gain length. By using the condition for a tolerable
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2.3 FEL radiation characteristics

energy spread in Eq. (2.33), the tolerable r.m.s. beam angular divergence can be stated as [53]

σx′ ,y′ <
√ρ
γr

. (2.35)

A condition for a reasonable electron beam size can be derived by considering diffraction
effects of the FEL radiation beam (EM wave). For laserlike radiation, such as provided by
FELs, diffraction causes the transverse radiation beam size (w2

t = 4σ2
t ) to increase by a factor

of 2 from its minimum over the Rayleigh length zR = 4πσ2
t /λr. By taking into account that

most of the FEL radiation power at a given undulator length z f in the exponential gain
regime has been generated a few gain lengths upstream of z f , the transverse radiation beam
size at z f is only affected by the diffraction over of a few gain lengths, which is related to
the phenomenon of optical guiding. Thus, in order to achieve a sufficient transverse overlap
of the electron beam and the EM wave (FEL radiation beam) with σt = σx ,y during the FEL
amplification, a reasonable condition can be expressed by demanding a Rayleigh length that
is about twice the gain length (zR ≈ 2Lg0). Using the gain length by Eq. (2.27) results in

4πσ2
x,y

λr
= 2 λu

4π
√
3ρ

⇒ σx ,y ≈

¿
Á
ÁÀ λuλr

8π2
√
3ρ
<

λrγr
4π√ρ

, (2.36)

where λu < λrγ2r
√
3 has been used [see Eq. (2.11)] in the latter inequality [53]. By requesting

to fulfill the conditions in Eq. (2.35) and Eq. (2.36) simultaneously, their product leads to

εx ,y ∼ σx ,yσx′ ,y′ <
λr
4π

, (2.37)

which is rather approximate but shows the importance of small electron beam emittances.
In summary, electron beams with high peak current [see Eq. (2.34)], low energy spread [see
Eq. (2.33)], and small emittances [see Eq. (2.37)] are required for driving an X-ray FEL.

2.3 FEL radiation characteristics

High-gain X-ray free-electron lasers have outstanding characteristics in terms of the gener-
ated FEL radiation. As has been discussed in Sec. 2.1.2, high-gain FELs generate powerful
[see Eq. (2.29)] and widely tunable radiation [see Eq. (2.17)], and the high gain is achieved
within a single pass through a long undulator [see Eq. (2.28)]. The powerful FEL radiation
has a small bandwidth [see Eq. (2.31)], which manifests a high spectral brightness as is pre-
sented in Fig. 1.2. For radiation with full spatial (transverse) coherence, the brightness scales
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2 X-ray free-electron lasers

inversely with the square of the wavelength ∼ λ−2r [29]. X-ray SASE FELs can achieve almost
full spatial coherence close to saturation, even when the condition in Eq. (2.35) is not ful-
filled [28]. The reason is that optical guiding effects cause the fundamental (TEM00) mode
to dominate the higher transverse modes that are present during the FEL start-up process.

In order to discuss the temporal coherence, the total intensity radiated by a bunch of elec-
trons (cf. the last paragraph of Sec. 1.1) in an undulator is introduced by (see, e.g., Ref. [54])

It = Is ∣
Ne

∑
n=1

exp(−iψn)∣

2

≈ NeIs ×
⎧⎪⎪⎪
⎨
⎪⎪⎪⎩

1 (incoherent)

Nc (coherent)
(2.38)

with the intensity Is of a single electron and a number Nc of cooperating electrons given by

Nc ≈
Ie

e
τc , (2.39)

where τc is the coherence time. The emission by density modulated electron beams at X-ray
FELs adds in phase (coherently) and leads to an intensity enhancement of Nc compared to
the incoherent emission [see Eq. (2.38)]. The coherence time describes the temporal exten-
sion over which the electrons contribute coherently and with a defined correlation to the
radiation field (wave packet). The start-up at SASE FELs is initiated by shot noise, i.e., not
by seed radiation with temporal coherence, hence the coherence time is limited by the finite
radiation slippage with respect to the electrons and statistical calculations result in [32]

τc =
√
π

σω(z)
≈

1
ρωr

(2.40)

with the FEL bandwidth σω in Eq. (2.31). For ρ ≈ 10−3 and λr = 2πc/ωr ≈ 10nm, the
approximation in Eq. (2.40) gives τc ≈ 5 fs. Then by assuming peak currents of a few kA, the
enhancement by means of Eq. (2.39) yields Nc > 107. The entire SASE FEL pulse duration
Tp is typically on the same order as the driving electron bunch (∼ 100 fs). Due to the finite
coherence length, several wave packets (spikes) can exist with the average number ofmodes:

M ≈
Tp

τc
. (2.41)

Therefore, in the time-domain, the SASE FEL radiation pulse has a duration of Tp and con-
sists of ∼ M spikes with a duration of τc ∼ 1/σω each. In the frequency-domain, the radiation
spectrum has a bandwidth of σω and consists of ∼ M spikes with a width of ∆ωs ∼ 1/Tp each.
Ultra-short bunches with Tp < τc, however, can generate pulses with a single mode M ≈ 1.
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3 Femtosecond electron beam
diagnostics

X-ray free-electron lasers operating in the high-gain regime are driven by electron beams
with high peak current, low energy spread, and small emittance, and their particular re-
quirements have been discussed in Sec. 2.2. The temporal profile of the FEL radiation power,
neglecting the statistical properties of SASE FEL radiation (see Sec. 2.3), is generally deter-
mined by the electron beam parameters, which can vary along the electron bunch and can
exhibit shot-to-shot fluctuations. Thus, in order to understand and optimize the FEL am-
plification process, time-resolved electron beam diagnostics with high accuracy and single-
shot capability are required. For typical electron bunch charges of Qe ∼ 100pC and peak
currents of Ie > 1kA, the electron bunch durations result in Te ∼ Qe/Ie ≲ 100 fs.

Single-shot electron beam diagnostics with temporal resolutions of a few tens of fem-
toseconds are feasible in the time-domain by using transverse deflecting r.f. structures (e.g.,
Refs. [55, 56, 57]) and in the frequency-domain by spectroscopy of coherent terahertz (THz)
radiation (e.g., Refs. [54, 57, 58]). Diagnostics with electro-optical techniques are currently
limited to ≳ 60 fs r.m.s. (e.g., Refs. [59, 60, 61]). Whereas the frequency-domain diagnos-
tics using a THz spectrometer is based on coherent radiation, the time-domain diagnostics
using a transverse deflecting r.f. structure relies on transverse beam profile imaging with in-
coherent optical radiation. The recent observations of coherent optical emission by electron
beams at present X-ray FELs have thus become a severe issue (e.g., Refs. [62, 63, 64]).

In the following, two articles in the research field of femtosecond electron beam diag-
nostics at X-ray free-electron lasers are introduced and presented. The first article covers
electron beam profile imaging in the presence of coherent optical radiation effects and has
been published in Physical Review Special Topics - Accelerators and Beams (Phys. Rev. ST Ac-
cel. Beams). The second article reports on a multi-channel THz and infrared spectrometer
for femtosecond electron bunch diagnostics by single-shot spectroscopy of coherent radia-
tion and has been published inNuclear Instruments andMethods in Physics Research Section
A: Accelerators, Spectrometers, Detectors and Associated Equipment.
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3 Femtosecond electron beam diagnostics

3.1 Electron beam profile imaging in the presence of
coherent optical radiation effects

At X-ray free-electron lasers, transverse electron beam profiles are necessary for measure-
ments of the beam emittance or in order to setup the correct accelerator optics for a proper
beam transport and a sufficiently focused beam in the undulator (see Sec. 2.2). By using
a transverse deflecting r.f. structure [65], which induces a time-dependent transverse kick
within the electron bunches, the longitudinal positions of the passing electrons are trans-
lated (streaked) into transverse coordinates, making longitudinal, i.e., time-resolved, elec-
tron beam diagnostics possible by measuring transverse beam profiles. One-dimensional
beam profiles, projected onto either the horizontal or vertical axis, can be achieved by using
wire-scanners (e.g., Ref. [52]) and allow temporal bunch profile measurements in a multi-
shot mode. For single-shot measurements or in cases where two dimensions are required,
e.g., in time-resolved emittance or longitudinal phase spacemeasurements, transverse beam
profile diagnostics based on imaging screens is essential. Imaging of electron beam profiles
relies on incoherent radiation, such as incoherent optical transition radiation, whereas co-
herent optical radiation effects can lead to an incorrect representation of the transverse beam
distribution (e.g., Refs. [63, 64]), impeding any beam diagnostics using imaging screens.

Coherent optical radiation effects can be caused byultrashort charge concentrations [64],
such as intrinsically ultrashort electron bunches (e.g., Refs. [41, 66]), or by microbunching
instabilities (e.g., Refs. [67, 68]) that may lead to electron density modulations on the scale
of optical wavelengths. In either case, the number of cooperating electrons Nc in Eq. (2.38),
which can also be applied for optical transition or synchrotron radiation, is significantly
larger then unity at optical wavelengths, leading to enhanced radiation intensities. The ob-
servation of strong coherent optical transition radiation (COTR) at the LCLS, initially stated
as “unexpected physics” [62], has become a frequent observation at present X-ray FELs (e.g.,
Refs. [62, 69, 70]) and a severe issue for electron beam diagnostics using imaging screens.

Methods to suppress microbunching instabilities exist (e.g., Refs. [71, 72]), and the laser
heater at the LCLS demonstrated significant impact on the FEL performance [73]. How-
ever, the suppression is not necessarily perfect and a remaining level of COTR still renders
beam diagnostics using standard imaging screens impossible [73]. Thus, new techniques to
suppress either the emission or the impact of coherent optical radiation are required.

The following article reports on the observation of microbunching and coherent optical
radiation, describes a method to suppress coherent optical emission, and finally demon-
strates electron beam profile imaging in the presence of coherent optical radiation effects.
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High-brightness electron beams with low energy spread at existing and future x-ray free-electron lasers

are affected by various collective beam self-interactions and microbunching instabilities. The correspond-

ing coherent optical radiation effects, e.g., coherent optical transition radiation, impede electron beam

profile imaging and become a serious issue for all kinds of electron beam diagnostics using imaging

screens. Furthermore, coherent optical radiation effects can also be related to intrinsically ultrashort

electron bunches or the existence of ultrashort spikes inside the electron bunches. In this paper, we discuss

methods to suppress coherent optical radiation effects both by electron beam profile imaging in dispersive

beam lines and by using scintillation imaging screens in combination with separation techniques. The

suppression of coherent optical emission in dispersive beam lines is shown by analytical calculations,

numerical simulations, and measurements. Transverse and longitudinal electron beam profile measure-

ments in the presence of coherent optical radiation effects in nondispersive beam lines are demonstrated

by applying a temporal separation technique.

DOI: 10.1103/PhysRevSTAB.15.062801 PACS numbers: 29.27.�a, 41.60.Cr, 41.60.Dk

I. INTRODUCTION

X-ray free-electron lasers (FELs) offer a brilliant tool for
science at atomic length and ultrafast time scales [1], and
they have been realized with the operation of the Free-
Electron Laser in Hamburg (FLASH) [2], the Linac
Coherent Light Source (LCLS) [3], and the SPring-8
Angstrom Compact Free Electron Laser (SACLA) [4].
The x-ray FEL driving electron bunches are subject to
several collective effects, e.g., microbunching instabilities
or coherent synchrotron radiation (CSR), which degrade
the required high transverse and longitudinal beam bright-
ness [5–8]. These instabilities may not only result in sig-
nificant deteriorations of the FEL performance [9] but also
in coherent radiation effects [10–16] such as coherent
optical transition radiation (COTR) or CSR in the optical
wavelength range [17] (abbreviated as COSR). Beam pro-
file imaging dominated by coherent optical radiation leads
to an incorrect representation of the transverse charge
distribution [11] and renders electron beam diagnostics
with standard imaging screens, e.g., OTR screens, and all
the related diagnostics such as emittance or bunch length
diagnostics impossible. However, beam diagnostics with
imaging screens are essential for single-shot measurements
or in cases where two transverse dimensions are required,
e.g., in slice emittance or longitudinal phase space mea-
surements [18–20].

Microbunching instabilities associated with longitudinal
electron bunch compression can be mitigated by introduc-
ing additional uncorrelated energy spread [21–23] as suc-
cessfully demonstrated by the operation of the laser heater
system at the LCLS [9]. However, the microbunching gain
suppression is not necessarily perfect, and the correspond-
ing remaining small but existing level of COTR still ham-
pers electron beam profile diagnostics using standard
imaging screens (e.g., Ref. [9]). The origin of coherent
optical radiation effects is not only restricted to micro-
bunching instabilities but can also be related to ultrashort
spikes inside electron bunches or generated by intrinsically
ultrashort electron bunches like at laser-plasma accelera-
tors (e.g., Ref. [24]) or at x-ray FELs with ultralow charge
operation [25–27].
Transition radiation is emitted when a charged particle

beam crosses the boundary between two media with differ-
ent dielectric properties [28–32], hence transition radiation
is emitted using any kind of imaging screen and thus
precludes the stand-alone use of scintillation screens in
the presence of coherent optical radiation effects (e.g.,
COTR). However, by using (scintillation) imaging screens
in dedicated measurement configurations, COTR can be
mitigated (see, e.g., Ref. [15]).
In this paper, we discuss methods to suppress coherent

optical radiation effects both by electron beam profile
imaging in dispersive beam lines and by utilizing scintil-
lation imaging screens in combination with several
separation techniques. The experimental setup and obser-
vations of coherent optical radiation effects at FLASH are
described in Sec. II. In Sec. III we discuss the suppression
of coherent optical emission in dispersive beam lines and
present experimental results for COTR generated by a local
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ultrashort charge concentration. Section IV covers the
suppression of coherent optical radiation effects by using
scintillation screens in combination with separation tech-
niques. The experimental results obtained with the tempo-
ral separation technique are presented in Sec. V, and a
summary and conclusions are given in Sec. VI.

II. EXPERIMENTAL SETUP AND OBSERVATION
OF COHERENT EFFECTS

The measurements presented in this paper have been
carried out at FLASH, which is a self-amplified sponta-
neous emission (SASE) FEL [33] for extreme-ultraviolet
(EUV) and soft x-ray radiation, driven by a superconduct-
ing radio-frequency (rf) linear accelerator [2]. The sche-
matic layout of FLASH is depicted in Fig. 1, showing the
injector, which is based on a laser-driven normal conduct-
ing rf gun, the superconducting accelerating structures, two
magnetic bunch compressor chicanes, and the undulator
magnet system. The positions of the experimental setups
used for the measurements presented in this paper are
indicated by green dots and arrows.

The third-harmonic rf system (denoted by L3 in Fig. 1)
is dedicated to the linearization of the longitudinal phase
space upstream of the first bunch compressor [20,34]. In
order to properly set up FEL operation with applied third-
harmonic rf linearizer, a LOLA-type [35] transverse
deflecting rf structure (TDS) has been integrated in a
dedicated setup for diagnosis of the longitudinal phase
space [36,37] close to the FEL undulators. As depicted in
Fig. 1, the TDS can either be operated in combination with
imaging screens in the dispersive magnetic energy spec-
trometer or by using off-axis imaging screens operated
with a fast kicker magnet in the nondispersive main
beam line during FEL operation. Technical details and
performance measurements on the setup for longitudinal
beam diagnostics can be found in Refs. [20,36,37].

A. Time-domain longitudinal beam diagnostics

Transverse deflecting rf structures are widely used for
electron bunch length and longitudinal profile measure-
ments at present FELs and provide high-resolution
single-shot diagnostics [18–20,38]. Detailed descriptions
of time-domain electron bunch diagnostics using a TDS
can be found in Refs. [18,38]. Here we describe only the

basic principles of longitudinal electron beam diagnostics
that are required throughout this paper.
The vertical betatron motion of an electron passing a

vertical deflecting TDS around the zero-crossing rf phase,
neglecting intrinsic longitudinal-to-vertical correlations
[20] which are not relevant for the experiments presented
throughout this paper, can be given by [18,20]

yðsÞ ¼ y0ðsÞ þ Syðs; s0Þc�1zðs0Þ (1)

with the vertical shear (streak) function

Syðs; s0Þ ¼ R34Ky ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�yðsÞ�yðs0Þ

q
sinð��yÞ

e!Vy

pc
; (2)

where R34 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�yðsÞ�yðs0Þ

q
sinð��yÞ is the angular-to-

spatial element of the vertical beam transfer matrix from
the TDS at s0 to any position s, �y is the vertical beta

function,��y is the vertical phase advance between s0 and

s, and y0 describes an intrinsic offset. The expressionKy ¼
e!Vy=ðpcÞ is the vertical kick strength with the peak

deflection voltage Vy in the TDS, c is the speed of light

in vacuum, e is the elementary charge, p is the electron
momentum, zðs0Þ is the longitudinal position of the elec-
tron relative to the zero-crossing rf phase, and !=ð2�Þ is
the operating rf frequency. The expression in Eq. (1) shows
a linear mapping from the longitudinal to the vertical
coordinate and allows longitudinal electron beam profile
measurements by means of transverse beam diagnostics
using imaging screens. The shear function Sy determines

the slope of this mapping and can be calibrated by mea-
suring the vertical centroid offset of the bunch as a function
of the TDS rf phase. The electron bunch current is given
by the normalized longitudinal bunch profile multiplied by
the electron bunch charge. The bunch length (duration) is

given by the root mean square (rms) value �t;e ¼
S�1ð�2

y � �2
y;0Þ1=2, where �y is the vertical rms beam

size during TDS operation, and �y;0 is the intrinsic vertical

rms beam size when the TDS is switched off. Both �y and

�y;0 can be determined by measurements, and the latter

limits the achievable rms time resolution toRt;e ¼ �y;0=Sy
[18,20].

FIG. 1. Schematic layout of the Free-Electron Laser in Hamburg (FLASH) with its superconducting (SC) accelerating structures
(ACC), the two magnetic bunch compressor (BC) chicanes, and the third-harmonic rf linearizer system (L3). The positions of the
experimental setups and diagnostics used for the measurements presented in this paper are indicated by green dots.
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B. Imaging screen stations and camera systems

The screen stations in both the magnetic energy spec-
trometer and nondispersive main beam line (see Fig. 1) are
each equipped with different imaging screens and a charge-
coupled device (CCD) camera [39] (1360� 1024 pixels
with 12 bit dynamic range and 6:45� 6:45 �m2 pixel
size) with motorized optics (motorized macrolens with
teleconverter mounted on a linear translation stage). The
translation stage allows variable demagnification M�1 in
the range between�1:5–3with spatial resolutions of better
than 16 �m. The imaging screen station in the energy
spectrometer (ES-CCD in Fig. 1) is equipped with an
OTR screen (aluminum coated silicon) and two scintilla-
tion screens made of cerium-doped yttrium aluminum
garnet (YAG:Ce) and bismuth germanate, respectively. In
the nondispersive beam line, the screen station is operated
with a fast kicker magnet (K-CCD in Fig. 1), which is able
to deflect one bunch out of the bunch train at the bunch
train repetition rate of FLASH [40] of 10 Hz, and provides
an OTR screen and a cerium-doped lutetium aluminum
garnet (LuAG:Ce) scintillation screen. All screens are
mounted at a 45� angle (the cameras at a 90� angle) with
respect to the incoming electron beam. The scintillation
screens have a thickness of 100 �m. The experimental
setup in the nondispersive beam line is additionally
equipped with a fast gated intensified CCD camera [41]
(K-ICCD in Fig. 1, 1280� 1024 pixels with 12 bit and
6:7� 6:7 �m2 pixel size), which has been used for the
temporal separation technique (see Sec. V). Further tech-
nical details on the screen stations and camera systems can
be found in Refs. [37,42].

C. Observation of coherent optical transition radiation
and microbunching in the time domain

Microbunching instabilities at x-ray FELs can lead to
significant generation and amplification of density mod-
ulations in the optical wavelength range [5–7] which
may result in coherent optical radiation effects such as
COTR. This has been observed by spectral measure-
ments and characteristic ring-shaped light patterns at
the LCLS [11,12] and FLASH [16], and renders accu-
rate electron beam profile diagnostics using standard
imaging screens impossible. First observations of
COTR [16] and microbunching in the frequency domain
(coherent transition radiation around 10 �m [43]) at
FLASH were made directly upstream of the collimator
(see Fig. 1). Electron beam profile imaging performed
downstream of the collimator section [37], an achro-
matic bending system, resulted in considerably more
prominent observation of coherent optical radiation ef-
fects and microbunching.

The measurements presented in Fig. 2 show single-shot
light patterns, generated by moderately compressed elec-
tron bunches, at the imaging screens in the nondispersive
main beam line at K-CCD directly upstream of the

undulators. Ring-shaped structures in the profiles, charac-
teristic for COTR [11], are clearly visible in the images of
Figs. 2(a) and 2(b), which have been recorded by using an
OTR and LuAG imaging screen, respectively. For both
images a long-pass filter, blocking wavelengths below
780 nm, was used. The luminescence emission of the
LuAG scintillation screen occurs below 700 nm [44] and
is thus well blocked by the 780-nm long-pass filter used
during the measurements. Hence, the light pattern in
Fig. 2(b) is due to COTR without contribution from scin-
tillation light. Complementary to the observation of COTR,
the images in Fig. 3 show single-shot longitudinal phase
space measurements in the magnetic energy spectrometer
(ES-CCD). The measurements were done for accelerator
settings typical for FEL operation with applied third-
harmonic rf linearizer system upstream of the bunch com-
pressor chicanes, and they clearly indicate microbunching
in the time domain with modulation periods of about 25
and 30 fs, respectively. We note that a maximum modula-
tion wavelength of 10 �m (33 fs) was predicted theoreti-
cally in Ref. [7] and measured by spectroscopy of coherent
transition radiation in Ref. [43].

FIG. 2. Single-shot images of light patterns at the imaging
screens (K-CCD) generated by compressed electron bunches:
(a) OTR screen and (b) LuAG screen. For both images a long-
pass filter, blocking wavelengths below 780 nm, was used.

FIG. 3. Longitudinal phase space measurements upstream of
the undulators at ES-CCD for two different compression settings
and mean energies: (a) 796 MeV and (b) 661 MeV. The density
modulations indicate microbunching in the time-domain with
periods of �25 fs and 30 fs, respectively.
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III. SUPPRESSION OF COHERENT OPTICAL
EMISSION IN DISPERSIVE BEAM LINES

The energy-dependent beam trajectories in dispersive
beam lines can be utilized as a magnetic energy spectrome-
ter for charged particle beams. By combining such an
energy spectrometer with the operation of a TDS and using
imaging screens to get two-dimensional transverse beam
profiles, longitudinal phase space measurements (see, e.g.,
Fig. 3) with single-shot capability can be accomplished.
The corresponding horizontal betatron motion, which
should be perpendicular to the vertical shearing plane of
the TDS [18,20], can be written as

xðsÞ ¼ x0ðsÞ þDxðs; s0Þ�ðs0Þ (3)

with the intrinsic offset x0, the horizontal momentum
dispersion Dxðs; s0Þ, and the relative momentum deviation
� ¼ �p=p. For relativistic electron beams with Lorentz
factors of � � 1, the electron beam energy is given by
E � pc, and � represents the relative energy deviation.

The dispersion Dx can be determined by measuring the
horizontal centroid offset of the bunch as a function of the
relative energy deviation. The dispersion in the magnetic
energy spectrometer at ES-CCD (see Fig. 1), which is
generated by two subsequent dipole magnets with 5� de-
flection each (equivalent to a single dipole magnet with
10� deflection), amounts to 750 mm (nominal) [20],
whereas Dx at K-(I)CCD due to the kicker magnet opera-
tion is negligible. In addition to the momentum dispersion
introduced in the horizontal betatron motion, the longitu-
dinal particle motion can be described by

zðsÞ ¼ zðs0Þ þ R51xðs0Þ þ R52x
0ðs0Þ þ R56�ðs0Þ (4)

with the initial bunch length coordinate z and the initial
horizontal offset x and slope x0 ¼ dx=ds. The transfer
matrix elements Rij describe the mapping from position

s0 to s, i.e., Rij � Rijðs;s0Þ throughout the rest of this

paper. The expression in Eq. (4) does not affect the prin-
ciple of longitudinal phase space diagnostics described by
Eqs. (1) and (3), but results in the suppression of coherent
optical emission as is shown in the following.

A. Analytical calculations and numerical particle
tracking simulations

The spectral and angular intensity distribution, denoted

as Ið ~kÞ � dIð ~kÞ=d� with the three-dimensional wave vec-

tor ~k ¼ ð ~kr; kzÞ, of transition (synchrotron) radiation emit-
ted by an electron bunch with N � 1 electrons and charge
Q ¼ Ne is given by (e.g., Refs. [45,46])

I ð ~kr; kzÞ ¼ NI1ð ~kr; kzÞ þ N2jFð ~kr; kzÞj2I1ð ~kr; kzÞ; (5)

where I1ð ~kr; kzÞ describes the intensity distribution of a
single electron as a function of the transverse and longitu-

dinal wave number ~kr and kz, respectively, and Fð ~kr; kzÞ is

the three-dimensional form factor of the electron bunch.
The latter can be expressed by the Fourier transform of the
normalized charge density �ð ~r; zÞ as

Fð ~kr; kzÞ ¼
Z

d~rdz�ð ~r; zÞe�i ~kr ~re�ikzz; (6)

where �ð ~r; zÞ � �ðx; y; zÞ. Normalized charge distributions
without longitudinal-transverse correlations can be factor-
ized as �ð ~r; zÞ � �ð ~rÞ�ðzÞ, and by taking into accountR
d~r�ð ~rÞ ¼ R

dz�ðzÞ ¼ 1, which is assumed in the follow-

ing, we get Fð ~kr; kzÞ ¼ Ftð ~krÞFlðkzÞ with the transverse
and longitudinal form factor Ft and Fl, respectively. For
small observation angles 	 (small covered solid angles �)
with respect to the central axis (z axis) of the emitted
radiation we have kz ¼ k cos	 � k with the wave number
k, and the expression in Eq. (5) reads

I ðk;�Þ � NI1ðk;�Þ þ N2jFlðkÞj2jFtðk;�Þj2I1ðk;�Þ:
(7)

The first term on the right-hand side is linear in N and
describes the contribution of incoherent radiation, whereas
the second term scales with N2jFlðkÞj2jFtðk;�Þj2, which
describes the coherent radiation part. In order to perform
electron beam diagnostics with incoherent radiation,
we demand that the total spectral radiation intensity in
Eq. (7) is dominated by the incoherent term, i.e.,
N � N2jFlðkÞj2jFtðk;�Þj2.
In the following, we derive an analytical expression

describing a general strong suppression of the longitudinal
form factor at optical wavelengths in a magnetic energy
spectrometer. A transverse form factor of jFtj ¼ 1, i.e., full
transverse coherence, at the imaging screens is assumed,
which is the worst case scenario. The actual transverse
form factor in the experiment will be reduced due to the
finite beam size and observation angle [45]. However, the
suppression of the longitudinal form factor Fl presented
below is much stronger in the general case. A cutoff

wavelength 
c ¼ 2�=kc can be defined via jFlðkcÞj ¼
N�1=2, and beam diagnostics at wavelengths below 
c

becomes dominated by incoherent radiation. The cutoff
wavelength initially depends on the charge distribution
[via Eq. (6)], and significant values of jFlj in the optical
wavelength range can occur due to the existence of density
modulations or charge concentrations at ultrashort length
scales. However, following the analytical treatment of
microbunching degradation in Ref. [47], we show that
the cutoff wavelength in magnetic energy spectrometers
is entirely determined by the terms in Eq. (4) with a
corresponding strong suppression of coherent emission at
optical wavelengths for common magnetic energy spec-
trometers used at present FELs.
The amount of density modulations in a normalized

electron beam distribution �ð ~X; sÞ with the phase space

vector ~X ¼ ðx; x0; z; �Þ and R
d ~X�ð ~X; sÞ ¼ 1 can be quan-

tified by a complex bunching factor bðk; sÞ as [47]
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bðk; sÞ ¼
Z

d ~Xe�ikz�ð ~X; sÞ; (8)

where k is the wave number of the modulation. According
to Refs. [47,48], the evolution of the bunching factor
b½kðsÞ; s� along dispersive beam lines can be expressed by

b½kðsÞ; s� ¼ b0½kðsÞ; s� þ
Z s

s0

ds0Kðs0; sÞb½kðs0Þ; s0�; (9)

where b0½kðsÞ; s� is the bunching factor in the absence of
collective beam interactions due to CSR. The second term
on the right-hand side of the integral equation with the
kernel Kðs0; sÞ [47] (a complicated expression that is not
relevant here) describes the induced bunching due to CSR
interactions. As discussed in Refs. [47,49] and verified by
numerical particle tracking simulations below, the bunch-
ing induced in a dipole magnet from the energy modulation
generated in the same dipole magnet can be neglected with
the kernel K � 0, and the bunching factor in Eq. (9)
becomes b½kðsÞ; s� � b0½kðsÞ; s�. This is also the case in
a magnetic energy spectrometer consisting of a single
dipole magnet, and the resulting evolution of the total
bunching factor for a given initial bunching b0½kðs0Þ; s0�
can be expressed by [47]

b½kðsÞ; s� � b0½kðs0Þ; s0� exp
�
� k2ðsÞ�2

�0

2
R2
56

�

� exp

�
� k2ðsÞ"0�0

2

�
R51 � �0

�0

R52

�
2
�

� exp

�
� k2ðsÞ"0

2�0

R2
52

�
; (10)

where the motion in Eq. (4) is taken into account, and an

initial beam distribution �½ ~Xðs0Þ; s0� that is uniform in z
and Gaussian in x, x0, and � is assumed. The initial un-
correlated energy spread and geometrical horizontal emit-
tance are denoted by ��0 and "0, respectively, and �0 and
�0 are the initial horizontal lattice functions (Twiss pa-
rameters). The compression of the wave number by kðsÞ ¼
kðs0Þ½1þ hR56ðs; s0Þ��1 with the initial energy chirp h can
be neglected, i.e., kðsÞ � kðs0Þ, since the R56 generated by
a single dipole magnet is rather small.

In addition to the evolution of an initial bunching, en-
ergy modulations generated upstream of a magnetic energy
spectrometer can initiate bunching and, according to
Ref. [47] and by using Eq. (10), the induced bunching
bEðk; sÞ due to an initial energy modulation is given by

bEðk; sÞ � �ikR56�Eðk; s0Þ bðk; sÞ
b0ðk; s0Þ ; (11)

where �Eðk; s0Þ is the Fourier amplitude of the initial
energy modulation �Eðz; s0Þ. Fortunately, the bunching
bE can be neglected due to the small R56 (see above) and
the additional suppression discussed in the following.

Equation (10) implies a suppression of initial bunching
due to the coupling with the transverse phase space given
in Eq. (4), and a suppression factor S can be defined as

S ðkÞ ¼ jbðk; sÞj2
jb0ðk; s0Þj2

¼ e�k2�2
; (12)

where

� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"0�0

�
R51 � �0

�0

R52

�
2 þ �2

�0R
2
56 þ

"0
�0

R2
52

s
: (13)

By comparing Eqs. (6) and (8), and taking into account
�½ðx; x0; z; �Þ� ¼ �ðzÞ�½ðx; x0; �Þ�, the suppression factor
can be expressed as SðkÞ ¼ jFlðk; sÞj2=jFlðk; s0Þj2 (cf. the
analytical treatment in Refs. [17,50]), which describes the
general suppression of coherent emission in a common
magnetic energy spectrometer. Assuming a maximum ini-
tial density modulation or an ultrashort electron bunch,
both with jFlðk; s0Þj � 1, the cutoff wavelength [defined

via jFlðkcÞj ¼ N�1=2] is given by [cf. Eq. (12)]


c ¼ 2��ffiffiffiffiffiffiffiffi
lnN

p : (14)

We note that the suppression for ultrashort electron
bunches is simply given by the lengthening due to the
transverse phase space parameters and longitudinal motion
given in Eq. (4), which act like a low-pass filter.
The analytical treatment has been verified by numerical

simulations using the tracking code ELEGANT [51] with
Gaussian and uniform beam distributions (106 particles)
including CSR effects, and by using the parameters of the
magnetic energy spectrometer at FLASH, summarized in
Table I. Figure 4 shows the suppression factor for both
numerical simulations with initial density modulations
(10% peak amplitude) and analytical calculations using
Eqs. (12) and (13) for the parameters of FLASH. The
analytical calculations are in perfect agreement with the
numerical simulations. The shown approximation is calcu-
lated by using � � ffiffiffiffiffiffiffiffiffiffiffi

"0�0

p
R51, which is a good practical

estimate (R51 ¼ sin� for a single dipole magnet with

TABLE I. Parameters given in the magnetic energy spectrome-
ter at FLASH and used for the particle tracking simulations.

Parameter Symbol Value Unit

Beam energy E 1000 MeV

Lorentz factor � 1957

Electron bunch charge Q 150 pC

Horizontal emittance (normalized) �"0 1.0 �m
Relative slice energy spread ��0 10�4

Horizontal beta function �0 13.55 m

Horizontal alpha function �0 5.33

Spatial-to-longitudinal coupling R51 �0:174
Angular-to-longitudinal coupling R52 �0:089
Momentum compaction factor R56 0.006 m
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bending angle �). According to the full term in Eq. (13),
the cutoff wavelength in the magnetic energy spectrometer
at FLASH amounts to 
c � 16 �m, which manifests a
strong suppression of coherent optical emission.

B. Suppression of COTR generated by a local
ultrashort charge concentration

Coherent emission does not only lead to intense radia-
tion, which is described by means of the form factor jFlj in
the intensity distribution given in Eq. (7), but also to an
incorrect representation of the transverse charge distribu-
tion in beam profile imaging [11]. The imaging of trans-
verse beam distributions with optical systems, e.g., by
using an imaging screen, a lens, and a camera, is generally
described by means of the intensity distribution of a point
source in the image plane (e.g., Ref. [32]), which is the so-
called point spread function. According to Ref. [11], the
image formation with optical transition radiation of a
normalized three-dimensional charge distribution �ð ~r; zÞ
with N electrons can be expressed by

j ~Eð ~r; kÞj2 ¼ N
Z

d~r0dz�ð ~r0; zÞj ~E1ð~r� ~r0; kÞj2

þ N2

��������
Z

d~r0dze�ikz�ð~r0; zÞ ~E1ð~r� ~r0; kÞ
��������2

;

(15)

where j ~Eð ~r; kÞj2 describes the measured intensity distribu-
tion proportional to the absolute square of the total electric

field ~E evolved from the charge distribution, and ~E1 corre-
sponds to the imaged electric field of a single electron,
which can be expressed by means of the Fresnel-Kirchhoff
diffraction integral (e.g., Ref. [32]). The second integral in

Eq. (15) describes the coherent radiation part (� N2), and
by taking into account �ð ~r; zÞ � �ð~rÞ�ðzÞ with R d~r�ð ~rÞ ¼R
dz�ðzÞ ¼ 1, the expression for image formation in

Eq. (15) can be rewritten as [cf. Eq. (7)]

j ~Eð~r; kÞj2 ¼ N
Z

d~r0�ð ~r0Þj ~E1ð ~r� ~r0; kÞj2

þ N2jFlðkÞj2
��������
Z

d~r0�ð ~r0Þ ~E1ð ~r� ~r0; kÞ
��������2

:

(16)

The first integral in Eq. (16) simply describes the incoher-
ent imaging as a convolution of the transverse charge
distribution �ð~r0Þ with the point spread function related

term j ~E1j2. In the case of a nonvanishing longitudinal form
factor jFlðkÞj � 0, the second integral in Eq. (16) contrib-
utes to the image formation and describes no longer a
simple convolution with a point spread function, but rather
takes into account the actual field distribution. Thus, sig-
nificant deviations in the measured transverse charge dis-
tribution can occur even with a small longitudinal form
factor due to the second term �N2jFlðkÞj2 in Eq. (16),
where N � 109. An example with initially inconspicuous
COTR, impeding the electron beam diagnostics finally, is
demonstrated in the following.
Figures 5(a) and 5(b) show single-shot images of longi-

tudinal bunch profile measurements using the TDS that
were recorded in the nondispersive main beam line at
K-CCD and in the energy spectrometer at ES-CCD, re-
spectively. The images were measured under the same
electron beam conditions with a bunch charge of 0.45 nC
and do not display any conspicuous features of COTR.
However, as can be seen in Fig. 5(e), the corresponding
longitudinal bunch profile taken at K-CCD comprises a
much narrower spike with higher peak current. When
increasing the bunch charge to 0.55 nC, COTR emission
became apparent at K-CCD [Fig. 5(c)], whereas the image
in the energy spectrometer at ES-CCD [see Fig. 5(d)] did
not show any coherent radiation effects. The COTR emis-
sion in Fig. 5(c) (we chose a single-shot image with low
saturation of the CCD) is clearly localized in the longitu-
dinal electron bunch profile at a time coordinate of about
0.5 ps. At the same time coordinate, the longitudinal phase
space in Fig. 5(d) exhibits a huge but narrow increase in
energy spread (the width in the time is limited by the TDS
resolution). From this we conclude that the single-shot
image in Fig. 5(a) already partially contains COTR as a
consequence of a small but nonvanishing form factor jFlj
[cf. Eqs. (7) and (16)] and that the COTR emission in
Fig. 5(c) seems most probably to be generated by a local
ultrashort charge concentration such as a sharp spike inside
the electron bunch. We note that the measurements pre-
sented in Fig. 5(e) should give the same longitudinal
electron bunch profiles, and the existing deviations cannot
be explained due to a worse resolution as is the case in
Sec. VC. In order to demonstrate the local energy spread

FIG. 4. Analytical calculations and numerical simulations
(blue dots) of the suppression S for initial density modulations.
The theory curve (solid red line) is calculated for the full term in
Eq. (13), and the approximation (dashed green line) is calculated
for� � ffiffiffiffiffiffiffiffiffiffiffi

"0�0

p
R51. The inset shows the wavelength range below

52 �m on a logarithmic scale including the cutoff wavelength

c calculated for N � 109 electrons.
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increase in Figs. 5(b) and 5(d) with a reasonable signal-to-
noise ratio (SNR), the longitudinal phase space measure-
ments are presented with the YAG imaging screen. The
measurement performed with the OTR imaging screen,
presented in Fig. 5(f), shows the same strong COTR sup-
pression (but worse SNR).

IV. TECHNIQUES FOR SEPARATION OF
COHERENT OPTICAL RADIATION

As demonstrated in Sec. III, electron beam profile mea-
surements can be accomplished in dispersive beam lines,
such as magnetic energy spectrometers, with standard
optical imaging systems as the emission of coherent optical

radiation is strongly suppressed. However, linear accelera-
tors consist mainly of beam lines which are in general
designed to be dispersion free, and imaging in energy
spectrometers precludes measuring pure transverse beam
profiles due to the dispersion. In this section, we discuss
methods that suppress the impact of coherent radiation by
separation from an incoherent radiation part.

A. Spectral separation

The spectral intensity of transition (synchrotron) radia-
tion emitted by an electron bunch consists of two terms
that describe the incoherent (� N) and coherent
(� N2jFlj2jFtj2) radiation part [cf. Eq. (7) or Eq. (16)].
A spectral separation of these terms in electron beam
profile imaging can be accomplished by restricting the
imaging with wavelengths below the cutoff wavelength

c, i.e., where the emission is dominated by incoherent
radiation. Spectral separation has been considered in
Ref. [15] by using a scintillation screen in combination
with a bandpass filter. However, this method requires a
good knowledge and control of the expected spectra, and a

vanishing form factor (jFljjFtj 	 N�1=2) in the detectable
wavelength range, which is not the general case as the
spectra can vary strongly with the operation modes of a
linear accelerator. This is demonstrated in Fig. 6, in which
spectral measurements of transition radiation in the visible
and near-infrared wavelength range are presented for dif-
ferent compression settings at FLASH. The dashed black
line represents the incoherent radiation part convoluted
with the transmission of the optical setup. In contrast to
the measurements presented in Sec. II C, the measurements
shown in Fig. 6 were performed upstream of the collimator
section. We note that similar, reproducible measurementsFIG. 5. Single-shot measurements of the t-x plane in (a) and

(c) using a LuAG screen at K-CCD with time t ¼ �z=c (bunch
head at t < 0), and of the longitudinal phase space (t,�E) in (b)
and (d) using a YAG screen at ES-CCD with �E ¼ �E0 and
E0 � 1165 MeV for bunch charges of Q � 0:45 nC and
0.55 nC, respectively. The comparison of the electron bunch
currents between K-CCD and ES-CCD for Q � 0:45 nC is
shown in (e), and for Q � 0:55 nC at ES-CCD with different
imaging screens it is presented in (f).

FIG. 6. Spectral intensity measurements of transition radiation
in the visible and near-infrared wavelength range for four
different compression settings: (A) FEL operation and
(B)–(D) marginal compression, i.e., on-crest rf operation with
decreasing R56 in the bunch compressors (see Ref. [16] for
experimental details). The spectral intensity of the incoherent
part of transition radiation is indicated as dashed black line.
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for uncompressed electron bunches, showing coherent ra-
diation prominently at the micrometer scale, have been
presented in Ref. [43], and COTR for uncompressed
bunches has been reported in Ref. [11].

In general, the probability of coherent emission de-
creases at shorter wavelengths, which is often not suffi-
ciently reduced for optical wavelengths, and imaging with
transition radiation in the EUV region might be an option
[52–54]. In addition to the knowledge and control of the
spectra, the imaging with EUV radiation also requires
dedicated detectors and optics, and a complete setup in
vacuum to prevent strong absorption in air.

B. Spatial separation

The luminescence of scintillation screens [55], which is
a stochastic process, is inherently linear in the number of
interacting electrons (neglecting quenching and saturation
effects), hence coherent radiation effects are not expected
in pure scintillation light. However, transition radiation is
also emitted at the boundary of vacuum and scintillator,
and coherent optical radiation can still appear [see, e.g.,
Fig. 3(b)]. Then, the total spectral and angular intensity
distribution can be written as [omitting the arguments
ðk;�Þ in the intensity distributions I]

I t ¼ NI s þ ½N þ N2jFlðkÞj2jFtðk;�Þj2�Io; (17)

where I s and Io are related to scintillation light and
transition radiation, respectively. As discussed in
Sec. IVA for OTR imaging screens and with the same
requirements and restrictions, spectral separation can also
be applied when using scintillation screens (I t � NI s þ
NIo). Another method, particularly suited for scintillation
screens, which have nearly isotropic emission, is to make
use of the strong angular dependence of optical transition
radiation (e.g., Refs. [31,32]) and to perform electron
beam profile imaging with radiation that is dominated
by scintillation light, i.e., Ioðk;�Þ 	 I sðk;�Þ=½1þ
NjFlðkÞj2jFtðk;�Þj2� in Eq. (17). Spatial separation can
be achieved with imaging geometries having large angular
or spatial offsets, e.g., by using tilted imaging screens [42]
or central masks [56], where Ioð�ÞjFtð�Þj2 is suppressed
sufficiently. However, just as for spectral separation, this
method also requires good knowledge and control of the
form factor, and dedicated imaging geometries. In addi-
tion, the resolution depends on the observation angle of the
scintillation screen (e.g., Ref. [42]), which has to be taken
into account in the layout of the imaging system. We note
that an experiment on the spatial separation technique is
currently being commissioned at FLASH.

C. Temporal separation

The fundamentally different light generation processes
of scintillators and optical transition radiators result in
clearly distinct temporal responses. The emission of tran-
sition radiation from relativistic electrons is instantaneous

(� fs) and prompt [57,58] compared to the decay times
(� ns) of common scintillators (e.g., Ref. [55]).
Accordingly, the temporal profiles of the OTR pulses
resemble the longitudinal electron beam profiles, whereas
the temporal scintillation light pulses are fully dominated
by the decay of the excited states in the scintillator.
Temporal separation makes use of the distinct temporal
responses and allows to entirely eliminate OTR, i.e., the
term Io in Eq. (17) which is time dependent with Io �
Ioðk;�; tÞ, and, therewith, coherent optical radiation ef-
fects in electron beam profile imaging with scintillation
screens when reading out a gated camera with a certain
time delay after the prompt emission of OTR. Image
recording with delayed readout (e.g., Ref. [58]) can be
accomplished with intensified CCD (ICCD) cameras,
where a control voltage in the intensifier between photo-
cathode and microchannel plate allows fast gating
and exposure times of a few nanoseconds (e.g.,
Refs. [57–59]). The experiments on the temporal separa-
tion technique at FLASH have been performed by using
the ICCD camera ‘‘PCO: Dicam Pro (S20)’’ [41] in com-
bination with the off-axis LuAG scintillation imaging
screen in the nondispersive main beam line at K-ICCD,
which has a decay time of �50 ns [44]. The cameras used
for the presented measurements are able to readout images
at the bunch train repetition rate of FLASH of 10 Hz, hence
one bunch per bunch train can be measured with single-
shot capability. Further technical details on the equipment
used for the measurements presented in the following can
be found in Sec. II B and in Refs. [42,60].
The series of single-shot images in Fig. 7 present first

proof-of-principle measurements on the temporal separa-
tion technique. The image shown in Fig. 7(a) was recorded
at K-ICCD with an OTR screen, whereas for Figs. 7(b)
and 7(c) a LuAG scintillation screen was used. The image
shown in Fig. 7(c) has been recorded with a time delay of
100 ns, which is rather long compared to the emission time
of OTR but takes into account the large camera trigger
jitter that existed during the measurements. The image
recorded with the OTR screen and time delay simply
showed background noise and is not presented here. The
intensity distributions in Fig. 7 have been generated by
moderately compressed electron bunches with a charge
of 0.5 nC and a beam energy of 700 MeV. Figures 7(a) and
7(b) show a composite of COTR and COSR with a con-
tribution of scintillation light in Fig. 7(b). The round-
shaped light pattern on the right-hand side of Figs. 7(a)
and 7(b) is most probably due to synchrotron radiation
generated upstream of the off-axis screens (a polarizer was
not available during the measurements), where the appear-
ance in Fig. 7(b) is reduced by the transparency of the
LuAG screen. The image in Fig. 7(c), recorded with a time
delay of 100 ns, can be attributed purely to scintillation
light allowing for a quantitative analysis of the transverse
beam profiles.
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In contrast to spectral and spatial separation, the tempo-
ral separation technique provides a definite method to
suppress coherent optical transition radiation without fur-
ther relying on the wavelength-dependent longitudinal
form factor. In addition, this technique inherently includes
the suppression of secondary incoherent radiation sources
such as synchrotron radiation generated from magnets
directly upstream of the imaging screen or backward
OTR emitted from the second imaging screen boundary,
whereas spectral components in the UV region or at shorter
wavelengths may excite the scintillator, affecting the tem-
poral separation. As is shown in Ref. [17], however, po-
tential synchrotron radiation sources can be identified and
thus separated by adjusting the upstream magnets.
Furthermore, the coherent emission of OTR at the second
scintillator screen boundary is mitigated due to multiple
scattering in the scintillator material as is described and
demonstrated in Refs. [11,61]. We note that the current
implementation of the temporal separation technique pre-
sented throughout this paper utilizes fast ICCD cameras,
which are currently an order of magnitude more expensive
than conventional CCD cameras.

V. EXPERIMENTAL RESULTS WITH
TEMPORAL SEPARATION

The proof-of-principle measurements on the temporal
separation technique presented in Fig. 7 were carried out at
K-ICCD. However, a reference measurement to quantita-
tively prove this technique in terms of transverse beam
profiles, as would be provided by a wire scanner, which is
insensitive to coherent effects, is not available at this
position. In this section, we verify the method of temporal
separation by investigations on the charge-dependent im-
age intensities and comparisons with longitudinal bunch
profiles recorded in the energy spectrometer at ES-CCD.

A. Charge dependence of integrated intensity

Incoherent radiation is linear in the number of electrons
contributing to the emission process (cf. Sec. III A), i.e.,
linear in the electron bunch charge (�Q), and deviations
caused by the nonlinear charge dependence of coherent
radiation (� jFlj2Q2) are ideally suited to verify the tem-
poral separation technique. The integrated image inten-
sities presented in Fig. 8 were measured for bunch
charges between 0.13 and 0.87 nC at K-ICCD for different
imaging screen and readout configurations. Each data point
represents the average intensity of 20 background-
corrected single-shot images and the error bars indicate
the statistical rms image intensity fluctuations. Up to an
electron bunch charge of Q� 0:5 nC, the integrated inten-
sity is linear (solid black line) in Q for all presented

FIG. 7. Proof of principle for the temporal separation technique in transverse beam profile imaging, demonstrated for compressed
electron bunches at K-ICCD with the three screen/readout configurations: (a) OTR screen, (b) LuAG screen, and (c) LuAG screen with
delayed readout. The images in (a) and (b) show a composite of optical transition and synchrotron radiation with a contribution of
scintillation light in (b). The image in (c) is expected to show delayed but pure scintillation light.

FIG. 8. Measurements on the bunch charge dependence of the
integrated intensity at K-ICCD generated by compressed elec-
tron bunches using different screen/readout configurations,
where the inset shows the range from 0.55 to 0.9 nC. The linear
curve shows the dependence of incoherent radiation.
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configurations. For higher bunch charges, deviations from
the linear dependence appear in the configurations without
delayed readout, i.e., the form factor jFlj becomes signifi-
cant in the visible wavelength range, which are caused by
contributions from coherent optical radiation. The inset in
Fig. 8 shows the bunch charge range from 0.55 to 0.9 nC
more detailed. We note that the integrated intensity of the
OTR (blue dots) has actually been higher than presented
for Q> 0:7 nC, because of camera saturation due to the
strong optical emission and the corresponding underesti-
mated integrated intensity. The large error bars, represent-
ing the rms jitter, indicate strong fluctuations due to the
COTR. In the case of the LuAG imaging screen recorded
with a time delay (green diamonds), the dependence of the
integrated intensity is entirely linear in the bunch charge,
which verifies the power of the temporal separation
technique.

B. Longitudinal electron bunch compression

As the emission of COTR is strongly suppressed in the
magnetic energy spectrometer at FLASH (see Sec. III),
electron bunch profiles measured at the screen station ES-
CCD can serve as a reference for comparison with the
temporal separation technique applied in the nondispersive
beam line at K-ICCD. While the transverse bunch profiles
can differ at both locations due to different Twiss parame-
ters and dispersion at ES-CCD, longitudinal bunch com-
pression does not take place in between, and longitudinal
bunch profile measurements using the TDS can be used for
a direct comparison. The measurements presented in Fig. 9
show the mean rms electron bunch length of 20 single-shot
images, including the statistical rms jitter indicated via
error bars, for various ACC1 rf phases measured at ES-
CCD and K-ICCD by using the TDS. The electron bunches
were set up with an energy of 700 MeVand a bunch charge
of 0.5 nC. The rf phase of ACC1 affects the energy chirp of
the electron bunches upstream of the first bunch compres-
sor and, accordingly, the final electron bunch lengths. The
rms electron bunch lengths measured in the magnetic

energy spectrometer at ES-CCD (black dots) decrease al-
most linearly and do not possess large fluctuations.
In contrast to the magnetic energy spectrometer at

ES-CCD, coherent optical emission is not suppressed in
the nondispersive beam line at K-ICCD, leading to a
sudden increase of the rms electron bunch lengths in
combination with large fluctuations, represented by the
large error bars (statistical rms jitter), for ACC1 rf phases
* 3:75 deg measured with a LuAG screen without a cer-
tain time delay (red squares), i.e., without applied temporal
separation. The electron bunch length measurements using
an OTR screen are omitted in Fig. 9 due to even larger
deviations and fluctuations compared to the reference at
ES-CCD for ACC1 rf phases * 3:75 deg . Instead, the
OTR images (single shots) for ACC1 rf phases of 3.25
and 3.75 deg are presented in Figs. 10(a) and 10(b), re-
spectively, with obvious coherent optical radiation effects
in Fig. 10(b). Because of the fact that the electron beam

FIG. 9. Electron bunch length measurements for varying
ACC1 rf phase at ES-CCD and K-ICCD using different readout
configurations. According to Sec. III, the measurements in the
magnetic energy spectrometer (‘‘ES-CCD (YAG)’’) are intended
to provide an absolute reference measurement.

FIG. 10. Single-shot electron beam profile images at K-ICCD for two ACC1 rf phases used in the measurements shown in Fig. 9 with
different screen/readout configurations: (a) OTR screen for 3.25 deg, (b) OTR screen for 3.75 deg, and (c) LuAG screen for 3.75 deg
without and (d) with delayed readout. The presented single-shot beam profile images are background-corrected.
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images shown in Fig. 10 are sheared vertically by means of
the TDS, the vertical coordinate implies time information
[see Eq. (1)] and the faint bunching visible in Fig. 10(a)
may be assigned to microbunching.

Figure 10(c) shows a single-shot image taken at K-ICCD
using a LuAG screen without time delay for an ACC1 rf
phase of 3.75 deg. The image clearly shows contributions
of coherent optical radiation similar to the image in
Fig. 10(b). By imaging the LuAG screen with a time delay
of 100 ns, the obtained distribution shown in Fig. 10(d) is
acceptable without obvious contributions from coherent
optical radiation. In addition, the corresponding electron
bunch length measurements with applied temporal separa-
tion (green diamonds) in Fig. 9 are in perfect agreement
with the reference measurements in the energy spectrome-
ter at ES-CCD (black dots). The electron bunch durations
for FEL operation at FLASH are typically shorter than
150 fs (e.g., Ref. [20]), and typical electron beam parame-
ters are given in Table I.

C. Longitudinal electron beam profiles

The temporal separation technique, which has demon-
strated accurate rms electron bunch length measurements
in the presence of coherent optical radiation effects, gives
confidence that single-shot measurements of longitudinal
bunch profiles and, accordingly, electron bunch currents
using temporal separation result in reliable results. The
single-shot measurements presented in Fig. 11 (cf. mea-
surements shown in Figs. 9 and 10 for the same ACC1 rf
phase settings) have been recorded for an ACC1 rf phases
of 3.75 deg in Fig. 11(a) and for 4.05 deg in Fig. 11(b), i.e.,
in the presence of coherent optical radiation effects. The
longitudinal electron bunch profiles taken in the nondis-
persive beam line at K-ICCD (blue line) with temporal
separation show good agreement with the reference

measurements at ES-CCD (red line), and the observed
deviations are most probably due to slightly nonlinear
amplification in the intensifier (photocathode and micro-
channel plate) of the ICCD camera. The reduced peak
current with broadening in time in the case of ‘‘K-ICCD:
time delay,’’ which is apparent on the right-hand side
(time> 0) of Fig. 11(b), can be explained by the different
time resolutions of Rt;e ¼ 13 fs and 43 fs achieved with

the TDS during the measurements for ES-CCD and K-
ICCD, respectively. In order to compare the longitudinal
bunch profiles with comparable resolution, a convolution
has been applied for the measurement at ES-CCD in
Fig. 11(b) by taking into account the actual time resolution.
The longitudinal bunch profile after carrying out the con-
volution (green dashed line) is in good agreement with the
bunch profile taken at K-ICCD with applied temporal
separation (blue line).

VI. SUMMARYAND CONCLUSIONS

Electron beam profile imaging is crucial for many ap-
plications in electron beam diagnostics at FELs, and par-
ticularly required to perform single-shot diagnostics.
However, the frequent appearance of coherent optical ra-
diation effects, e.g., COTR, in high-brightness electron
beams impedes incoherent beam profile imaging with
standard techniques. The theoretical considerations, nu-
merical simulations, and experimental data presented in
this paper show that coherent optical emission can be
strongly suppressed by performing beam profile imaging
in a magnetic energy spectrometer due to sufficient spatial-
to-longitudinal coupling. However, energy spectrometers
preclude measuring pure transverse beam profiles due to
dispersion in the bending plane. For incoherent beam
profile imaging in nondispersive beam lines, we discussed
methods to separate the incoherent radiation from scintil-
lation screens and to simultaneously exclude coherent
optical radiation from detection. In contrast to spectral
and spatial separation, the temporal separation technique,
utilizing an ICCD camera, provides a definite method to
suppress coherent optical transition radiation without
knowledge of the longitudinal form factor. In terms of
readout times and rates, ICCD cameras have the same
applicability as standard CCD cameras. By applying the
temporal separation technique in the presence of coherent
optical radiation, we demonstrated reliable measurements
of longitudinal electron beam profiles, and measurements
of rms electron bunch lengths in excellent agreement with
reference measurements in a magnetic energy spectrome-
ter. Limitations may appear due to scintillator excitation by
secondary coherent radiation sources. However, the pre-
sented experimental results prove the temporal separation
technique as a promising method for future applications in
beam profile diagnostics for high-brightness electron
beams.

FIG. 11. Single-shot longitudinal electron bunch profiles mea-
sured in the nondispersive beam line at K-ICCD by using the
LuAG screen recorded with a certain time delay (blue line) and
in the magnetic energy spectrometer at ES-CCD by using the
YAG screen (red line) for ACC1 rf phases of (a) 3.75 deg and
(b) 4.05 deg, respectively. A convolution has been applied in (b)
for the measurement at ES-CCD (green dashed line) to compare
the longitudinal profiles with similar resolution.
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3.2 A multi-channel THz and infrared spectrometer for single-shot electron bunch diagnosis

3.2 Amulti-channel THz and infrared spectrometer for
femtosecond electron bunch diagnostics by
single-shot spectroscopy of coherent radiation

Single-shot electron beam diagnostics using transverse deflecting r.f. structures demon-
strated temporal resolutions of sub-10 fs r.m.s. [57] and are expected to achieve unprece-
dented ∼ 1 fs r.m.s. by using X-band r.f. technology [74]. Transverse deflecting r.f. structures
are routinely used at present X-ray FELs, even though recent observations of coherent op-
tical radiation effects may hamper these time-domain diagnostics that rely on transverse
beam profile measurements. Apart from that, techniques to accomplish electron beam pro-
file imaging in the presence of coherent optical radiation effects are available (see Sec. 3.1).

A different approach, making use of the coherent emission of femtosecond electron
beams and complementing the time-domain diagnostics, is based on frequency-domain
spectroscopy of coherent THz and infrared radiation. According to Eq. (2.38), which can
also be expressed as a Fourier transform of the longitudinal electron bunch charge distribu-
tion (e.g., Refs. [54, 57, 58]), the coherent emission depends on the temporal distribution of
the electrons. Coherent emission of transition or synchrotron radiation emerges for wave-
lengths comparable or longer than the electron bunches, hence the relevant wavelengths
for diagnosis of femtosecond electron beams are in the THz and infrared range. By uti-
lizing phase retrieval techniques (Kramer-Kronig relations), inverse Fourier transform of
the measured wavelength spectra allows to reconstruct the temporal bunch profiles (e.g.,
Refs. [54, 75, 76]). However, accurate temporal bunch profile reconstruction requires a suf-
ficiently large wavelength coverage, i.e., a broadband THz and infrared spectrometer.

A unique design of a broadband THz spectrometer with single-shot capability has been
discussed and demonstrated in Ref. [77]. In order to cover a large wavelength range suffi-
ciently for typical electron bunch durations at present X-ray FELs, the presented spectrom-
eter is based on a multi-stage setup of reflective blazed gratings. A fully developed version
of this THz spectrometer with excellent performance is reported in Refs. [58, 78]. For ultra-
short bunches with durations of ≲ 20 fs, such as demonstrated by the low-charge operation
at the LCLS [40, 41] or planned for the E-XFEL [79], a design for a broadband spectrometer
using a single prism for the near- and mid-infrared has been considered in Ref. [80].

The following article reports on the design and development of a multi-channel THz
spectrometer for single-shot diagnosis of femtosecond electron bunches. The commission-
ing of this unique device is described and comparative measurements are presented. Tem-
poral bunch profile reconstruction from spectroscopic data is demonstrated in Sec. 5.1.
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a b s t r a c t

The required high peak current in free-electron lasers (FELs) is realized by longitudinal compression of

the electron bunches to sub-picosecond length. In this paper, a frequency-domain diagnostic method is

described that is capable of resolving structures in the femtosecond regime. A novel in-vacuum

spectrometer has been developed for spectroscopy of coherent radiation in the THz and infrared range.

The spectrometer is equipped with five consecutive dispersion gratings and 120 parallel readout

channels; it can be operated either in short (5–44 mm) or in long wavelength mode (45–430 mm). Fast

parallel readout permits the spectroscopy of coherent radiation from single electron bunches. Test

measurements at the soft X-ray free-electron laser FLASH, using coherent transition radiation,

demonstrate excellent performance of the spectrometer. The device is planned for use as an online

bunch profile monitor during regular FEL operation.

& 2011 Elsevier B.V. All rights reserved.

1. Introduction

The electron bunches in high-gain free-electron lasers are
longitudinally compressed to achieve peak currents in the kA
range which are necessary to drive the FEL gain process in the
undulator magnets. Bunch compression is accomplished by a
two-stage process: first an energy chirp (energy–position relation-
ship) is imprinted onto the typically 10 ps long bunches emerging
from the electron gun, and then the chirped bunches are passed
through magnetic chicanes.

Magnetic compression of intense electron bunches is strongly
affected by collective effects in the chicanes and cannot be ade-
quately described by linear beam transfer theory. Space charge
forces and coherent synchrotron radiation have a profound influence
on the time profile and internal energy distribution of the com-
pressed bunches. The collective effects have been studied by various
numerical simulations (see [1] and the references quoted therein)
but the parameter uncertainties are considerable and experimental
data are thus indispensable for determining the longitudinal bunch
structure. Using a transverse deflecting microwave structure (TDS)
[2,3] our group has carried out a time-resolved phase space
tomography [4] of the compressed bunches in the free-electron
laser FLASH. The TDS converts the temporal profile of the electron
bunch charge density into a transverse streak on a view screen by a
rapidly varying electromagnetic field, analogous to the sawtooth
voltage in a conventional oscilloscope tube. The time resolution

depends on the microwave voltage and the beam optics in the
diagnostic section. In the present beam optics configuration at
FLASH, a resolution of down to 25 fs rms has been achieved.

The electro-optical (EO) technique is an alternative method of
measuring the longitudinal bunch charge distribution. Several
variants of single-shot EO bunch diagnostics have been applied
[5–7], all sharing the underlying principle of utilizing the field-
induced birefringence in an electro-optic crystal to convert the time
profile of a bunch into a temporal, spectral or spatial intensity
modulation of a probe laser pulse. The EO techniques have the
advantage of being non-destructive, thereby permitting correlation
studies of EO measurements on selected bunches with the FEL
radiation pulses produced by the same bunches. In Ref. [8] an
absolute calibration of the EO technique was performed utilizing
simultaneous TDS measurements. A record resolution of 50 fs (rms)
in the detection of single electron bunches was achieved.

Frequency-domain techniques provide a complementary access
to the femtosecond time regime. The spectral intensity of the
coherent radiation emitted by a bunch with N electrons is

dU

dl
¼

dU1

dl
N29F‘ðlÞ9

2
ð1Þ

where dU1=dl is the intensity per unit wavelength emitted by a
single electron, and F‘ðlÞ is the longitudinal form factor of the bunch,
the Fourier transform of the normalized line charge density S(z)

F‘ðlÞ ¼
Z

SðzÞ expð�2piz=lÞ dz ð2Þ

In Eq. (1) we have made use of the fact that radiation from relativistic
particles is confined to small angles whereby the influence of the
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transverse form factor is strongly suppressed. For an rms beam radius
of 1002200 mm, as in our case, the determination of the longitudinal
charge profile from the measured coherent radiation spectrum
depends only weakly on the precise knowledge of the transverse
charge distribution.

A measurement of the coherent radiation spectrum yields the
absolute magnitude of the form factor as a function of wavelength
but the phase remains unknown. Hence the determination of the
longitudinal charge distribution by inverse Fourier transformation
is not directly possible. Phase information can be obtained with
the help of the Kramers–Kronig relation [9] if a sufficient
wavelength range is covered.

The typical lengths of compressed electron bunches of a few
hundred micrometer leads to coherent emission in the far infra-
red (FIR) and millimeter wavelength range. The commonly used
technique of spectroscopy for this regime is to measure the
autocorrelation function with a Michelson type interferometer
and to deduce the power spectrum by Fourier transformation
(Fourier-spectroscopy). This technique has been applied for bunch
length measurements at various electron linacs [10–15]. Since the
interferometer is a step-scan device, it cannot be used for online
monitoring. For this, polychromators measuring different wave-
lengths simultaneously have been proposed [16] but were of
limited use due to their small number of read-out channels and
thus restricted wavelength range.

We have developed a novel broadband spectroscopic instru-
ment with single-shot capability [17]. With two sets of five
consecutive gratings, which can be interchanged by remote
control, the most recent version of the spectrometer covers the
far-infrared wavelength range from 45 to 435 mm or the mid-
infrared range from 5 to 44 mm. The spectral intensity is recorded
simultaneously in 120 wavelength bins.

In this paper, we describe the design of the spectrometer, the
detectors, amplifiers and readout electronics. Test measurements
with coherent transition radiation (CTR) are presented which were
carried out on bunches whose time profile was determined simul-
taneously using the transverse deflecting microwave structure TDS.

2. Design and realization of the spectrometer

2.1. Reflection gratings

Coherent radiation from short electron bunches extends over a
wide range in wavelength, from a few micrometers up to about
1 mm. Gratings are useful to disperse the polychromatic radiation
into its spectral components. For a monochromatic plane wave
that is incident normally on a transmission grating with slit
spacing d, the transmitted wave has interference maxima at
angles bm given by the equation d sin bm ¼ml. Here m is the
order of diffraction. The free spectral range of a grating is defined
by the requirement that different diffraction orders do not over-
lap. Since light of wavelength l, diffracted in the order m¼1, will
coincide with light of wavelength l=2, diffracted in the order
m¼2, the ratio of the longest and the shortest wavelength in the
free spectral range is close to two. Hence a single grating can only
cover a small part of the entire coherent radiation spectrum, and
many gratings of different spectral ranges have to be used
simultaneously. Ambiguities due to overlap of different orders
are avoided if the radiation impinging on a grating is filtered to
limit the bandwidth appropriately. It will be shown below that
this filtering is accomplished by a preceding grating.

A transmission grating with a large number of slits, whose
width is small compared to the slit separation, distributes the
diffracted radiation power almost equally among many orders. A
great improvement in efficiency for a specific order is obtained

using a blazed reflection grating [18] with triangular grooves as
shown in Fig. 1. For an incoming wave that is incident at an angle
a with respect to the normal of the grating, the grating equation
becomes

dðsin aþsin bmÞ ¼ml ð3Þ

To enhance the intensity in a given order m, the blaze angle yB

and the incidence angle a are chosen such that the direction of the
diffracted light coincides with the direction of specular reflection
at the inclined surfaces [18]. For the first order m¼1 this implies
yB�a¼ b1�yB, hence yB ¼ ðaþb1Þ=2. In this case most of the
diffracted power goes into the order m¼1.

It is a general feature of gratings that the diffraction effects
vanish if the wavelength becomes too large. The incidence angle is
a¼ 191 in our spectrometer setup, hence the largest possible value
of sin aþsin bm is 1.33. This implies that for wavelengths lZ1:33d,
the grating Eq. (3) can only be satisfied with m¼0 which means that
no diffracted wave exists and the reflection grating behaves as a
plane mirror. This specular reflection of long wavelengths is utilized
in the multistage spectrometer described below.

The efficiency of a grating in the diffraction order m is defined
as the ratio of diffracted light energy to incident energy. It was
computed with two commercial codes (PCGrate-S6.1 by I.I.G. Inc.
and GSolver V4.20c by Grating Development Company) which are
in reasonable agreement. In Fig. 2, the efficiencies as a function of
wavelength are shown for the diffraction orders m¼ 0;1,2. In the
range 0:78ol=do1:31 first-order diffraction (m¼1) dominates
and has an high efficiency for linearly polarized radiation whose
electric field is perpendicular to the grooves of the grating. This is
essentially the useful free spectral range of the grating. All
radiation with l4l0 ¼ 1:33d is directed into the zeroth order,
which means that the grating acts as a mirror. The short-
wavelength range below 0:78d may cause problems because
different diffraction orders overlap. Radiation in this range must
be removed by a preceding grating stage to avoid confusion
caused by overlapping orders.

2.2. Multiple grating configuration

Our spectrometer is equipped with five consecutive reflection
gratings, G0–G4 (see Fig. 3). A photo of the spectrometer is shown
in Fig. 4. Each grating exists in two variants, for the mid-infrared
(MIR) and the far-infrared (FIR) regime. The parameters are
summarized in Table 1. The MIR and FIR gratings are mounted
on top of each other in vertical translation stages (Fig. 5). Between
each grating pair is either a mirror (for G1, G2 and G3) or a

Fig. 1. Principle of a blazed reflection grating. For optimum efficiency of first-

order diffraction, the incoming ray and the first-order diffracted ray have to

enclose equal angles with respect to the facet normal FN. The blaze angle chosen is

yB ¼ 271, the incidence angle is a¼ 191 as measured with respect to the grating

normal GN.
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pyroelectric detector (for G0 and G4) which are needed for
alignment.

In the following we describe the far-infrared (THz) configura-
tion, the mid-infrared configuration works correspondingly. The
incident radiation is passed through a polarization filter (HDPE thin
film THz polarizer by TYDEX) to select the polarization component
perpendicular to the grooves of the gratings, and is then directed
towards grating G0 which acts as a low-pass filter: the high-
frequency part of the radiation (wavelength lol0 ¼ 44 mm) is
dispersed and guided to an absorber, while the low-frequency
part ðl4l0Þ is specularly reflected by G0 and sent to grating G1.
This is the first grating stage of the spectrometer. Radiation in the
range lmin ¼ 45:3 mmololmax ¼ 77:4 mm is dispersed in first-
order and focused by the use of a ring mirror onto a multi-channel
detector array, while radiation with l4l0 ¼ 77:6 mm is specularly
reflected and sent to G2. The subsequent gratings work similarly

and disperse the wavelength intervals ½77:0,131:5� mm (G2),
½140:0,239:1� mm (G3), and ½256:7,434:5� mm (G4).

2.3. Imaging system

For each grating, the first-order diffracted radiation is focused
by a ring mirror of parabolic shape [17] onto an array of 30
pyroelectric detectors which are arranged on a circular arc
(Fig. 6).
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Fig. 2. Efficiency curves of a gold-plated reflection grating for radiation polarized

perpendicular to the grooves, computed with the codes PCGrate (solid curves) and

GSolver (dashed curves). Top graph: first-order diffraction m¼1. The wavelength

range 0:78ol=do1:31 marked by the shaded area is used as a basis for the

spectrometer layout providing an almost flat efficiency. Bottom graph: diffraction

orders m¼0 and m¼2. Above l0=d¼ 1:33 all radiation is directed into the zeroth

order which simply means that the grating acts as a plane mirror. For small

wavelengths ðl=do0:78Þ all three orders m¼ 0;1,2 contribute to the diffraction

pattern. In order to avoid ambiguities this wavelength range must be removed by

filtering the incident radiation.

Fig. 3. Principle of the staged spectrometer equipped with five reflection gratings.

Explanations are given in the text. To avoid FIR absorption in humid air, the

spectrometer is mounted in a vacuum vessel (not shown). The detector arrays

mounted above the focusing mirrors are not displayed.

Fig. 4. Photo of the multi-grating spectrometer as mounted in a vacuum vessel

attached to the CTR beam line. The detector arrays are not yet installed, hence four

reflection gratings, G0–G3, are visible. G4 is just outside the photo but its mirror

can be seen. P is the polarizer, and M1, M2 are the input alignment mirrors.

Table 1
Parameters of the gratings. The distance between two grooves is called d. For light

with lZl0 the grating acts as a plane mirror. The minimum and maximum

wavelengths of the free spectral range for first-order diffraction are called lmin and

lmax. All dimensions are quoted in mm. The coarse gratings with dZ58:82 mm are

gold-plated and were custom-made by Kugler GmbH, the fine gratings with

dr33:33 mm are aluminium-plated and were purchased from Newport Corporation.

Grating d lmin lmax l0

Mid-infrared configuration 5.1–43:5 mm

G0 4.17 – – 5.5

G1 6.67 5.13 8.77 8.8

G2 11.11 8.56 14.6 14.7

G3 20.0 15.4 26.3 26.4

G4 33.33 27.5 43.5 –

Far-infrared configuration 45.3–434:5 mm

G0 33.33 – – 44

G1 58.82 45.3 77.4 77.6

G2 100.0 77.0 131.5 132

G3 181.8 140.0 239.1 240

G4 333.3 256.7 434.5 –

Fig. 5. The corresponding pairs of gratings are mounted on vertical translation

stages with the aluminium-plated mid-infrared gratings in the upper position and

the gold-plated far-infrared gratings in the lower position. Between each grating

pair is either a plane mirror (for G1, G2, G3) or a pyro-electric detector (for G0 and

G4) which are used for alignment purposes.
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The grating spreads the first-order dispersed radiation over an
angular range from 271 to 801. To focus the light onto a circular arc
passing through the 30-channel detector array, a ring-shaped
parabolic mirror has been designed with an angular acceptance of
601. The ring mirror design is shown in Fig. 7. The indicated 35 mm
wide section of the parabola y¼

ffiffiffiffiffiffiffiffi
2px

p
is rotated about a vertical

axis at x¼ 3p=2. The radius of curvature is R¼ p¼ 150 mm. The
grating is located in the center of the ring mirror which deflects the
radiation by 901 and has a focal length of f ¼ p¼ 150 mm.

2.4. Detector array

The first-order diffracted radiation is recorded in a specially
designed detector array equipped with 30 pyroelectric detectors
(Fig. 8) which are arranged on a circular arc covering 571 and thus
matching the acceptance of the focusing ring mirrors.

A critical component of the broadband single-shot spectro-
meter is a detector featuring high sensitivity over the entire THz
and infrared regime. Only bolometric devices, responding to the
deposited radiation energy through a temperature rise, can cover
such a wide wavelength range. The simplest and widely used

bolometric detectors are pyroelectric crystals. Although inferior to
cryogenic detectors in sensitivity, they have many advantages:
they are very compact, comparatively inexpensive, and do not
require an entrance window.

A special pyroelectric detector has been developed by a
industrial company (InfraTec) according to our specification. This
sensor possesses sufficient sensitivity for the application in a
coherent radiation spectrometer and has a fast thermal and
electrical response. The layout of the detector is shown in Fig. 9.
It consists of a 27 mm thick lithium tantalate ðLiTaO3Þ crystal with
an active area of 2� 2 mm2. The front surface is covered with a
fairly thick NiCr electrode (20 nm instead of 5 nm). The backside
electrode is a NiCr layer of only 5 nm thickness instead of the
conventional thick gold electrode. To enhance the radiation
absorption below 100 mm the front electrode is optionally cov-
ered with a black polymer layer.

The combination of a thick front electrode and a thin backside
metallization greatly reduces internal reflections which are the
origin of the strong wavelength-dependent efficiency oscillations
observed in conventional pyroelectric detectors. The beneficial
effect of the novel layer structure is illustrated in Fig. 10. Efficiency
variations for the new pyroelectric detector (solid curve) are
strongly suppressed compared to a conventional detector (dashed
curve) leading to superior performance characteristics in case of
spectroscopic applications. A drawback is the lower overall effi-
ciency, but this is of minor importance in our case as there is ample
coherent radiation intensity at FLASH.

The pyroelectric detector is connected to a charge-sensitive
preamplifier (Cremat CR110) followed by a Gaussian filter ampli-
fier (CR220) with 4 ms time constant. This combination has been

Fig. 6. Arrangement of the grating, the ring mirror and the array of 30 pyroelectric

detectors. The light dispersion and focusing have been computed with a ray

tracing code. For clarity only 5 of the 30 wavelength channels are shown.

Fig. 7. The ring mirror is obtained by rotating a section of the parabola y¼
ffiffiffiffiffiffiffiffi
2px

p
about a vertical axis at x¼ 3p=2. The gold plated mirrors are visible in Fig. 4.

Fig. 8. Photo of the 30-channel pyroelectric detector array with integrated

preamplifiers and twisted-pair line drivers.

black polymer

2 mm2 mm

20 nmNiCr

27 μmLiTaO3

5 nmNiCr

radiation

Fig. 9. Layout of the pyroelectric detector LIM-107-X005.
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calibrated [19] with infrared pulses of selectable wavelength at
the infrared FEL user facility FELIX [20] in the wavelength range
from 5 to 110 mm. The measured sensitivity as a function of
wavelength is shown in Fig. 11. While the wavelength depen-
dence of the sensitivity has been determined rather accurately,
the absolute calibration is uncertain by at least 50%. Two different
power meters were available to measure the total power in the
FELIX test beam. They agreed in the wavelength dependence but
the absolute power readings differed by a factor of two.

The black polymer coating introduces a thermal time constant
of the detector response of typically 30 ms. Its contribution to the
overall sensitivity can be studied by recording the electric pulse
shape directly after the preamplifier. It turned out that the
coating is basically transparent for wavelengths above 90 mm.
This allows to extrapolate the sensitivity curve to longer wave-
lengths where no data exists by using the computed absorption
for the bare sensor shown in Fig. 10.

For a given spectrometer configuration, mid-infrared (MIR) or
far-infrared (FIR), the dispersed radiation is recorded in 120

parallel detectors. The wavelength as a function of detector
number is plotted in Fig. 12. The MIR spectrometer covers the
wavelength range from 5:1 mm to 43:5 mm, the FIR spectrometer
covers the range from 45:5 mm to 434:5 mm.

All 30 pyroelectric sensors have the same angular acceptance
Db1 ¼w=f where w¼ 2 mm is the width of the sensor and
f ¼ 150 mm the focal length of the ring mirror. However, the
wavelength interval Dl subtended by a sensor depends strongly
on its angular position. From Eq. (3) it follows with m¼1

Dl¼ d cos b1 � Db1 ð4Þ

hence Dl drops rapidly with increasing detector number since the
angle b1 grows from b1 ¼ 271 at detector 1 to b1 ¼ 801 at
detector 30.

The complete electronics diagram is depicted in Fig. 13 where
also the pulse shape at various stages can be seen. The commercial
charge-sensitive preamplifier CR110 generates pulses with a rise
time of 35 ns and a decay time of 140 ms. A Gaussian shaping
amplifier (Cremat CR200 with 4 ms shaping time) is used to
optimize the signal-to-noise ratio. This is adequate for the applica-
tion at the CTR beamline [21] where the repetition rate is only
10 Hz. The shaped signals are digitized with 120 parallel ADCs with
9 MHz clock rate, 14-bit resolution and 50 MHz analog bandwidth.
A fast version of the electronics with 250 ns shaping time, allowing
1 MHz repetition rate, is used for an identical spectrometer inside
the FLASH tunnel. This system is presently being commissioned.

2.5. Spectrometer alignment and computed response function

Within each spectrometer stage the alignment of the grating, the
ring mirror and the detector line array was done with a laser beam.
The overall alignment of the spectrometer was carried out in situ
with coherent transition radiation emerging from the CTR beamline
[21] which will be described in the next section. For this purpose
the vertical translation stages were moved to their mid-position
(see Fig. 5). The two input alignment mirrors M1 and M2 (see Fig. 3)
can be remotely adjusted in two orthogonal angles. Varying these
four independent angles the radiation was centered on the pyro-
electric sensors mounted on the G0-stage and the G4-stage.

The computed overall response function of the multi-channel
spectrometer as installed at the CTR beamline is shown in Fig. 14.
The power transmission of the beamline depends on the wave-
length but in addition on the emission characteristics of the
radiation source. A dedicated Mathematica code, THzTransport,
was developed to model the generation of coherent transition
radiation by an infinitely short electron bunch (longitudinal form
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factor F‘ � 1) with an rms radius of sr ¼ 200 mm and a charge of
1 nC. The same code was applied to simulated the transport of the
radiation through the CTR beamline, taking near-field diffraction
effects into account. A detailed description of the numerical
procedures can be found in [21]. Additionally, the following
wavelength-dependent effects were taken into consideration:
transmission of the polarization filter, grating efficiencies
(Fig. 2), pyroelectric detector sensitivity (Fig. 11), and wavelength
acceptance Dl of the sensors as a function of grating constant d

and sensor number according to Eq. (4).
The Fourier transformation of an infinitely short electron

bunch yields a flat frequency spectrum, and because of o¼
2pc=l,do¼�2pc=l2 dl, a wavelength spectrum proportional to
1=l2. The angular distribution of transition radiation from a
screen of finite size together with diffraction losses in the beam
line and in the focusing of the radiation onto the small pyro-
electric detectors contribute also to the drop of the spectral
intensity towards large wavelengths. In the small-wavelength
regime the response function levels off. This is due to the finite
transverse electron beam size.

3. Commissioning of the spectrometer and benchmarking
results

3.1. The FLASH facility

The soft X-ray FEL facility FLASH is schematically shown in
Fig. 15. A detailed description of the design criteria and the layout
can be found in [22,23], here we give only a short overview. The

electron source is a laser-driven photocathode mounted in a
1.3 GHz copper cavity. The main components of the linear accel-
erator are seven 1.3 GHz superconducting acceleration modules
(ACC1–ACC7) and two magnetic bunch compressors BC. The
electron gun generates trains of electron bunches at a repetition
rate of 10 Hz, each train comprising up to 800 bunches with a
time spacing of 1 ms. The electron bunches leaving the gun have
an energy of 4.5 MeV and an adjustable charge of 0.02–1.5 nC. The
energy is boosted to about 150 MeV in module ACC1. The module
is operated at an off-crest phase in order to induce an energy
gradient along the bunch axis that is needed for longitudinal
bunch compression in the magnetic chicanes. The recently
installed third-harmonic cavity module M3 [24] linearizes the
energy chirp and is essential for producing bunches of variable
length. Modules ACC2 and ACC3 accelerate the electron bunches
to about 450 MeV, and the final compression takes place in the
second BC. The acceleration modules ACC4–ACC7 boost the
energy up to a maximum of 1.2 GeV. The undulator magnet
consists of six 4.5 m long segments. Two collimators in combina-
tion with a magnetic deflection protect the permanent magnets of
the undulator against radiation damage by beam halo.

3.2. CTR beam line

To facilitate frequency domain experiments at FLASH, an ultra-
broadband optical beamline for transition radiation (TR) was built
which transports electromagnetic radiation ranging from 0.2 THz
up to optical frequencies and permits spectroscopic measure-
ments in a laboratory outside the accelerator tunnel [21]. The
radiation is produced on an off-axis screen by single electron
bunches that are picked out of the bunch train by a fast kicker
magnet. The TR screen is a 350 mm thick polished silicon wafer
with a 150 nm thick aluminium coating on the front surface. The
screen is tilted by 451 with respect to the electron beam direction,
hence the radiation is emitted perpendicular to the beam. It
leaves the electron beam vacuum chamber through a 0.5 mm
thick diamond window with diameter of 20 mm. The transmis-
sion is 71% (caused by reflection losses at the two surfaces) for
wavelength between 400 nm and 3 mm, except for a narrow
absorption band of diamond between 4 and 7 mm where the
transmission drops down to 40%. The radiation is guided through
a 20 m long evacuated beam line equipped with six focusing
mirrors to a vacuum vessel outside the accelerator tunnel which
houses the spectrometer or other diagnostic devices.

3.3. Test measurements with bunches of known shape

To verify the performance of the spectrometer, test measure-
ments were carried out with bunches of different length and
structure. The longitudinal profiles of the electron bunches were
determined with high accuracy using the transverse deflecting
microwave structure TDS mounted in front of the undulator (see
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Fig. 15). Three different bunch shapes with total lengths between
100 and 400 mm were realized by a proper choice of the RF phases
in the acceleration modules ACC2 and ACC3. To reduce statistical
fluctuations, 40 bunches were recorded with the TDS setup for
each shape. Two different sweep directions of the TDS were
applied to minimize systematic errors in the determination of
the longitudinal charge distribution.

The averaged longitudinal profiles are shown in Fig. 16. The
form factors were computed by Fourier transformation of the
averaged longitudinal profiles, Eq. (2). They are shown as solid
curves in Fig. 17.

The rms time resolution of the TDS system depended on the total
bunch length to be covered and varied between st ¼ 27 fs for the
shortest bunches and st ¼ 43 fs for the longest ones. This finite time
resolution of the TDS system leads to a suppression of the form
factor towards small wavelengths. The suppression factor is
expð�l2

cut=l
2
Þ with the ‘‘cutoff wavelength’’ lcut ¼

ffiffiffi
2
p

pcst; here c

is the speed of light. For the three bunch shapes shown in Fig. 16, the
cutoff wavelengths are 58, 40 and 36 mm, respectively.

For all three bunch shapes spectroscopic measurements were
carried out on 200 bunches each. The form factors derived from the
measured spectra are depicted as dotted curves in Fig. 17. For all
three bunch shapes, there is an impressive overall agreement
between the form factors derived by the two complementary
methods. In the short-wavelength region below 20 mm the spectro-
scopically determined form factors are generally higher than the
form factors derived from the TDS measurements. This is evidence
for the presence of a fine structure which cannot be resolved by the
TDS system in its present configuration. This is a convincing
demonstration of the capabilities of the multi-channel spectrometer.

The importance of the single-shot capability of the spectrometer
is demonstrated in Fig. 18. The spectroscopically determined form
factors of two successive bunches, having nominally the same shape,
exhibit both significant structures which however are shifted

against each other. This shows that there exist substantial shot-to-
shot fluctuations even if the accelerator parameters are kept as
constant as technically feasible. Averaging over several bunches in
either system will wash out many of the structural details. Hence a

Fig. 15. Schematic layout of the free-electron laser FLASH. Shown are the components which are important for the present experiment: radio-frequency (RF) gun, the

seven acceleration modules ACC1–ACC7, the third-harmonic cavity module M3, and the two magnetic bunch compressors BC. The transition radiation screen and the

diamond window of the coherent transition radiation (CTR) beamline are installed behind ACC7. The radiation is guided to a spectrometer outside the accelerator tunnel.

The transverse deflecting microwave structure TDS is mounted in front of the undulator magnets.

2.5

2.0

1.5

1.0

0.5

0.0
-300 -200 -100 0 100 200 300

longitudinal coordinate (μm)

cu
rr

en
t (

kA
)

3

2

1

Fig. 16. Longitudinal profiles of three different electron bunch shapes in the

FLASH linac as measured with the transverse deflecting microwave structure.

1

10-1

10-2

10-3

1

10-1

10-2

10-3

1

10-1

10-2

10-3

|F
 |

4 10 20 40 100 200 400
λ (μm)

bunch shape 1

bunch shape 2

bunch shape 3

Fig. 17. The magnitude 9F‘ðlÞ9 of the longitudinal form factors of the bunch

shapes shown in Fig. 16. Solid curves: form factors computed by Fourier

transformation from the TDS longitudinal bunch profiles. Dotted curves: form

factors derived from the spectroscopic measurements (black dots: FIR configura-

tion, gray dots: MIR configuration).

S. Wesch et al. / Nuclear Instruments and Methods in Physics Research A 665 (2011) 40–4746



perfect agreement between TDS and spectrometer data cannot be
expected. With our present setup at the FLASH linac it is not possible
to measure exactly the same bunch with both instruments.

4. Summary

A multi-channel single-shot spectrometer for the THz and infra-
red range has been developed and successfully commissioned with
coherent transition radiation from electron bunches of known
shape. The spectrometer covers a factor of 10 in wavelength with
parallel readout. With two sets of remotely interchangeable gratings
the wavelength ranges from 5.1 to 43:5 mm and 45.3 to 434:5 mm
can be analyzed. Very good agreement is found between the
spectroscopic longitudinal bunch form factors and the form factors
derived from time-domain measurements using a transverse
deflecting microwave structure. This is a proof of the high perfor-
mance of the broadband spectrometer.

The unique single-shot capability of the multi-channel spec-
trometer will allow to study and monitor electron bunch profiles
in great detail and will help to control the bunch compression
process in view of an optimized FEL performance of the facility.
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4 Longitudinal phase space control for
electron beams

High-gain X-ray free-electron lasers are driven by electron beams with high peak currents
and low energy spreads (see Sec. 2.2), i.e., with a high longitudinal brightness ∼ Ie/ση (see,
e.g., Ref. [50]), which describes the electron density in the longitudinal phase space. In the
following, the longitudinal phase space is expressed via (z, δ), where z is the internal elec-
tron bunch length coordinate and δ is the relative momentum (energy) deviation. This rep-
resentation is independent of any resonant electromagnetic wave, hence the notation (ψ, η)
is only used for describing FEL dynamics as is discussed in Sec. 2.1. In the relativistic limit
with γ ≫ 1, the longitudinal brightness is invariant under compression [50], and the lat-
ter can only be achieved by making use of the energy-dependent path lengths of chirped
electron bunches (dδ/dz ≠ 0) in a magnetic chicane. Thus, higher peak currents and corre-
sponding shorter bunches result in larger energy spreads and chirps. Optimization of these
parameters requires accurate diagnosis and precise control of the longitudinal phase space.

The longitudinal compression of high-brightness electron beams in magnetic chicanes
is accompanied by several collective beam effects, e.g., coherent synchrotron radiation or
microbunching instabilities (e.g., Refs. [67, 68, 81]), which do not only lead to coherent op-
tical radiation effects, impeding electron beam diagnostics (see Sec. 3.1), but furthermore to
degradation of the electron beam brightness and finally to significant deterioration of the
FEL performance [73]. Longitudinal phase space control in terms of optimized bunch com-
pression schemes (e.g., Refs. [82, 83]) or by introducing additional beam energy spread, i.e.,
“heating” the electron beam [71, 72], can effectively suppress microbunching instabilities.

In the following, two articles in the research field of longitudinal phase space control
for electron beams are introduced and presented. The first article deals with the generation
and characterization of electron bunches with ramped current profiles in a dual-frequency
superconducting linear accelerator and has been published in Physical Review Letters. The
second article describes reversible electron beam heating for suppression of microbunching
instabilities at free-electron lasers and has been published in Phys. Rev. ST Accel. Beams.
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4 Longitudinal phase space control for electron beams

4.1 Generation and characterization of electron
bunches with ramped current profiles in a
dual-frequency superconducting linear accelerator

The characteristics of the radiation pules generated by X-ray free-electron lasers, e.g., tem-
poral profile, wavelength spectrum, or frequency chirp, are generally affected by the char-
acteristics of the longitudinal phase space (z, δ) of the FEL driving electron beams. The
corresponding temporal profile and energy spectrum of the electron beams are given by the
one-dimensional projections of the longitudinal phase space onto the time (t = −z/c) and
energy axis (∼ δ), respectively, while the energy chirp is given by the correlation between
them. The longitudinal phase space at X-ray FELs is determined by the r.f. fields of the
driving linear accelerator, hence the simultaneous operation with higher harmonic r.f. fre-
quencies is supposed to enable tailoring of the longitudinal phase space [84]. As reported in
Refs. [62, 85, 86], uniformbunch compression at X-ray FELs can be achieved by linearization
of the longitudinal phase space using higher harmonic r.f. frequencies. However, in order
to take full advantage of multi-frequency linear accelerators, dedicated longitudinal phase
space diagnostics with high time and energy resolution are required (e.g., Refs. [87, 88]).

In addition to the practical importance for the operation of X-ray FELs, the longitudi-
nal phase space control for electron beams has applications in advanced acceleration tech-
niques such as beam-driven wakefield acceleration (e.g., Refs. [89, 90, 91]) in a plasma or
in high-impedance structures, e.g., dielectric-lined waveguides. It is worth pointing out
that advanced acceleration techniques have prospects for affordable, more compact X-ray
FELs for photon science and next-generation lepton colliders for particle physics. In beam-
driven wakefield acceleration experiments, the control of the longitudinal phase space of
electron beams can be utilized to enhance the efficiency of the energy transfer between a
drive bunch, exciting a wakefield, and a trailing witness bunch, being accelerated in the
wakefield. The efficiency of this energy transfer can be expressed by means of the so-called
transformer ratio (e.g., Refs. [92, 93]). Tailoring of the longitudinal phase space by using
higher harmonic r.f. frequencies in dual-frequency linear accelerators allows the generation
of electron bunches with ramped current profiles, demonstrating the potential of high ac-
celerating wakefields and unprecedentedly large transformer ratios (e.g., Refs. [94, 95]).

The following article reports on the generation of electron bunches with ramped current
profiles relevant for wakefield acceleration experiments. The ramped current profiles have
been generated by means of longitudinal phase space tailoring, and the same methods can
be applied for X-ray FELs in order to control temporal bunch profiles and energy chirps.
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We report on the successful experimental generation of electron bunches with ramped current profiles.

The technique relies on impressing nonlinear correlations in the longitudinal phase space using a

superconducing radio frequency linear accelerator operating at two frequencies and a current-enhancing

dispersive section. The produced �700-MeV bunches have peak currents of the order of a kilo-Ampère.

Data taken for various accelerator settings demonstrate the versatility of the method and, in particular,

its ability to produce current profiles that have a quasilinear dependency on the longitudinal (temporal)

coordinate. The measured bunch parameters are shown, via numerical simulations, to produce

gigavolt-per-meter peak accelerating electric fields with transformer ratios larger than 2 in dielectric-

lined waveguides.

DOI: 10.1103/PhysRevLett.108.034801 PACS numbers: 29.27.�a, 41.75.Fr, 41.85.�p

Electron acceleration is a rapidly advancing field of
scientific research with widespread applications in industry
and medicine. Producing and accelerating high-quality
electron bunches within very compact footprints is a chal-
lenging task that will most probably use advanced accel-
eration methods. These techniques can be categorized into
laser-driven [1–3] and charged-particle-beam-driven meth-
ods [4–7]. In the latter scheme, a popular configuration
consists of a ‘‘drive’’ electron bunch with suitable parame-
ters propagating through a high-impedance structure or
plasma medium thereby inducing an electromagnetic
wake. A following ‘‘witness’’ electron bunch, properly
delayed, can be accelerated by these wakefields.

Collinear beam-driven acceleration techniques have
demonstrated accelerating fields in excess of GV=m
[8,9]. The fundamental wakefield theorem [10] limits the
transformer ratio—the maximum accelerating wakefield
over the decelerating field experienced by the driving
bunch—to 2 for bunches with symmetric current profiles.
Tailored bunches with asymmetric, e.g., a linearly ramped,
current profiles can lead to transformer ratio >2 [11]. To
date, there has been a small number of techniques capable
of producing linearly ramped electron bunches. A success-
ful experiment demonstrated the production of 50-A
ramped electron bunches using sextupole magnets located
in a dispersive section [12] to impart nonlinear correlation
in the longitudinal phase space (LPS) [13]. Unfortunately,
the method introduces coupling between the longitudinal
and transverse degrees of freedom which ultimately affects
the transverse brightness of the drive and witness bunches.

In this Letter we present an alternative technique that
uses a radio frequency (rf) linear accelerator (linac)

operating at two frequencies. It has long been recognized
that linacs operating at multiple frequencies [14,15] or
nonrelativistic compression schemes [16] could be used
to correct for LPS distortions and improve the final peak
current. We show analytically and demonstrate experimen-
tally how a two-frequency linac could be operated to tailor
the nonlinear correlations in the LPS thereby providing
control over the current profile.
We first elaborate the proposed method using a 1D-1V

single-particle model of the LPS dynamics and take an
electron with coordinates (z, �) where z refers to the
longitudinal position of the electron with respect to the
bunch barycenter (in our convention z > 0 corresponds to
the head of the bunch) and � � p=hpi � 1 is the fractional
momentum error (p is the electron’s momentum and hpi
the average momentum of the bunch). Considering a pho-
toemission electron source, the LPS coordinates down-
stream are (z0, �0 ¼ a0z0 þ b0z

2
0 þOðz30Þ) where a0, and

b0 are constants that depend on the bunch charge and
operating parameters of the electron source. For sake of
simplicity we limit our model to second order in z0 and �0.
Next, we examine the acceleration through a linac operat-
ing at the frequencies f1 and fn � nf1 with total accel-
erating voltage VðzÞ¼V1 cosðk1zþ’1ÞþVncosðknzþ’nÞ
where V1;n and ’1;n are, respectively, the accelerating

voltages and operating phases of the two linac sections,
and k1;n � 2�f1;n=c. In our convention, when the phases

between the linac sections and the electron bunch are
’1;n ¼ 0 the bunch energy gain is maximum (this is refer

to as on-crest operation). Under the assumption k1;nz0 � 1
and neglecting nonrelativistic effects, the electron’s
LPS coordinate downstream of the linac are (zl ¼ z0,
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�l ¼ alz0 þ blz
2
0) where al�a0�eðk1V1 sin’1þknVn�

sin’nÞ= �El, bl � b0 � eðk21V1 cos’1 þ k2nVn cos’nÞ=ð2 �ElÞ
with e being the electronic charge and �El the beam’s
average energy downstream of the linac. Finally, we study
the passage of the bunch through an achromatic current-
enhancing dispersive section [henceforth referred to as
‘‘bunch compressor’’ (BC)]. The LPS dynamics through
a BC is approximated by the transformation zf ¼ R56�l þ
T566�

2
l where R56 (also referred to as longitudinal disper-

sion), and T566 are the coefficients of the Taylor expansion
of the transfer map hzfj�li of the BC. Therefore, the final

position is given as function of the initial coordinates
following zf ¼ afz0 þ bfz

2
0 with af � 1þ alR56 and

bf � blR56 þ a2l T566. Taking the initial current to follow

the Gaussian distribution I0ðz0Þ ¼ Î0 exp½�z20=ð2�2
z;0Þ�

(where Î0 is the initial peak current), and invoking the
charge conservation IfðzfÞdzf ¼ I0ðz0Þdz0 gives the final

current distribution IufðzfÞ¼ Î0=�
1=2ðzfÞexp½�ðafþ

�1=2ðzfÞÞ2=ð8b2f�2
z;0Þ��½�ðzfÞ� where �ðzfÞ�a2fþ4bfzf

and �ðÞ is the Heaviside function. The latter current dis-
tribution does not include the effect of the initial uncorre-
lated fractional momentum spread �u

�;0. The final current,

taking into account �u
�;0, is given by the convolution

IfðzfÞ ¼
R
d~zfI

u
fð~zfÞ exp½�ðzf � ~zfÞ2=ð2�2

uÞ� where �u�
R56�

u
�;0. The final current shape is controlled via af and bf

and can be tailored to follow a linear ramp as demonstrated
in Fig. 1.

The experiment described in this Letter was performed at
the Free-electron LASer in Hamburg (FLASH) facility
[17]. In the FLASH accelerator, diagrammed in Fig. 2,
the electron bunches are generated via photoemission
from a cesium telluride photocathode located on the back
plate of a 1þ 1=2 cell normal-conducting rf cavity operat-
ing at 1.3 GHz on the TM010 �mode (rf gun). The bunch is
then accelerated in a 1.3-and 3.9-GHz superconducting
accelerating modules (respectively ACC1 and ACC39) be-
fore passing through a bunch compressor (BC1). The
ACC39 3rd-harmonic module was installed to nominally
correct for nonlinear distortions in the LPS and enhance
the final peak current of the electron bunch [18].
Downstream of BC1, the bunch is accelerated and can be

further compressed in BC2. A last acceleration stage
(ACC4/5/6/7) brings the beam to its final energy (maximum
of �1:2 GeV). The beam’s direction is then horizontally
translated using a dispersionless section referred to as dog-
leg beam line (DLB). Nominally, the beam is sent to a string
of undulators to produce ultraviolet light via the self-
amplified stimulated emission free-electron laser (FEL)
process. For our experiment, the bunches were instead
vertically sheared by a 2.856-GHz transverse deflecting
structure (TDS) operating on the TM110-like mode and
horizontally bent by a downstream spectrometer [19].
Consequently, the transverse density measured on the
downstream cerium-doped yttrium aluminum garnet (Ce:
YAG) scintillating screen is representative of the LPS den-
sity distribution. The horizontal and vertical coordinates at
the Ce:YAG screen are respectively xs ’ ��F, where � ’
0:75 m is the horizontal dispersion function, and ys ’ �zF
where � ’ 20 is the vertical shearing factor and (zF, �F)
refers to the LPS coordinate upstreamof the TDS. The exact
values of � and � are experimentally determined via a
beam-based calibration procedure.
The accelerator parameters settings are gathered in

Table I. The nominal settings of BC2 were altered to

reduce its longitudinal dispersion Rð2Þ
56 and the ACC2/3

and ACC4/5/6/7 accelerating modules were operated on
crest. Such settings insure that the BC2 and the DBL

−5 0 5
0

2

4

6

8

0.7

1.0

−0.7

−1.0

(a)

z
f
/σ

z,0

I f (
ar

b.
 u

ni
ts

)

−5 0 5
0

2

4

6

8

z
f
/σ

z,0

I f (
ar

b.
 u

ni
ts

)

2.5

3.0

3.0

(b)

FIG. 1 (color online). Analytically computed current profiles
for several values of bf for fixed af ¼ 2:5 (a) and for several

values of af with bf ¼ 0:7 (b) The numbers in (a) [(b)] are the

values of bf [af]; for all the cases �u ¼ 0:05.

TABLE I. Settings of accelerator subsystems relevant to the
LPS dynamics used in the experiment and simulations.

parameter symbol value unit

ACC1 voltage V1 [140–157] MV

ACC1 phase ’1 [� 10, 10] deg

ACC39 voltage V3 [13, 21] MV

ACC39 phase ’3 [160–180] deg

ACC2/3 voltage V1;2–3 311 MV

ACC2/3 phase ’1;2–3 0 deg

ACC4/5/6/7 voltage V1;4–7 233.9 MV

ACC4/5/6/7 phase ’1;4–7 0 deg

BC1 longitudinal dispersion Rð1Þ
56 �170 mm

BC2 longitudinal dispersion Rð2Þ
56 �15 mm

Single-bunch charge Q 0.5 nC

Bunch energy E �690 MeV

FIG. 2 (color online). Diagram of the FLASH facility. Only
components affecting the longitudinal phase space beam (LPS)
dynamics of the bunches are shown. The acronyms ACC, BC,
and DBL stand, respectively, for accelerating modules, bunch
compressors, and dogleg beam line (the blue rectangles represent
dipole magnets). The transverse deflecting structure (TDS),
spectrometer and Ce:YAG screen compose the LPS diagnostics.
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sections do not significantly affect the LPS beam
dynamics. Therefore the measured current profile is repre-
sentative of the profile downstream of BC1.

In order to validate the simple analytical model de-
scribed above, numerical simulations of the LPS beam
dynamics were carried using a multiparticle model. The
simulations also enable the investigation of possible detri-
mental effects resulting from collective effects such as
longitudinal space charge (LSC) and beam self interaction
via coherent synchrotron radiation (CSR) [20]. In these
simulations, the beam dynamics in the rf gun was modeled
with the particle-in-cell program ASTRA [21] and the ob-
tained distribution was subsequently tracked in the accel-
erating modules using a 1D-1V program that incorporates a
one-dimensional model of the LSC. The program
CSRTRACK [22], which self-consistently simulates CSR

effects, was used to model the beam dynamics in the
BC1, and BC2 sections. An example of simulated LPS
distributions and associated current profiles computed for
different settings of ACC1 and ACC39 parameters appear
in Fig. 3. The results indicate that the production of ramped
bunches is possible despite the intricate LPS structures
developing due to the collective effects and higher-order
nonlinear effects not included in our analytical model.
The simulations also confirm that the current profile up-
stream of the TDS (as measured by the LPS diagnostics) is
representative of the one downstream of BC1.

Figure 4 displays examples of measured LPS distribu-
tions with associated current profiles obtained for different
settings of ACC1 and ACC39. As predicted, the observed
current profiles are asymmetric and can be tailored to be
ramped with the head of the bunch (z > 0) having less
charge than the tail; see Figs. 4(b)–4(d). The latter
feature is in contrast with the nominal compression case

at FLASH where the LPS distortion usually results in a
low-charge trailing population as seen in Fig. 4(a).
We now quantify the performance of the produced

current profiles to enhance beam-driven acceleration tech-
niques by considering a drive bunch injected in a
cylindrical-symmetric dielectric-lined waveguide (DLW)
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FIG. 4 (color online). Snapshots of the measured longitudinal
phase spaces (left column) and associated current profiles (right
column) for different settings of the ACC1 and ACC39 accel-
erating modules. The values (V1, ’1, V3, ’3) [in (MV,�; MV,�)]
are: (150.5, 6.1; 20.7, 3.8), (156.7, 3.8; 20.8, 168.2), (155.6, 3.6;
20.6, 166.7), and (156.8, 4.3; 20.7, 167.7) for, respectively, case
(a),(b),(c), and (d).
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FIG. 3 (color online). Simulated LPS distribution [(a) and (b)]
with associated current profile downstream of BC1 (solid
blue trace) and DBL (dash red trace) [(c) and (d)]. The set of
plots [(a),(c)] and [(b),(d)] correspond to different (V1;3, ’1;3)

settings.

FIG. 5 (color online). Cylindrical-symmetric dielectric-loaded
waveguide considered (a) and axial wakefield produced by the
current profile shown in Fig. 4(c) for ða; bÞ ¼ ð20; 60Þ �m.
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[6]. The DLW consists of a hollow dielectric cylinder with
inner and outer radii a and b. The cylinder is taken to be
diamond (relative electric permittivity �r ¼ 5:7); and its
outer surface is contacted with a perfect conductor; see
Fig. 5(a). The measured current profiles are numerically
convolved with the Green’s function associated to the
monopole mode to yield the axial electric field [23].
These semianalytical calculations were benchmarked
against finite-difference time-domain electromagnetic
simulations executed with VORPAL [24]. The transformer
ratio is numerically inferred as R � jEþ=E�j where
E� (Eþ) is the decelerating (accelerating) axial electric
field within (behind) the electron bunch; see Fig. 5(b). The
achieved R and Eþ values as the structure geometry
is varied are shown in Fig. 6. As a 2 ½20; 300� �m
and b 2 aþ ½20; 300� �m are varied the wavelengths of
the excited wakefield modes change. The simulations
show that profiles (b) and (c) of Fig. 4 can yield values of
R> 2. A possible configuration with ða; bÞ ¼
ð20; 60Þ �m, results in R ’ 5:8 with Eþ ’ 0:75 GV=m;
see corresponding wake in Fig. 5(b). Such a high field
with transformer ratio significantly higher than 2 and
driven by bunches produced in a superconducting linac
could pave the way toward compact high-repetition-rate
short-wavelength FELs [25].

Finally, the proposed technique could be adapted to
non-ultra-relativistic energies using a two- (or multi-) fre-
quency version of the velocity-bunching scheme [26]. Such
an implementation would circumvent the use of a BC and
would therefore be immune to CSR effects.

In summary, we proposed and experimentally demon-
strated a simple method for shaping the current profile of
relativistic electron bunches. The technique could be
further refined by, e.g., including several harmonic
frequencies.
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2010), p. 133.

[20] E. Saldin, E. Schneidmiller, and M. Yurkov, Nucl.
Instrum. Methods Phys. Res., Sect. A 398, 373 (1997).
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4.2 Reversible electron beam heating for suppression of microbunching instabilities at FELs

4.2 Reversible electron beam heating for suppression of
microbunching instabilities at free-electron lasers

The required high transverse and longitudinal brightness of the electron beams at X-ray
free-electron lasers (see Sec. 2.2) are subject to various degradation effects, e.g., coherent
synchrotron radiation or space charge forces, and need to be preserved during the beam
transport up to the undulators. Repulsive, transverse space charge forces inside the electron
bunches, scaling with ∼ Ie/γ2 (see, e.g., Refs. [29, 52]), may lead to a transverse beam blow-
upwith a corresponding increase of the transverse emittances. Thus, in order tomaintain the
small transverse beam emittances provided by so-called r.f. injectors (e.g., Refs. [62, 96, 97]),
the high electron bunch peak currents Ie required to drive an X-ray FEL are achieved by
bunch compression in magnetic chicanes at relativistic energies with γ ≫ 1 (e.g., Ref. [83]).
However, the compression of high-brightness electron beams in magnetic chicanes comes
alongwithmicrobunching instabilities (e.g., Refs. [67, 68]), which can also degrade the beam
brightness significantly and may lead to coherent optical radiation effects (see Sec. 3.1).

Microbunching instabilities associated with the bunch compression in magnetic chi-
canes can be suppressed by introducing additional uncorrelated energy spread within the
electron bunches (so-called slice energy spread) prior to the compression [68, 71]. The slice
energy spread of electron bunches can be effectively increased, i.e., “heated”, by making use
of the resonant interaction of electrons with an optical quantum laser in a small undulator
(cf. Sec. 2.1), as has been demonstrated by the laser heater system at the LCLS [71, 73]. How-
ever, the laser heater irreversibly increases the energy spread and needs to be limited in order
to keep the FEL performance [see Eq. (2.33)]. The amount of tolerable electron beamheating
is particularly critical for future FELs seeded with external radiation fields (e.g., Ref. [98]).

A different approach to increase the slice energy spread utilizes the characteristics of
transverse deflecting r.f. structures (TDSs), which are based on the Panofsky-Wenzel the-
orem [99]. According to this theorem, the time-dependent transverse kicks of a TDS (cf.
Sec. 3.1) are fundamentally related to an additional energy spread induced by the TDS oper-
ation [100, 101, 102]. The energy spread induced by a TDS is correlated with the transverse
offsets inside the TDS during the passage, hence the effect of an induced energy spread is re-
versible and can be eliminated by a second TDS [103, 104]. A scheme of two TDSs upstream
and downstream of a magnetic chicane thus allows electron beam heating for suppression
of microbunching instabilities and simultaneous preservation of the slice energy spread.

The following article reports on the reversible electron beam heating for suppression of
microbunching instabilities at FELs. This advanced TDS heater concept includes the preser-
vation of the initial electron beam brightness and is thus particularly suited for seeded FELs.
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The presence of microbunching instabilities due to the compression of high-brightness electron beams

at existing and future x-ray free-electron lasers (FELs) results in restrictions on the attainable lasing

performance and renders beam imaging with optical transition radiation impossible. The instability can be

suppressed by introducing additional energy spread, i.e., heating the electron beam, as demonstrated by

the successful operation of the laser heater system at the Linac Coherent Light Source. The increased

energy spread is typically tolerable for self-amplified spontaneous emission FELs but limits the

effectiveness of advanced FEL schemes such as seeding. In this paper, we present a reversible electron

beam heating system based on two transverse deflecting radio-frequency structures (TDSs) upstream and

downstream of a magnetic bunch compressor chicane. The additional energy spread is introduced in the

first TDS, which suppresses the microbunching instability, and then is eliminated in the second TDS. We

show the feasibility of the microbunching gain suppression based on calculations and simulations

including the effects of coherent synchrotron radiation. Acceptable electron beam and radio-frequency

jitter are identified, and inherent options for diagnostics and on-line monitoring of the electron beam’s

longitudinal phase space are discussed.

DOI: 10.1103/PhysRevSTAB.15.022802 PACS numbers: 29.27.�a, 41.60.Cr, 41.85.Ct

I. INTRODUCTION

X-ray free-electron lasers (FELs) provide an outstanding
tool for studying matter at ultrafast time and atomic length
scales [1], and have become a reality with the operation of
the Free-Electron Laser in Hamburg (FLASH) [2], the
Linac Coherent Light Source (LCLS) [3], and the
SPring-8 Angstrom Compact Free Electron Laser
(SACLA) [4]. The required high transverse and longitudi-
nal brightness of the x-ray FEL driving electron bunches
may encounter various degradation effects due to collec-
tive effects like coherent synchrotron radiation (CSR) or
microbunching instabilities (e.g., Refs. [5–7]), and need to
be preserved and controlled. In order to suppress a micro-
bunching instability associated with longitudinal bunch
compression that deteriorates the FEL performance, the
LCLS uses a laser heater system to irreversibly increase the
uncorrelated energy spread within the electron bunches,
i.e., the slice energy spread, to a level tolerable for opera-
tion of a self-amplified spontaneous emission FEL [8,9].
For future x-ray FELs that plan to use external quantum
lasers (seed lasers) to seed the FEL process in order to
achieve better temporal coherence and synchronization
for pump-probe experiments, a smaller slice energy spread

is required to leave room for the additional energy
modulation imprinted by the seed laser. Thus, the amount
of tolerable beam heating is more restrictive and the lon-
gitudinal phase space control becomes more critical (e.g.,
Refs. [10,11]). The same strict requirement on small slice
energy spreads is valid for optical klystron enhanced self-
amplified spontaneous emission free-electron lasers [12].
Originally designed for high-energy particle separation

by radio-frequency (rf) fields [13], transverse deflecting rf
structures (TDSs) are routinely used for high-resolution
temporal electron beam diagnostics at present x-ray FELs
(e.g., Refs. [14–17]) and are proposed to use for novel
beam manipulation methods (e.g., Refs. [18–23]).
Recently, a TDS was used to increase the slice energy
spread in an echo-enabled harmonic generation FEL ex-
periment [24,25]. In this paper, we present a reversible
electron beam heating system that uses two TDSs located
upstream and downstream of a magnetic bunch compressor
chicane. The additional slice energy spread is introduced in
the first TDS, which suppresses the microbunching insta-
bility, and then is eliminated in the second TDS.
The method of reversible beam heating is shown in

Sec. II by means of linear beam optics and a corresponding
matrix formalism. In Sec. III, we show the feasibility of
this scheme to preserve both the transverse and longitudi-
nal brightness of the electron beam, and discuss the impact
of coherent synchrotron radiation. Section IV covers the
gain suppression of microbunching instabilities by analyti-
cal calculations and numerical simulations, and in Sec. V
we discuss the impact of beam and rf jitter, and show
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inherent options for diagnosis and on-line monitoring of
the electron beam’s longitudinal phase space. The results
and conclusions are summarized in Sec. VI.

II. METHOD

In this and the following sections, we consider a linear
accelerator (linac) employing a single bunch compressor
for a soft x-ray FEL, such as the proposed linac configu-
ration for the Next Generation Light Source (NGLS) at
LBNL [26]. The choice of a single magnetic bunch com-
pressor simplifies our consideration and analysis, although
the concept is also applicable for typical bunch compressor
arrangements with multiple stages. We note that a single
bunch compressor arrangement has also been considered
for the FERMI@Elettra FEL in order to minimize the
impact of microbunching instabilities [27].

The generic layout of the reversible electron beam heater
system is depicted in Fig. 1. It consists of linac sections
providing and accelerating high-brightness electron
beams, a magnetic bunch compressor chicane in order to
achieve sufficient peak currents to drive the FEL process,
and two transverse deflecting rf structures located up-
stream and downstream of the bunch compressor. An addi-
tional higher-harmonic rf linearizer system (Linearizer),
like at the LCLS or FLASH [28], can be used to achieve
uniform bunch compression by means of longitudinal
phase space linearization upstream of the bunch compres-
sor. The whole system can be supplemented by dedicated
longitudinal phase space diagnostics (see Sec. V), and
except for the two TDSs, the layout is commonly used
for bunch compression at present and future x-ray FELs.

The principle of the reversible electron beam heater
relies on the physics of TDSs arising from the Panofsky-
Wenzel theorem [29,30], which states that the transverse
momentum gain � ~p? of a relativistic electron imprinted
by a TDS is related to the transverse gradient of the
longitudinal electric field r?Ez inside the TDS, and yields

� ~p? ¼ �i
e

!

Z L

0
r?Ezd~z; (1)

where !=ð2�Þ is the operating rf frequency, e is the
elementary charge, L is the structure length, and ~z is the
longitudinal position inside the structure (not to be con-
fused with the beam line coordinate, which is given by s in

the following). Operating a TDS with vertical deflection,
i.e., in the y direction, near the zero-crossing rf phase
c ¼ !=cz, electrons experience transverse kicks [14]

�y0 ¼ e!Vy

cE
z ¼ Kyz (2)

and relative energy deviations (� ¼ �E=E) [31,32]

�� ¼ Ky

1

L

Z L

0
yðsÞds ¼ Ky �y; (3)

where Ky ¼ e!Vy=ðcEÞ is the vertical kick strength, Vy is

the peak deflection voltage in the TDS, c is the speed of
light in vacuum, E is the electron energy, and �y is the mean
vertical position over the structure length L along the beam
line relative to the central axis inside the finite TDS. Here,
z is the internal bunch length coordinate of the electron
relative to the zero-crossing rf phase. Both the additional
transverse kicks and relative energy deviations are induced
by the TDS operation itself and generate correlations
within an electron bunch. In fact, near the zero-crossing
rf phase [see Eq. (2)], the induced transverse kick corre-
lates linearly with the internal bunch length coordinate
(z ¼ ct) and enables high-resolution temporal diagnostics
(e.g., Refs. [14–16]), whereas the induced relative energy
deviation correlates with the vertical offset inside the TDS
and results in an induced relative energy spread ��� ¼
Ky�y. Here, the symbol � denotes the root mean square

(rms) value, and �y is the vertical rms beam size. This

additional energy spread (cf. laser heater [8,9]), in combi-
nation with the momentum compaction R56 of a bunch
compressor chicane, is able to smear microbunch struc-
tures, and correspondingly suppresses the associated insta-
bility as is shown in Sec. IV. The effect of induced energy
spread (‘‘beam heating’’) is generated by off-axis longitu-
dinal electric fields, related to the principle of a TDS by the
Panofsky-Wenzel theorem, and has been observed experi-
mentally at FLASH [33] and the LCLS [34]. The induced
energy spread is uncorrelated in the longitudinal phase
space ðz; �Þ, but shows correlations in the phase space
ðy; �Þ, which is the reason that it can be eliminated
(‘‘beam cooling’’) with a second TDS in a reversible
mode as is shown in the following by two different
approaches.

FIG. 1. Layout of a reversible electron beam heater system including two transverse deflecting rf structures located upstream and
downstream of a magnetic bunch compressor (BC) chicane, and longitudinal phase space diagnostics using screens and synchrotron
radiation monitors. Parameters related to the reversible beam heater system are denoted in curly brackets.
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A. Linear beam optics

The transverse betatron motion of an electron passing
through a TDS with vertical deflection (in y) is given by

yðsÞ ¼ y0ðsÞ þ Syðs; s0Þz (4)

with the vertical shear function (e.g., Refs. [14,15,32])

Syðs; s0Þ ¼ R34Ky ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�yðsÞ�yðs0Þ

q
sin½��yðs; s0Þ�

e!Vy

cE
;

(5)

where R34 is the angular-to-spatial element of the vertical
beam transfer matrix from the TDS at s0 to any position s,
�y is the vertical beta function, ��y is the vertical phase

advance between s0 and s, and y0 describes the vertical
beam offset independent of any TDS shearing effect.
Referring to the layout depicted in Fig. 1 and taking bunch
compression into account, the induced vertical beam offset
(�y ¼ y� y0) downstream of the second TDS becomes
(omitting the subscript y in Sy)

�yðsÞ ¼ S1ðs; s1Þz1 þ S2ðs; s2Þz2
¼ ½CS1ðs; s1Þ þ S2ðs; s2Þ�z2 (6)

with the bunch compression factor C ¼ z1=z2 and the
shear functions S1;2ðs; s1;2Þ of the corresponding TDSs.

Here, S1ðs; s1Þz1 describes the vertical beam offset induced
by the first TDS located at s1 that is independent of the
second TDS. In order to cancel the spatial chirp induced by
the combined TDS operation, the beam offset�y in Eq. (6)
must vanish for any z2. Hence, using Eq. (5) for S1;2 in

Eq. (6) and taking acceleration from E1 to E2 in Linac2
into account by making the replacement �yðsÞ�yðs1Þ !
�yðsÞ�yðs1ÞE1=E2 [14], we get

C
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�yðs1Þ

q
sin½��yðs;s1Þ�

ffiffiffiffiffiffi
E1

p
K1

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�yðs2Þ

q
sin½��yðs;s2Þ�

ffiffiffiffiffiffi
E2

p
K2¼0; (7)

where K1;2 are the vertical kick strengths of the corre-

sponding TDSs, and ��yðs; s1;2Þ describes the vertical

phase advances between s1;2 and s, respectively. As a

consequence, the phase advance between both TDSs is
��yðs2; s1Þ ¼ ��yðs; s1Þ � ��yðs; s2Þ. A general solu-

tion, valid for any position s downstream of the second
TDS, is only possible for a phase advance difference of

��yðs2; s1Þ ¼ n � � (8)

with n being integer, and the kick strength

K2 ¼ �C

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�yðs1Þ
�yðs2Þ

vuut ffiffiffiffiffiffi
E1

E2

s
K1; (9)

where the sign depends on the actual phase advance,
i.e.,��yðs2; s1Þ ¼ �þ n � 2� for (þ ) and��yðs2; s1Þ ¼
n � 2� for (�). The different sign of K can technically be

achieved by changing the rf phase in the TDS by 180�
which results in a zero-crossing rf phase with opposite
slope and deflection. Besides cancellation of the induced
spatial chirps, the induced energy spread of the first TDS
needs to be eliminated in the second structure in order to
have a fully reversible electron beam heater. Applying
Eq. (3) similar to Eq. (6), the relative energy deviation
downstream of the second TDS for finite structure lengths
become [omitting the argument in yðsÞ and SðsÞ]

�� ¼ K1 �y1C
E1

E2

þ K2ðy2 þ S1z1Þ (10)

with the mean vertical offsets �y1 and ðy2 þ S1z1Þ inside the
TDSs. For constant vertical offsets inside the TDSs or short
structure lengths, the mean vertical offsets can be replaced

by the actual offsets, i.e., �y1 ! y1 and ðy2 þ S1z1Þ !
ðy2 þ S1z1Þ. The latter describes the offset in the second
TDS and involves the spatial chirp induced by the first TDS
with S1 � sin½��yðs2; s1Þ�, which vanishes in the case of

spatial chirp cancellation given by Eq. (8). In order to
cancel the relative energy spread induced by the combined
TDS operation, it follows

K1 �y1C
E1

E2

þ K2 �y2 ¼ 0: (11)

The general transverse beam transport optics with the

vertical phase advance condition in Eq. (8) gives �y2 ¼
� �y1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�yðs2Þ=�yðs1Þ

q
, and taking �yðs2Þ ! �yðs2ÞE1=E2

[see prior Eq. (7)] into account yields exactly the same
condition as in Eq. (9). Simultaneous spatial chirp and
energy spread cancellation in the second TDS is the basic
principle for reversible electron beam heating and enables
local increase of slice energy spread. The additional energy
spread in the bunch compressor, which is added in quad-
rature by the first TDS, can be controlled by the kick
strength K1 and the vertical beam size �yðs1Þ.
In the following, a complementary approach to discuss

the reversible beam heating system is shown. It uses the
matrix formalism for beam transport and provides an ana-
lytical way to show microbunching gain suppression and to
discuss the impact of beam and rf jitter.

B. Matrix formalism

We adopt the beam transport matrix notation of a 6� 6
matrix for ðx; x0; y; y0; z; �Þ but leaves ðx; x0Þ out for sim-
plicity, i.e., ðy; y0; z; �Þ is used in the following. The 4� 4
beam transport matrix for a vertical deflecting TDS in
thin-lens approximation reads (e.g., Refs. [19,31,33])

R thin
T ¼

1 0 0 0
0 1 K 0
0 0 1 0
K 0 0 1

0
BBB@

1
CCCA: (12)

As discussed above, the main components of the given
reversible heater system shown in Fig. 1 consist of TDS1
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with the kick strength K1, a bunch compressor with the
momentum compaction factor R56, and TDS2 with the kick
strength K2. Including the momentum compaction factor
R56 and acceleration in Linac2 (E1 ! E2), the 4� 4 beam
matrix between the two TDSs is given by

R C ¼
R33 R34 0 0
R43 R44 0 0
0 0 1 R56

0 0 0 E1

E2

0
BBB@

1
CCCA: (13)

In order to allow the energy change in the first TDS
to be compensated for in the second TDS, we require the
point-to-point imaging from TDS1 to TDS2 (i.e., R34 ¼ 0),
which corresponds to an equivalent vertical phase
advance of ��yðs2; s1Þ ¼ n � � with n being integer

[see Eq. (8)]. Then we get the magnification factor R33 ¼
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�yðs2Þ=�yðs1Þ

q
and R44 ¼ 1=R33.

The linear accelerator section with higher-harmonic rf
linearizer (Linac1 and Linearizer) upstream of the first
TDS introduces an appropriate energy chirp h for uniform
bunch compression. Without loss of generality, we neglect
acceleration between the two TDSs, i.e., we do not con-
sider Linac2 anymore. Including Linac2 would simply

result in a correction term
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E1=E2

p
[cf. Eqs. (9) and (15)

below] but would leave the physics unchanged. Then the
entire 4� 4 beam transport matrix from the beginning of
TDS1 to the end of TDS2 becomes

R33 0 0 0
R43 þ K1K2R56

1
R33

K1

R33
þ K2ð1þ hR56Þ K2R56

K1R56 0 1þ hR56 R56

K1 þ R33K2 0 0 1
1þhR56

0
BBB@

1
CCCA:
(14)

Cancellation of the induced spatial chirp [�y0 � z0
cf. Eq. (2)] requires R45 ¼ 0 (6� 6-matrix notation), i.e.,

K1=R33 þ K2ð1þ hR56Þ ¼ 0; (15)

where R45 describes the coupling between y0 and z0. We
note that the coupling between � and y0 (i.e., R63 element)
is nonzero in Eq. (14) because the bunch is energy chirped
after compression (�� z� y0), which can be removed by
Linac3 downstream of TDS2. For uniform bunch compres-
sion with C�1 ¼ ð1þ hR56Þ, no acceleration in Linac2,

i.e., E2 ¼ E1, and taking into account that R33 ¼
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�yðs2Þ=�yðs1Þ

q
, Eq. (15) is identical to Eq. (9). Thus,

both formalisms yield the same result.
Since the kick strength of the first TDS is very weak, it

can be implemented by means of a short rf structure and the
thin-lens approximation is still valid. However, the kick
strength of the second TDS is usually stronger, and the
effect of the finite structure length should be taken into

account. The symplectic beam transport matrix of a finite
TDS with the length L2 is given in Ref. [19] by

R thick
T ¼

1 L2 K2L2=2 0
0 1 K2 0
0 0 1 0
K2 K2L2=2 K2

2L2=6 1

0
BBB@

1
CCCA: (16)

In this case, we require the point-to-point imaging is from
the first TDS to the middle of the second TDS in order to
have a complete cancellation. The overall matrix from
TDS1 to the end of TDS2, when Eq. (15) is fulfilled,
becomes more complicated. A few correction terms con-
taining the length L2 of TDS2 appear, which however does
not change the working principle of the reversible beam
heater system. It should be pointed out that, downstream of
the reversible heater system, the beam is slightly coupled in
y0 � �0 and y� z0, which results in a small growth of the
projected emittance given by

�2y;z ¼ �2y0;z0 þ �y0�z0
�y0�z0K

2
1R

2
56

ð1þ hR56Þ2
; (17)

where �y0;z0 is the initial vertical (longitudinal) emittance,

and �y0 and �z0 are the initial Twiss parameters. As is

shown in the following section, this projected emittance
growth is typically negligible.

III. REVERSIBLE HEATING AND
EMITTANCE PRESERVATION

We demonstrate the feasibility of the reversible beam
heater system by numerical simulations using the particle
tracking code ELEGANT [35], and the simulations in the
following include 5� 105 particles. Table I summarizes
the main parameters used in the simulations, and the
adopted accelerator optics model, including the positions
of the TDSs, is shown in Fig. 2. The magnetic bunch
compressor chicane is assumed to bend in the horizontal
plane, and the TDSs are oriented perpendicularly with
vertical deflection. In the previous section, we included

TABLE I. Parameters of the electron beam, of the bunch
compressor system, and of the transverse deflecting rf structures.

Parameter Symbol Value Unit

Beam energy at TDS1/2 E 350 MeV

Lorentz factor at TDS1/2 � 685

Initial transverse emittance ��x;y 0.6 �m
Initial slice energy spread �E �1 keV

Momentum compaction factor R56 �138 mm

Compression factor C �13
Final bunch current If �520 A

TDS1/2 rf frequency !=2� 3.9 GHz

Voltage of TDS1 V1 0.415 MV

Voltage of TDS2 (without CSR) V2 5.440 MV

Length of TDS1 L1 0.1 m

Length of TDS2 L2 0.5 m
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Linac2 for a general derivation of the method, but in
practice, due to wakefield concerns, we recommend put-
ting TDS2 right after the bunch compressor. In order to
show numerical examples based on this approach, Linac2
is not considered anymore throughout the rest of this
paper. Except for the TDSs, the parameters are similar to
the magnetic bunch compressor system discussed for the
Next Generation Light Source at LBNL [26,36].

The initial longitudinal electron bunch profile is as-
sumed to be flattop with a peak current of �40 A and a
slice energy spread of�1 keV (rms). The initial linear and
quadratic chirp is set for a uniform compression factor C of
about 13 across the entire bunch length. This is possible
even with bunch compressor nonlinearities by using a

higher-harmonic rf linearizer upstream of the bunch com-
pressor [28] and needed to achieve uniform cancellation of
the induced energy spread downstream of TDS2.
Figure 3 shows the principle of the reversible beam

heater system by means of simulation of the longitudinal
phase space at different positions along the beam line. The
impact of CSR is not taken into account (cf. next subsec-
tion for CSR effects). The initial slice energy spread is
heated up to �10 keV (rms) in the first TDS, increased by
the compression factor in the bunch compressor to
�130 keV (rms), and finally cooled down to �13 keV
(rms) by the second TDS [see Figs. 3(a)–3(d)]. The plot
in Fig. 4(b) shows that the heating induced by the first TDS
is perfectly reversible, and the final slice energy spread is
simply the initial slice energy spread scaled with the
compression factor, which would be exactly the same
like in the case without using the reversible beam heater
system. Figure 4(a) shows the heater system impact on
both the projected emittance (horizontal and vertical) and
the core energy spread, i.e., the slice energy spread in the
center of the bunch, for different voltages in the second

FIG. 3. Simulation of the longitudinal phase space after re-
moving the correlated energy chirp: (a) Upstream of the first
TDS, (b) directly downstream of the first TDS, (c) directly
downstream of the bunch compressor and upstream of the second
TDS, and (d) downstream of the second TDS. The axes scales
change from (b) to (c) when bunch compression takes place. The
bunch head is on the left, i.e., where z=c < 0.

FIG. 4. Simulations without CSR effects on the impact of the
reversible heater system on projected emittances, core energy
spread, and slice energy spread: (a) Projected emittances
(normalized) and core energy spread, and (b) slice energy spread
for V2 at minimum emittance [see Fig. 4(a)]. The longitudinal
coordinate is normalized to the bunch length.

FIG. 2. Relevant accelerator optics (Twiss parameters) and
positions of the transverse deflecting rf structures used to
numerically demonstrate the reversible beam heater system.
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TDS. The minimum of the vertical emittance is related to
the cancellation of the spatial chirp and energy spread
induced by the first TDS. The horizontal emittance is not
affected at all, and the small projected emittance growth
(6%) in the vertical plane at the minimum is due to residual
coupling generated by the system that is described by
Eq. (17). Nevertheless, as shown in Sec. , even in the case
with CSR effects, the horizontal slice emittance stays un-
affected at all and the vertical slice emittance exhibits only
deviations in the bunch head (z=c < 0) and tail (z=c > 0).

Impact of coherent synchrotron radiation

The previous results undergo small modifications when
including CSR effects, which is shown in Fig. 5. The
voltage of the second TDS for minimum projected emit-
tance in the vertical is shifted by about 0.2 MV to lower
values which is due the additional energy chirp induced by
CSR. In comparison to the case without any CSR effects
(cf. Fig. 4), the projected emittance in the vertical plane
is slightly increased and the slice energy spread is not

perfectly canceled in the head and tail. The slice energy
spread in the core part of the bunch is also slightly in-
creased to 17.5 keV (rms) [instead of 13.5 keV (rms) in the
absence of CSR]. The projected emittance in the horizontal
is about 1.7 larger which is independent of the reversible
beam heater operation. This horizontal emittance growth
can further be reduced by minimizing the horizontal beta
function in the last dipole of the chicane where the bunch
length becomes the shortest. This optimization is indepen-
dent of the relevant motion in the vertical and does not
affect the results of the reversible heater system. Albeit
the fact that the projected emittances are increased,
the horizontal slice emittance stays unaffected and the
vertical slice emittance exhibits only deviations in the
head and tail due to CSR effects as is shown in Fig. 6.
Thus, the core emittances are well preserved. We note that
vertically streaked bunches in the bunch compressor chi-
cane may change the impact of CSR effects but require
a 3-dimensional ‘‘point-to-point’’ tracking which is not
available neither in ELEGANT nor in CSRTRACK [37], and
is beyond the scope of this paper.

IV. MICROBUNCHING GAIN SUPPRESSION

The principle of the microbunching gain suppression
with the reversible beam heater system is shown by an
analytical treatment following Ref. [9] and by using the
beam transport matrix in Eq. (14). Then we show the
feasibility of the reversible heater system to suppress mi-
crobunching instabilities by means of particle tracking
simulations with initial density and energy modulations.

A. Analytical calculations

Using the vector notation ðy0; y00; z0; �0Þ for particles in
the first linac upstream of the first TDS, the longitudinal
position downstream of the second TDS is given by

z ¼ K1R56y0 þ ð1þ hR56Þz0 þ R56�0: (18)

FIG. 5. Simulation on the impact of the reversible beam heater
system on projected emittances, core energy spread, and slice
energy spread: (a) Projected emittances (normalized) and core
energy spread, and (b) slice energy spread for V2 at minimum
emittance [see Fig. 5(a)]. CSR effects are included by means of
the 1-dimensional model in ELEGANT [35].

FIG. 6. Simulation of the normalized slice emittance for both
the vertical and horizontal upstream of the first and downstream
of the second TDS. CSR effects are included.
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Suppose that �0 ¼ �u þ �m, where �u is the uncorre-
lated relative energy deviation, and �mðz0Þ is the
relative energy modulation accumulated before and
in the first linac (Linac1). Following Ref. [9], the
initial energy modulation at the wave number k0 is
converted into additional density modulation at a com-
pressed wave number k. For a 4-dimensional (4D) distri-
bution function Fðy; y0; z; �Þ, the bunching factor bðkÞ is
given by

bðkÞ ¼
Z

dydy0dzd�e�ikzFðy; y0; z; �Þ

¼
Z

dy0dy
0
0dz0d�ue

�ikK1R56y0�ikð1þhR56Þz0

� e�ikR56½�uþ�mðz0Þ�F0ðy0; y00; z0; �uÞ; (19)

where F0ðy0; y00; z0; �uÞ is the initial 4D distribution.

If the induced energy modulation is small such that
jkR56�mj � 1, we can expand the exponent of Eq. (19)
up to the first order in �m to obtain

bðkÞ 	 b0ðk0Þ � ikR56

Z
dz0�mðz0Þe�ik0z0

�
Z

dy0d�ue
�ikK1R56y0�ikR56�uUðy0ÞVð�uÞ; (20)

where k ¼ Ck0, C ¼ 1=ð1þ hR56Þ, Uðy0Þ describes the
transverse profile, and Vð�uÞ is the initial energy distribu-
tion. For both Gaussian profiles (U and V), we have

bðkÞ ¼ b0ðk0Þ � ikR56�mðk0Þ exp½�ðk2R2
56K

2
1�

2
y1=2Þ�

� exp½�ðk2R2
56�

2
�u=2Þ�: (21)

Here, we denote the Fourier transform of �mðz0Þ as �mðk0Þ,
which is the accumulated energy modulation at the wave
number k0 in the first linac due to longitudinal space charge
and other collective effects. The initial energy spread is
given by ��u, and �y1 is the vertical beam size in the first

TDS. We see that K1�y1 acts like effective energy spread

for microbunching gain suppression.

B. Numerical simulations

Suppression of microbunching instabilities is demon-
strated by using both a pure initial density modulation
with 5% peak amplitude and 100 �m modulation wave-
length (	m), and a pure initial energy modulation with
3 keV peak amplitude and 	m ¼ 50 �m. Whereas the
case with initial energy modulation is immediately consis-
tent with the previous analytical treatment and describes
the longitudinal space charge driven microbunching insta-
bility [7], the initial density modulations need to be con-
verted into energy modulations by longitudinal CSR
impedance which expresses the consistency and describes
the CSR-driven microbunching instability [6]. The simu-
lations were performed using the code ELEGANT with
1� 106 particles. Figure 7 shows the longitudinal phase

space downstream of the second TDS, after removing the
correlated energy chirp (linear and quadratic chirp), for
both the reversible beam heater system switched off
[Fig. 7(a)] and on [Fig. 7(b)]. In the case without reversible
beam heater, energy and density modulations at the
compressed modulation wavelength 	m=C appear, i.e.,
CSR-driven microbunching becomes visible. When
switching the reversible beam heater on, the microbunch-
ing instability disappears and the resulting longitudinal
phase space remains smooth. The reason is that the micro-
bunches at the compressed wavelength are smeared
due to R56K1�y1 [cf. Eq. (21)], and accordingly, the mod-

ulations appear as correlations in the phase spaces ðy; zÞ
and ðy0; �Þ. The same effect of microbunching suppression
is given for initial energy modulations as shown in Fig. 8.
The effect of the microbunching instability appears even
stronger compared to the simulations case with initial
density modulations, but the performance of the reversible
heater system is the same with a smooth residual longitu-
dinal phase space when the reversible beam heater is
switched on [see Fig. 8(b)].

FIG. 7. Simulation on suppression of microbunching instabil-
ities due to an initial density modulation, i.e., simulating CSR-
driven microbunching. The entire longitudinal phase space, after
removing the correlated energy chirp, is shown.
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Figures 7 and 8 are obtained for a magnetic bunch
compressor system as shown in Fig. 1. The electron bunch
will be further accelerated and transported throughout the
rest of the accelerator to reach the final beam energy and
peak current in order to drive an x-ray FEL (not studied in
this paper). A microbunched electron beam as illustrated in
Figs. 7(a) and 8(a), i.e., when the reversible beam heater
system is switched off, will accumulate additional energy
and density modulations, which would lead to unaccept-
able longitudinal phase space properties for an x-ray FEL
such as a large slice energy spread.

V. PRACTICAL CONSIDERATIONS

The previous sections covered the principle of reversible
electron beam heating and microbunching gain suppres-
sion by means of analytical calculations and numerical
simulations. In real accelerators, we also have to deal
with imperfections, jitter, and drifts of various parameters,
and accordingly supplementary studies with respect to
sensitivity on jitter sources and tolerances have to be

performed. In the following, we discuss the impact of
beam and rf jitter on the reversible beam heater system,
and also point out the inherent possibility of longitudinal
phase space diagnostics and on-line monitoring.

A. Jitter and tolerances

The impact of beam and rf jitter on the reversible beam
heater method can effectively be discussed using Eqs. (2)
and (14) with the condition in Eq. (15). Deviations from the
conditions in Eq. (15) can appear from jitter of the indi-
vidual peak deflection voltages V1 and V2 of the TDSs, and
lead to growth of the projected vertical emittance as is
shown in Fig. 5(a), where the voltage of the second TDS is
varied. Even in the case of a large TDS voltage jitter of 1%,
the vertical projected emittance growth is less than 2% [see
Fig. 5(a)]. In the case of acceleration between the first and
second TDS, also energy jitter, which is similar or smaller
than TDS voltage jitter, due to this intermediate accelera-
tion leads to deviation of the condition in Eq. (15). The
choice of superconducting accelerator technology even
provide much better rf stability [38,39]. Pure arrival time
jitter upstream of the first TDS has no impact as long as the
condition in Eq. (15), which describes the coupling be-
tween y0 and t ¼ z=c, is fulfilled. In the case that Eq. (15) is
not exactly fulfilled, e.g., due to TDS voltage jitter which is
on the percent level, the impact of typical arrival time jitter
well below 100 fs, like at the LCLS [3] or FLASH [39], is
negligible. The most critical jitter sources arise from en-
ergy jitter upstream of the bunch compressor chicane and
from rf phase jitter in the TDSs. The momentum compac-
tion factor translates energy jitter into arrival time jitter,
which leads to vertical kicks in the second TDS. The same
effect of additional vertical kicks is generated by rf phase
jitter in the TDSs. In order to have small impact of vertical
kicks on the remaining beam transport, we demand
��y0 � �y0 directly downstream of the second TDS with

the induced vertical rms kick ��y0 and the intrinsic beam

divergence �y0 . The relevant total vertical rms kick is

given by

��y0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
K2R56

�E

E

�
2 þ

�
K2

c

!
�’2

�
2 þ

�
K1

R33

c

!
�’1

�
2

s

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
K2R56

�E

E

�
2 þ

�
K2

c

!

�
2
�
�2

’2
þ 1

C2
�2

’1

�s

	
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
K2R56

�E

E

�
2 þ

�
K2

c

!

�
2
�2

’2

s
(22)

with the energy jitter �E=E upstream of the bunch com-
pressor, the rf phase jitter �’1;2

of the TDSs, the magnifi-

cation factor R33 from the first to the second TDS [see
Eq. (13)], and using Eq. (15) with the compression factor
C ¼ ð1þ hR56Þ�1. We see that the vertical rms kick due to
rf phase jitter in the first TDS scales with C�2 and can be
neglected compared to the vertical rms kick induced by the

FIG. 8. Simulation on suppression of microbunching instabil-
ities due to an initial energy modulation, i.e., simulating longi-
tudinal space charge driven microbunching. For the sake of
clarity, only the core of the longitudinal phase space, after
removing the correlated energy chirp, is shown.
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second TDS when we assume the same amount of rf phase
jitter in both TDSs. The condition for trajectory stability

��y0 � �y0
2
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�y2=�y2

q
with the intrinsic (uncorrelated)

rms beam divergence �y0
2
downstream of the bunch com-

pressor at TDS2, where �y2 is the geometrical emittance,

can be restated asffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
R56

�E

E

�
2þ

�
c

!
�’2

�
2

s
� �y2

K2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�y2�y2

p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
�y2�y1

p
C���1

: (23)

Here,���1
is the additional relative energy spread induced

by the first TDS for suppression of microbunching insta-
bilities, and �y1 denotes the geometrical emittance up-

stream of the bunch compressor at TDS1.
For the example parameters discussed throughout this

paper (see also Table I), i.e., C ¼ 13, ��y1 ¼ 0:6 �m,

��y2 ¼ 0:72 �m [see Fig. 5(a)], and ���1
E 	 10 keV

with E ¼ 350 MeV (� ¼ 685), the stability condition in
Eq. (23) yields pure relative energy jitter (neglecting rf
phase jitter) of �E=E � 1:9� 10�5 or pure rf phase jitter
(neglecting energy jitter) of�’2

� 0:012�. A combination

of both will obviously tighten the acceptable jitter. This
level of rf stability is difficult to achieve in normal con-
ducting linacs with single bunch operation, but might be
achieved with superconducting accelerator technology like
at FLASH or as planned for NGLS, where many bunches
can be accelerated in a long rf pulse, i.e., in a bunch train.
Currently, several rf feedforward and feedback controls are
able to stabilize the bunches at FLASH to �E=E ¼ 3:0�
10�5 and �’ ¼ 0:007� at 150 MeV [38,40], and further

improvements towards �E=E 
 1:0� 10�5 are planned
using a fast normal conducting cavity upstream of the
bunch compressors [38,39]. With perfect scaling of rf jitter
from several independent rf power stations that adds un-
correlated, we would expect an improvement offfiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
150 MeV=350 MeV

p 	 0:66 compared to the results at
FLASH with 150 MeV and assuming the beam energy of
350 MeV in the bunch compressor of the NGLS design.
Continuous-wave rf operation, as planned for the NGLS
design [26], and a proper choice of rf working points for
FEL operation might improve the stability further.

B. Integrated longitudinal phase space diagnostics

A practical spin-off of the reversible beam heater system
is the availability of longitudinal phase space diagnostics.
The vertical betatron motion of electrons passing through a
TDS is described by Eq. (4), which enables a mapping
from time (longitudinal coordinate) to the vertical [14–16],
and finally a possibility to obtain temporal bunch informa-
tion by means of transverse beam diagnostics. In a similar
manner, the relative energy deviation is mapped to the
horizontal in the presence of horizontal momentum
dispersion, like in a magnetic bunch compressor chicane
(see, e.g., Refs. [15,16]). The combined operation makes

single-shot measurements of the longitudinal phase space
possible, and in the case of the generic layout of a revers-
ible electron beam heater system as depicted in Fig. 1,
longitudinal phase space measurements become feasible
using the first TDS and observation screens in the disper-
sive section of the bunch compressor chicane. In order to
get information of the bunch length after the bunch com-
pression, the second TDS can be used with downstream
observation screens (not shown in Fig. 1).
In addition to invasive longitudinal phase space mea-

surements of a single bunch using observation screens,
even fully noninvasive measurements utilizing incoherent
synchrotron radiation, emitted in the bunch compressor
bending magnets, are possible (see, e.g., Ref. [41]).
When using a fast gated camera, the implication will be
the possibility of on-line monitoring the longitudinal phase
space of individual bunches in multibunch accelerators.

VI. SUMMARYAND CONCLUSIONS

Our studies show that the reversible beam heater system
proposed here can suppress microbunching instabilities
and preserve the high beam brightness at the same time.
Because of CSR effects, some vertical emittance degrada-
tion in the head and tail region of the bunch occurs, but the
core emittances are well preserved. In the numerical dem-
onstrations using the code ELEGANT, the first TDS gener-
ates about 10 keV (rms) slice energy spread, which is
similar to the laser heater but with a more Gaussian energy
distribution (cf. laser heater). The bunch compression pro-
cess increases the slice energy spread to �130 keV (rms),
which is then reversed to �17 keV (rms) after the second
TDS in the presence of CSR effects. Without CSR effects,
the slice energy spread is reversed to �13 keV (rms),
which demonstrates perfect cancellation. The simulations
also show that initial bunching in energy and density in the
beam can be smeared out during the process in the revers-
ible beam heater system, i.e., microbunching instabilities
can be suppressed. The resulting smooth beam can then
propagate through the remaining accelerator without fur-
ther generation of much additional energy spread and is
advantageous for any kind of laser seeding manipulations
and experiments. For example, this scheme significantly
loosens the required laser power for seeding using short-
wavelength high harmonic generation sources [10] and
may strongly impact the design of future seeded FELs. In
addition, the reversible beam heater system exhibits inte-
grated options for diagnosis and on-line monitoring of the
longitudinal phase space applicable for multibunch ma-
chines, which is also the preferred type of accelerator for
the reversible heater system due to large sensitivities on
energy and rf jitter. Linear accelerators based on super-
conducting rf technology might be able to match the strict
tolerances in order to keep vertical kicks small and to
achieve a sufficient trajectory stability in the downstream
undulators.
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5 Femtosecond X-ray pulse
characterization

X-ray free-electron lasers openupnew frontiers in photon science, which is a consequence of
their outstanding characteristics in terms of the generated FEL radiation (see, e.g., Ref.[23]).
The laserlike X-ray radiation with high spectral brightness, wide tunability, and almost full
spatial coherence meets many requirements of experimental techniques in photon science.
Femtosecond FEL radiation pulses (e.g., Refs. [40, 41, 42]) extend the capabilities of these
unique accelerator-based light sources. However, to fully utilize these ultrashort radiation
pulses, single-shot characterization of their duration, temporal profile, and arrival time with
high accuracy is required. Arrival time information is crucial for carrying out time-resolved
pump-probe experiments with an external (pump) quantum laser (e.g., Refs. [105, 106]).

The temporal profile of the power in FEL radiation pulses is generally determined by the
time-dependent parameters (so-called slice parameters) of the FEL driving electron beams.
Precise knowledge of these slice parameters would enable to calculate the temporal profile of
the FEL radiation pulses, and time-resolved electron beam diagnostics can thus be utilized
to estimate the expected radiation pulse durations [57]. A similar approach, based on longi-
tudinal phase space diagnostics for electron beams, makes use of the energy transfer during
the FEL amplification. The temporal profile of the FEL radiation pulse appears as a “replica”
in the longitudinal phase space of the electron bunch downstream of the undulator [74, 107].
A different approach, utilizing streaking techniques with THz fields, allows direct temporal
FEL radiation pulse characterization [108, 109] and demonstrated simultaneous arrival time
measurements of FEL radiation pulses with respect to an external pump laser [109].

In the following, three articles in the research field of femtosecond X-ray pulse char-
acterization are introduced and presented. The first article deals with the constraints on
photon pulse durations from longitudinal electron beam diagnostics at a soft X-ray FEL and
has been published in Phys. Rev. ST Accel. Beams. The second article describes femtosec-
ond X-ray pulse temporal characterization in FELs using a transverse deflector and has been
published in Phys. Rev. ST Accel. Beams. The third article reports on ultrafast X-ray pulse
characterization at FELs and has been accepted for publication in Nature Photonics.
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5 Femtosecond X-ray pulse characterization

5.1 Constraints on photon pulse durations from
longitudinal electron beam diagnostics at a soft
x-ray free-electron laser

Electron beamdiagnostics are of crucial importance for the operation of any particle acceler-
ator (e.g., Ref. [52]), and X-ray free-electron lasers driven by linear accelerators have partic-
ular requirements for time-resolved diagnostics with single-shot capability (see chapter 3).
The slice parameters of the FEL driving electron beams generally determine the temporal
profile of the resulting FEL radiation pulses, hence time-resolved electron beam diagnostics
are supposed to provide a priori estimates on the expected FEL radiation pulse durations.

For FELs operating in the self-amplified spontaneous emissionmode, the statistical prop-
erties of SASE have considerable impact on the temporal profile and spectrum of the radia-
tion pulses (see Sec. 2.3). As has been pointed out in Refs. [110, 111], the radiation pulse en-
ergy statistics of SASE FELs tuned to the exponential gain regime (see Sec. 2.1.2) can be used
to determine the number of wave packets (modes M) in the FEL radiation pulse. The same
number of modes is also related to the number of peaks in the FEL radiation spectra (see
Sec. 2.3), which can be measured with a high-resolution spectrometer (e.g., Refs. [57, 112]).
By using the coherence time τc given in Eq. (2.40), the FEL radiation pulse duration Tp can
be estimated as ∼ M × τc [cf. Eq. (2.41)]. Theoretical treatments and numerical simulations
have shown that these estimates of the radiation pulse durations can be connected to the
r.m.s. bunch durations of the FEL driving electron beams [57]. A theoretical model allows
to extrapolate the estimated FEL pulse durations to the saturation regime and beyond [57].

As has been discussed in chapter 3, time-resolved electron beam diagnostics with high
resolution and single-shot capability can be achieved in the time-domain by using trans-
verse deflecting r.f. structures and in the frequency-domain by spectroscopy of coherent
THz radiation. The combination of a TDS with amagnetic energy spectrometer evenmakes
longitudinal phase space measurements (e.g., Refs. [57, 101, 113]) with simultaneous sup-
pression of coherent optical radiation possible [64]. Whereas the r.m.s. electron bunch du-
rations can be calculated directly from the time-domain diagnostics, the spectroscopicmea-
surements from the frequency-domain diagnostics need to be Fourier transformed into the
time-domain, which requires phase retrieval techniques (Kramer-Kronig relations) [75].

The following article reports on how time-resolved electron beamdiagnostics can be uti-
lized to provide constraints on the expected radiation pulse durations at FELs. Comparative
measurements of FEL pulse durations and temporal electron bunch profiles are presented,
and their relationship is discussed by theoretical considerations and numerical simulations.
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The successful operation of x-ray free-electron lasers (FELs), like the Linac Coherent Light Source or

the Free-Electron Laser in Hamburg (FLASH), makes unprecedented research on matter at atomic length

and ultrafast time scales possible. However, in order to take advantage of these unique light sources and to

meet the strict requirements of many experiments in photon science, FEL photon pulse durations need to

be known and tunable. This can be achieved by controlling the FEL driving electron beams, and high-

resolution longitudinal electron beam diagnostics can be utilized to provide constraints on the expected

FEL photon pulse durations. In this paper, we present comparative measurements of soft x-ray pulse

durations and electron bunch lengths at FLASH. The soft x-ray pulse durations were measured by FEL

radiation pulse energy statistics and compared to electron bunch lengths determined by frequency-domain

spectroscopy of coherent transition radiation in the terahertz range and time-domain longitudinal phase

space measurements. The experimental results, theoretical considerations, and simulations show that high-

resolution longitudinal electron beam diagnostics provide reasonable constraints on the expected FEL

photon pulse durations. In addition, we demonstrated the generation of soft x-ray pulses with durations

below 50 fs (FWHM) after the implementation of the new uniform electron bunch compression scheme

used at FLASH.

DOI: 10.1103/PhysRevSTAB.15.030707 PACS numbers: 29.27.�a, 41.60.Cr, 41.50.+h

I. INTRODUCTION

Since the first operation of a laser in 1960 [1], a tremen-
dous number of new experimental techniques became
possible with continuously changing and growing require-
ments on the laser systems, e.g., higher spectral brightness,
shorter wavelengths, or photon pulse durations with simul-
taneous tunability. High-gain free-electron lasers (FELs)
meet many of these requirements, and the successful
operation of x-ray FELs like the Free-Electron Laser in
Hamburg (FLASH) [2], the Linac Coherent Light Source
(LCLS) [3], or the SPring-8 Angstrom Compact Free
Electron Laser [4] make unprecedented research on matter
at atomic length scales possible [5]. The demonstration of
FEL photon pulse durations in the femtosecond range (e.g.,
Refs. [6,7]) has further extended the capabilities to
research of dynamical processes at ultrafast time scales
(see, e.g., Ref. [8]) with ongoing demands on the genera-
tion and control of ultrashort photon pulses.

In recent years, several methods to control FEL photon
pulse durations have been proposed by manipulating and
controlling the FEL driving electron bunches. The low-
charge operation at LCLS [9] demonstrated electron bunch

lengths below 10 fs [10], and the same strategy of
low-charge operation is planned for the European XFEL
and FLASH [11]. Other methods, with additional prospects
of generating photon pulses in the attosecond range, make
use of electron bunch manipulation with conventional
quantum lasers (e.g., Refs. [12–16]) or by selectively spoil-
ing the transverse emittance of the electron beam [17].
However, reliable operation of these methods requires
capabilities to diagnose the FEL photon pulse shapes and
durations with high accuracy, which is a tremendous
challenge and an active field of research.
First single-shot measurements of FEL photon pulse

durations with femtosecond accuracy have recently been
demonstrated by terahertz-field driven streaking experi-
ments in the time domain [18,19], and the statistical and
spectral properties of FEL radiation emitted in the
exponential gain regime allow one to measure the mean
photon pulse duration (e.g., Refs. [20–23]). Other proposed
methods make use of the FEL-induced slice energy loss in
order to measure ‘‘replicas’’ of the FEL photon pulses
(see Refs. [24,25]). As is presented in this paper, high-
resolution longitudinal electron beam diagnostics in
standard configurations, i.e., as commonly used at present
x-ray FELs, can provide reasonable and complementary
constraints on the expected FEL photon pulse durations.
In this paper, we compare measurements of electron

bunch lengths with corresponding soft x-ray pulse dura-
tions at FLASH, and discuss their relationship by theoreti-
cal considerations and simulations. The experimental setup
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and applied methods are described in Sec. II, and in Sec. III
we discuss the experimental results for FEL operation with
different bunch charges, which corresponds to different
electron bunch lengths and soft x-ray pulse durations.
The final results are compared in Sec. IV, and the summary
and conclusions are presented in Sec. V.

II. EXPERIMENTAL SETUP AND METHODS

The measurements presented in this paper were carried
out at FLASH, which is a self-amplified spontaneous emis-
sion (SASE) FEL [26] for extreme-ultraviolet and soft
x-ray radiation, driven by a superconducting radio-
frequency (rf) linear accelerator [2]. The schematic layout
of FLASH is depicted in Fig. 1, showing the injector,
which is based on a laser-driven normal conducting rf
gun, the superconducting accelerating structures, two
magnetic bunch compressor chicanes, and the undulator
magnet system. The positions of the diagnostics used for
FEL photon pulse duration and electron bunch length
measurements are indicated by green dots and arrows.

In 2010, FLASHwas upgraded [27] to a maximum beam
energy of 1.25 GeV, allowing for the generation of soft
x rays below 4.4 nm (water window) with its fundamental.
One of the major upgrades was the installation of the third-
harmonic rf system, which is dedicated for the linearization
of the longitudinal phase space upstream of the first bunch
compressor [28,29]. Before this upgrade, FLASH was
operated with nonuniformly compressed electron bunches
with a short leading spike [30,31]. The corresponding FEL
photon pulses had short durations but low pulse energies
due to the fact that only a small fraction of the bunch (the
short leading spike) contributed to lasing [2,6]. In Sec. III,
it is shown that the third-harmonic rf linearizer system
permits more uniform bunch compression with higher
FEL photon pulse energies and simultaneous tunability
of the pulse durations.

In the following, we describe the experimental setup and
applied methods to measure the FEL photon pulse
durations and electron bunch lengths. The photon pulse
durations were estimated by the statistics of FEL radiation
pulse energies measured with a microchannel plate based
detector. The electron bunch lengths were measured in the
time domain by using a transverse deflecting rf structure in
combination with a magnetic energy spectrometer and in
the frequency domain by spectroscopy of coherent transi-
tion radiation in the terahertz range.

A. Time-domain longitudinal phase
space diagnostics for electron beams

The time-domain electron bunch length measurements
were done by using a transverse deflecting rf structure
(TDS) [32] in combination with a magnetic energy spec-
trometer. Transverse deflecting rf structures are widely
used for electron bunch length and longitudinal profile
measurements at present FELs, and provide high-
resolution single-shot diagnostics (see, e.g., Ref. [33]). In
combination with standard techniques for transverse
emittance measurements, the operation of TDSs makes
time-resolved emittance, i.e., slice emittance, measure-
ments possible. The complementary use of an energy
spectrometer allows direct longitudinal phase space and
slice energy spread measurements (e.g., Refs. [31,34–36]).
Recently, a TDS in combination with a magnetic energy
spectrometer downstream of FEL undulators have been
proposed to measure the FEL-induced slice energy spread
for temporal x-ray pulse characterization [25].
At FLASH, a LOLA-type [32] TDS was successfully

operated upstream of the energy collimator [31] before it
was moved close to the undulators during the FLASH
upgrade in 2010 [27]. The TDS has been integrated in a
dedicated setup for measurements of the longitudinal phase
space [35,36]. As depicted in Fig. 1, the TDS can either be
operated in combination with the dispersive energy
spectrometer or by using off-axis screens in the nondisper-
sive main beam line during FEL operation. In both cases,
the screen stations are equipped with different imaging
screens and a camera system with motorized optics. A
fast kicker magnet (not shown in Fig. 1) can operate the
off-axis screens for TDS measurements and frequency-
domain electron bunch length diagnostics by terahertz
spectroscopy (see Sec. II B) in parallel. Technical details
and performance measurements on the new measurement
setup can be found in Refs. [35,36], and technical infor-
mation about the TDS at FLASH and detailed descriptions
of time-domain electron bunch diagnostics using a TDS
can be found in Refs. [31,37]. Here, we describe only the
basic principles of longitudinal phase space diagnostics
required throughout this paper.
The vertical betatron motion of an electron passing a

TDS around rf phase zero crossing is given by [31,37]

y�ðsÞ ¼ y0ðsÞ þ Cyðs; s0Þc�1z� Syðs; s0Þc�1z (1)

FIG. 1. Layout of the Free-Electron Laser in Hamburg (FLASH) with its superconducting (SC) accelerating structures (ACC), the
two magnetic bunch compressor (BC) chicanes, and the new third-harmonic rf linearizer system (L3). The positions of the diagnostics
used for photon pulse duration and electron bunch length measurements are indicated by green dots and arrows.
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with the linear correlation Cyðs; s0Þ and shear function

Syðs; s0Þ ¼ R34Ky ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�yðsÞ�yðs0Þ

q
sinð��yÞ

e!Vy

E
; (2)

where R34 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�yðsÞ�yðs0Þ

q
sinð��yÞ is the angular-to-

spatial element of the vertical beam transfer matrix from
the TDS at s0 to any position s, �y is the vertical beta

function,��y is the vertical phase advance between s0 and

s, and y0 describes the intrinsic offset. The expression
Ky ¼ e!Vy=E is the vertical kick strength with the peak

deflection voltage Vy in the TDS, c is the speed of light in

vacuum, e is the elementary charge, E is the electron
energy, z is the longitudinal position of the electron relative
to the zero-crossing rf phase, and !=ð2�Þ is the operating
rf frequency. The longitudinal-to-vertical correlation Cy in

Eq. (1) is independent of the TDS operation and can exist
intrinsically due to time-dependent kicks generated from
collective effects such as coherent synchrotron radiation or
wakefields. This linear correlation may lead to systemati-
cal errors in electron bunch length measurements, which,
however, can be removed by performing measurements at
two zero-crossing TDS rf phases shifted by 180 deg, i.e.,
with �Sy [cf. Eq. (1)].

The expression in Eq. (1) shows a linear mapping from
the longitudinal to the vertical coordinate and allows lon-
gitudinal electron bunch profile measurements by means of
transverse beam diagnostics using imaging screens or wire
scanners. The vertical shear function Sy determines the

slope of this mapping and can be calibrated by measuring
the vertical centroid offset of the bunch as a function of the
TDS rf phase. The electron bunch current is given by the
calibrated and normalized longitudinal bunch profile mul-
tiplied by the measured electron bunch charge. In the
following, the longitudinal coordinate z is expressed by a
time coordinate via t ¼ �z=c and the bunch length by the
corresponding bunch duration. The latter is expressed

by the root mean square (rms) value �t;e ¼ jCy �
Syj�1ð�2

y� � �2
y0Þ1=2, where �y� is the measured vertical

rms beam size during TDS operation corresponding to
�Sy, respectively. The rms bunch duration �t;e describes

a quadratic equation for �2
y�, and by performing measure-

ments of the vertical rms beam size at �Sy and Sy ¼ 0

(TDS switched off), the longitudinal-to-vertical correla-
tion Cy and the intrinsic vertical rms beam size �y0 can be

determined. These parameters limit the rms time resolution
to Rt;e ¼ �y0=jCy � Syj (cf. Refs. [31,37]).

By combining the operation of a TDS with an energy
spectrometer and using imaging screens to get two-
dimensional transverse beam profiles, longitudinal phase
space (energy versus time) measurements with single-shot
capability can be achieved. The simplest magnetic energy
spectrometer consists of a dispersive beam line down-
stream of a dipole magnet. The corresponding horizontal

betatron motion, which is perpendicular to the shearing
plane of the TDS, is given by (e.g., Refs. [31,37])

xðsÞ ¼ x0ðsÞ þDxðs; s0Þ� (3)

with the horizontal dispersion Dx and the relative
momentum deviation � ¼ �p=p. The magnetic energy
spectrometer used at FLASH has a nominal horizontal
dispersion of about 750 mm at the position of the screen
station [36]. For relativistic electron beam energies with a
Lorentz factor of � � 1, which is the case throughout this
paper, the electron beam energy is given by E � pc, and �
can be described as the relative energy deviation. Then the
expression in Eq. (3) represents a linear mapping between
the relative energy deviation and the horizontal coordinate,
where Dx determines the slope of the mapping. The dis-
persion Dx can be calibrated by measuring the horizontal
centroid offset of the bunch as a function of the energy
deviation. The rms resolution of the relative energy devia-
tion is defined as R�;e ¼ �x0=Dx (cf. time resolution

Rt;e), but here, the intrinsic beam size, and correspond-

ingly the energy resolution cannot simply be measured by
switching the dipole magnet off. A possibility to estimate
the relative energy resolution is given by the deviations in
the measurement of a well-known energy spread (see
Refs. [31,36] for more details).

B. Frequency-domain terahertz spectroscopy
of coherent transition radiation

The frequency-domain longitudinal electron bunch pro-
file measurements were carried out by spectroscopy of
coherent transition radiation using a multichannel terahertz
(THz) spectrometer. The schematic and basic layout of the
THz spectrometer is shown in Fig. 2. The design is based
on five stages of blazed reflection gratings in combination
with focusing ring mirrors. Fast readout of the pyroelectric
detector arrays allows single-shot diagnostics. The techni-
cal details about the focusing ring mirror design and the
spectrometer principle can be found in Ref. [38], and
technical details and performance measurements on the
particular THz spectrometer used throughout the measure-
ments presented in this paper can be found in Ref. [39]. At
FLASH, two identical THz spectrometers exist, one
upstream of the energy collimator (see Fig. 1), which
was used for the spectroscopic measurements presented
in this paper, and one close to the undulators, which is
currently being commissioned.
The basic principle of spectroscopy for longitudinal

electron bunch profile diagnostics relies on the spectral
intensity of transition radiation (diffraction or synchrotron
radiation are also suitable) emitted by an electron bunch
with N electrons which is given by [39–42]

dI
d�

¼ dI1

d�
½N þ ðN � 1ÞNjFð�Þj2� ; (4)
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where dI1=d� is the spectral intensity of a single electron,
and Fð�Þ is the longitudinal form factor of the bunch as a
function of the wavelength �, which can be expressed by
the Fourier transform of the normalized longitudinal
charge density �NðzÞ, i.e., the electron bunch current, as

Fð�Þ ¼
Z 1

�1
�NðzÞe�i2�z=�dz: (5)

In Eq. (4) we have made use of the fact that radiation from
relativistic electrons is confined to small angles, hence we
have neglected transverse beam size effects [39]. Inverse
Fourier transform permits the reconstruction of the longi-
tudinal electron bunch profile, i.e., the bunch current
IðzÞ ¼ Q�NðzÞ with the bunch charge Q, when the com-

plex form factor Fð�Þ ¼ jFð�Þjei�ð�Þ is known.
Only the modulus of the longitudinal form factor jFð�Þj

can be determined experimentally [see Eq. (4)], and the
phase information �ð�Þ remains unknown. However, a
phase retrieval can be achieved by applying the Kramers-
Kronig relations (e.g., Refs. [40–42]), which connect the

real and imaginary parts of a complex function. Taking the
logarithm of the complex form factor lnF ¼ lnjFj þ i�
and applying a Hilbert transform yields

�ð!Þ ¼ � 1

�
P
Z 1

�1
lnjFð!0Þj
!0 �!

d!0 þ�Bð!Þ

¼ � 2!

�
P

Z 1

0

lnjFð!0Þj
!02 �!2

d!0 þ�Bð!Þ; (6)

where �B is the Blaschke phase, P denotes the Cauchy
principal value, and ! ¼ 2�c=�. The Blaschke phase
cannot be determined from the modulus of the form factor
and is omitted [�Bð!Þ � 0] in the following. A profile
reconstruction with the remaining minimal phase gives the
most compact profile compatible with the measured form
factor jFj. In general, this is a good approximation, as
demonstrated in Sec. III B, and uncertainties due to
measurement errors may have larger impact (see, e.g.,
Refs. [40,42]). Changing to wavelengths and removing
the singularity at ! ¼ !0 in Eq. (6) results in [40,42]

�ð�Þ ¼ 2

��

Z 1

0

ln½jFð�0Þj=jFð�Þj�
1� ð�0=�Þ2 d�0: (7)

The inverse Fourier transform of Eq. (5) can be given by

�NðzÞ ¼ �2
Z 1

0
jFð�0Þj cos½2�z=�0 ��ð�0Þ� d�

0

�02 (8)

when considering only positive wavelengths (� > 0).
Equations (7) and (8) are the fundamental expressions
for longitudinal electron bunch profile reconstruction
from spectroscopic measurements and are used later in
Sec. III B.

C. Statistical fluctuations of the radiation
pulse energy in SASE FELs

The amplification process in a SASE FEL starts from
shot noise in the electron beam, passes the stage of ex-
ponential amplification (s=Lsat � 0:8), and finally enters
the saturation regime (s=Lsat � 1), where s=Lsat is the
normalized undulator length with Lsat being the saturation
length (see Fig. 3). The FEL radiation pulse energy
exhibits shot-to-shot fluctuations, which are larger for
shorter pulse durations. The maximum fluctuations are
present at the end of the high-gain exponential gain regime.
Radiation from a SASE FEL operating in the exponential
gain regime possesses the properties of completely chaotic
polarized light [20,21]. One consequence is that the proba-
bility distribution of the energy in the radiation pulse is
given by the gamma distribution

pðEÞ ¼ MM

�ðMÞ
�
E

hEi
�
M�1 1

hEi exp
�
�M

E

hEi
�
; (9)

where �ðMÞ is the gamma function, M ¼ 1=ð�E=hEiÞ2,
and �E ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffihðE� hEiÞ2ip

is the FEL radiation pulse energy

FIG. 2. Principle of the multichannel THz and infrared spec-
trometer based on five stages of blazed reflection gratings in
combination with focusing ring mirrors. The schematic layout is
depicted in (a), and (b) shows one stage exemplarily (see
Refs. [38,39] for technical details). The fast readout of the
pyroelectric detector arrays allows single-shot spectroscopy.
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spread. The parameterM can be interpreted as the average
number of ‘‘degrees of freedom’’ or ‘‘modes’’ in the ra-
diation pulse (see, e.g., Refs. [20,21]). With knowledge of
the coherence time 	c, the FEL radiation pulse duration can
be estimated as �M� 	c. This estimate assumes a high
degree of transverse coherence, which is true for the pa-
rameter space of well designed SASE FELs like FLASH.
In the framework of a one-dimensional model, the maxi-
mum value of the coherence time

	max
c ’ 1

�!

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
� lnNc

18

s
(10)

and the saturation length

Lsat ’ �u

4��

�
3þ lnNcffiffiffi

3
p

�
(11)

are expressed in terms of the FEL parameter � [43] and the
number of the electrons Nc ¼ I=ðe�!Þ cooperating to
the SASE FEL process [20,21,44]. Here, !=ð2�Þ ¼ c=�
is the frequency of the amplified wave, I is the electron
bunch current, and �u is the undulator period. A suitable
estimate for the parameter � comes from the observation
that in the parameter range of SASE FELs operating in the
extreme-ultraviolet and x-ray wavelength range, the num-
ber of field gain lengths to saturation is about 10 (e.g.,
Ref. [20]). The FEL parameter � and the coherence time 	c
are related to the saturation length Lsat as

� ’ �u=Lsat; 	c ’ �Lsat=ð2
ffiffiffiffi
�

p
c�uÞ: (12)

These simple physical considerations are confirmed with
numerical simulations using the time-dependent simula-
tion code FAST [45]. Here, we consider the model of a
Gaussian longitudinal electron bunch profile, and trace
FEL parameters for different values of the rms electron
bunch length �t;e. Figure 3(a) shows the evolution of the

energy E in the radiation pulse, the fluctuations of the
radiation pulse energy �E=hEi, and the normalized rms
FEL radiation pulse duration �!�t;p along the undulator.

Qualitative observations are that the radiation pulse energy
and pulse duration grow with increasing electron bunch
length, and the maximum fluctuations of the radiation
pulse energy and the minimum rms radiation pulse
duration are observed at the end of the exponential gain
regime (s=Lsat & 0:8). The normalized values of these
parameters, i.e., E=Esat, �E=�

max
E , and �t;p=�

min
t;p , exhibit

nearly universal dependencies for a normalized electron
bunch length �!�t;e * 1 as it is shown in Fig. 3(b). This

allows one to derive a universal dependency between the
rms electron bunch length �t;e and the full width at half

maximum (FWHM) radiation pulse duration Tmin
p ¼

2
ffiffiffiffiffiffiffiffiffiffi
2 ln2

p
�min

t;p at the end of the exponential gain regime as

a function of the number of modes M in the FEL radiation
pulse (see Fig. 4). ForM * 2 and with reasonable practical
accuracy we have

�t;E ’ 2
ffiffiffiffiffiffiffiffiffiffi
2 ln2

p
�min

t;p ¼ Tmin
p ’ M�

5c�
’ M�Lsat

5c�u

: (13)

The minimum FWHM FEL radiation pulse duration
expressed in terms of the coherence time [cf. Eq. (12)] is
Tmin
p ’ 0:7�M� 	c. Lengthening of the FEL radiation

pulse occurs when the amplification process enters the
saturation regime and happens due to two effects. The first
effect is lasing toward saturation in the tails of the electron
bunch, and the second effect is radiation pulse lengthening
due to slippage effects, which is one radiation wavelength
per undulator period. The effect of lasing in the tails gives

FIG. 3. Simulations on the evolution of FEL related parame-
ters versus normalized undulator length s=Lsat: (a) Evolution of
the energy E in the radiation pulse (solid lines), the fluctuations
of the radiation pulse energy �E=hEi (dashed lines), and the
normalized rms FEL radiation pulse duration �!�t;p (dotted

lines) for normalized rms electron bunch lengths of �!�t;e ¼ 2
and 4 (blue and red), and (b) the normalized values of E=Esat,
�E=�

max
E , and �t;p=�

min
t;p for the rms electron bunch lengths of

�!�t;e ¼ 2, 4, and 8 (blue, red, and green).
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the relative radiation pulse lengthening as it is illustrated in
Fig. 3(a). At saturation (s=Lsat � 1), the pulse lengthening
is a factor of about 1.4 with respect to the minimum pulse
duration in the exponential gain regime (s=Lsat & 0:8)
given by Eq. (13), and it is increased up to a factor of 2
in the deep nonlinear regime (s=Lsat * 1:2). It is also seen
that the slippage effect is more pronounced for relative
lengthening of short pulses.

Measurements of statistical properties of SASE FELs
allow one to estimate mean photon pulse durations and
the lasing fraction of the FEL driving electron bunches,
and this technique has been effectively used at FLASH
and LCLS [2,6,23]. First, the FEL process is tuned to the
maximum radiation pulse energy, which occurs in
the saturation regime and beyond (s=Lsat * 1), and then
the FEL radiation pulse energy is recorded at different
positions along the undulators by applying orbit kicks in
order to suppress lasing. The resulting ‘‘FEL gain curve’’
permits the estimation of the saturation length Lsat, and
the FEL parameter � and the coherence time 	c can be
calculated by using Eq. (12). Then the FEL process is
tuned to the end of the exponential regime at s=Lsat & 0:8
where the FEL radiation power is reduced by a factor of
�20 with respect to the saturation regime [see Fig. 3(a)].
The fluctuations of the FEL radiation pulse energy reach
their maximum value at this point, and the inverse squared
value of radiation pulse energy fluctuations gives the
number of the modes in the radiation pulse. The electron
bunch length and the minimum photon pulse duration at
the end of the exponential gain regime are then derived
from Eq. (13). The relative photon pulse lengthening at
saturation corresponds to a factor of about 1.4, and in the
(deep) nonlinear regime, it depends on the electron bunch
length [see Fig. 3(b)].

III. EXPERIMENTAL RESULTS AT FLASH

Comparative measurements of soft x-ray pulse durations
and electron bunch lengths were carried out for two accel-
erator and beam settings. In the first step, we measured
longitudinal electron bunch profiles determined by both
time-domain longitudinal phase measurements and
frequency-domain THz spectroscopy for electron bunch
charges of 100 and 500 pC in order to verify the consis-
tency of both methods. In the second step, we compared
longitudinal electron bunch profiles determined by longi-
tudinal phase measurements with the soft x-ray pulse
durations estimated by SASE FEL radiation pulse energy
statistics for electron bunch charges of 150 and 500 pC.
The relevant parameters are given in Table I.

A. Longitudinal phase space measurements

The longitudinal phase space measurements were
performed using a 100 
m thick scintillator (YAG:Ce)
imaging screen, and the camera system was set up with a
spatial resolution of better than 16 
m. The time calibra-
tion was achieved by measuring the vertical electron bunch
centroid on the imaging screen during a TDS rf phase scan.
By measuring the intrinsic vertical rms beam size, i.e., with
the TDS rf power switched off, the rms time resolutions
was estimated (see Sec. II A) for each measurement indi-
vidually. For comparisons with soft x-ray pulse durations
(see Sec. IV), 50 consecutive single-shot measurements of
the longitudinal phase space were taken for each set of
electron beam parameters with bunch charges of 150 and
500 pC. The longitudinal phase space and electron bunch
current of typical single shots, together with the single-shot
rms bunch lengths, are shown in Fig. 5. The presented
measurements were performed for one zero-crossing
TDS rf phase, and corrections of a potential longitudinal-
to-vertical correlation Cy were neglected with Sy�Cy�0.

This is justified by the large shear parameter (see below)
and the agreement in the comparative measurements
between TDS and THz spectrometer presented in Fig. 6,
where the latter is not sensitive to longitudinal-to-vertical
correlations.
The single-shot rms time resolution Rt;e reached un-

precedented 8 fs for the 150 pC case, which corresponds to

FIG. 4. Normalized rms electron bunch length �!�t;e contrib-
uting to the FEL process (red dashed line) and the corresponding
normalized minimum FWHM radiation pulse duration �!Tmin

p

(blue solid line) at the end of the exponential gain regime
(s=Lsat & 0:8) versus the number of modes M.

TABLE I. Parameters for the comparative measurements of
FEL photon pulse durations and electron bunch lengths. The
numbers in the brackets of the electron bunch charge and the
FEL radiation saturation level are related to each other.

Parameter Symbol Value Unit

Electron beam energy Ee 660 MeV

FEL radiation wavelength � 14.6 nm

Electron bunch charge Q 150 (500) pC

Saturation level of FEL radiation Esat 30 (200) 
J
Undulator period �u 27.3 mm
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a shear parameter of Syc
�1 ¼ 30 (significantly larger than

any longitudinal-to-vertical correlation Cy observed at

FLASH) and an intrinsic vertical rms beam size of �y0 ¼
70 
m. For the 500 pC settings, we achieved an rms time
resolution of 13 fs, which is due to a larger intrinsic vertical
beam size. The average rms electron bunch lengths, in-
cluding statistical errors due to fluctuations of electron
beam parameters and accelerator settings, of 50 consecu-
tive single shots are h�t;ei ¼ 41� 3 fs and 103� 4 fs for
the bunch charges of 150 and 500 pC, respectively. In order
to take account of the unknown correlation Cy, we admit a

systematical uncertainty of �10% in the rms electron
bunch length measurements.

The longitudinal phase space has a similar shape in both
cases [Figs. 5(a) and 5(b)] with an overall negative energy
chirp �d�=dt, i.e., electrons in the leading part of the
bunch (on the left in Fig. 5) have less energy than those
in the trailing part. However, both distributions show a

distinct core region with a positive energy chirp, which is
most probably generated by space charge forces. In
general, the implementation of the new electron bunch
compression scheme using the third third-harmonic rf
linearizer system [28,29] results in electron bunches with
significantly more confined bunch current profiles without
trailing tails of picosecond duration [2,6].

B. Measurement of longitudinal form factors

The principle of longitudinal electron beam diagnostics
based on spectroscopy of coherent radiation has been
described in Sec. II B. The measurements of the longitudi-
nal form factors were performed by spectroscopy of
coherent transition radiation generated from an aluminum

FIG. 6. Mean moduli of the longitudinal form factors mea-
sured by THz spectroscopy of coherent transition radiation
(green diamonds and blue squares) and derived from TDS
measurements (solid red lines), generated by electron bunches
with charges of (a) 100 pC and (b) 500 pC, respectively. The
insets show single-shot electron bunch currents reconstructed
from THz spectra (solid blue lines) in comparison with single-
shot TDS measurements (dotted red lines), and the numbers in
the brackets represent the calculated rms bunch lengths.

FIG. 5. Single-shot longitudinal phase space and electron
bunch current (dotted red lines) measurements using the TDS
in combination with the energy spectrometer for bunch charges
of (a) 150 pC and (b) 500 pC. The selected single shots represent
typical bunches out of 50 measurements, and the rms bunch
length values (�t;e) including measurement error in the legends

correspond to the shown single shots.
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coated silicon screen and using the THz spectrometer up-
stream of the collimator (see Fig. 1). Technical details
about the THz spectrometer and the transport beam line
for THz radiation can be found in Refs. [38,39,46]. Several
hundred single-shot THz spectra in the wavelength range
5–430 
m were recorded for electron bunch charges of
100 and 500 pC. At the same time, single-shot longitudinal
phase space measurements using the TDS in combination
with the energy spectrometer were carried out in order to
compare and verify the reconstruction of the longitudinal
electron bunch profiles from the spectroscopic measure-
ments. Diagnostics for FEL photon pulse durations were
not available during these measurements.

Figure 6 shows the measured mean moduli of the lon-
gitudinal form factors, including jFj derived from TDS
measurements (red line), together with the reconstructed
electron bunch currents in comparison with the corre-
sponding time-domain TDS measurements (insets of
Fig. 6). The measurements of the longitudinal form factors
jFj were done with two reflection grating sets (‘‘THz:
Short’’ and ‘‘THz: Long’’) and averaged over �300 single
shots. The insets of Fig. 6 show single-shot electron bunch
currents reconstructed by means of an inverse Fourier
transform using the Kramers-Kronig relations for the phase
retrieval in comparison with direct measurements in
the time domain using the TDS. The integrals in Eqs. (7)
and (8) for the electron bunch profile reconstruction were
computed for single shots, representing the typical
form factor out of the �300 measurements, with a short-
wavelength cutoff at 5 
m and by applying an extrapola-
tion with jFj ! 1 for long wavelengths.

The results of both experimental methods are in good
agreement and show the same features within the electron
bunch currents. The deviations can be explained by un-
certainties of both methods, including the unknown and
omitted Blaschke phase in Eq. (7), and due to the fact that
both diagnostics are not located at the same position along
the beam line. In fact, the collimator between the two
positions (see Fig. 1) generates longitudinal dispersion,
which changes the longitudinal electron bunch profile
depending on the actual energy chirp of the electron bunch
and the settings of the collimator magnets. Nevertheless,
the good overall agreement of the comparative measure-
ment confirms the consistency of both high-resolution
longitudinal electron beam diagnostics.

C. Measurement of FEL pulse energy statistics

The physical background of the FEL photon pulse du-
ration estimations based on statistical properties of SASE
FEL radiation has been described in Sec. II C. FLASH is
equipped with the following set of detectors for single-shot
measurements of the radiation pulse energy: gas monitor
detectors, microchannel plate (MCP) based detectors,
photodiodes, and thermopiles [47–50]. The detectors are
installed at several positions along the photon beam line

(see also Fig. 1). The MCP detector is installed in front of
all other detectors and is used for precise measurements of
the FEL photon pulse energy. The MCP measures the
radiation scattered by a metallic mesh (Cu, Fe, and Au
targets are being used) placed behind an aperture located
downstream of the undulator magnets. The electronics of
the MCP detector has an excellent signal-to-noise ratio of
about 100 and thus allows high-resolution measurements
of the energy fluctuation.
The measurement procedure was organized as follows.

First, the SASE FEL process was tuned to the maximum
MCP signal at full undulator length of 27 m (six undulator
modules). Then an orbit kick was applied by switching on
steerer magnets after the fourth undulator module such that
the FEL amplification process was suppressed in the last
two undulator modules. The level of the FEL radiation
pulse energy after four undulator modules was about a
factor of �20 less compared to the level at saturation,
and by taking into account the saturation length, which
was estimated to be Lsat ¼ 22:5� 2:5 m for both electron
bunch charges within the presented experimental condi-
tions, the normalized undulator length was s=Lsat ¼
0:80� 0:09 there. It has been shown in Sec. II C that this
point corresponds to the end of the exponential gain re-
gime. The aperture of the detector was adjusted such that
all photons passed through the scattering target of
the detector. Thus, the MCP signal is proportional to the
single-shot FEL radiation pulse energy. However, the
fluctuations of electron beam and accelerator parameters
contribute to the fluctuations of the radiation pulse ener-
gies, while only fundamental SASE FEL fluctuations are
essential. For this reason, a selection procedure had to be
applied to the recorded data. The important electron beam
and accelerator parameters, e.g., bunch charge monitor
readings, beam position monitor readings, readings of the
bunch compression monitors, and read back values of rf
parameters were recorded for each shot together with the
readings of the MCP detector. If electron beam or accel-
erator parameters deviated more than the prescribed
threshold, the events were excluded from the data set.
We note that the number of events in the data set after
the selection procedure must be sufficiently large in order
to provide an acceptable statistical accuracy.
Figure 7 shows the probability distribution of the FEL

radiation pulse energies for the electron bunch charges of
150 and 500 pC. The sets of raw data contained about 1400
(1700) single-shot measurements, and about 800 (550)
measurements remained after the data selection procedure
for 150 pC (500 pC). The selection was mainly achieved by
removing large electron bunch charge fluctuations and rf
phase drifts in the first accelerating structure (ACC1) up-
stream of the first bunch compressor. The data selection
thresholds were chosen to remove clear correlations with
the MCP readings. The measured number of modes
amount to M ¼ 2:8� 0:5 and 12� 2 for the settings
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with 150 and 500 pC, respectively, and the quoted errors
are based on uncertainties of the data selection procedure.
If a Gaussian shape for the lasing fraction of the electron
bunch is assumed, we can apply Eq. (13) in order to
determine the rms electron bunch length that contributes
to lasing and get �t;e ¼ 23� 4 fs and 96� 18 fs for the
electron bunch charge of 150 and 500 pC, respectively. The
minimum FWHM photon pulse durations Tmin

p at the end of

the exponential gain regime are estimated to be these
obtained rms electron bunch lengths [see Eq. (13)], i.e.,
Tmin
p ¼ 23� 4 fs and 96� 18 fs, respectively. The quoted

errors are purely statistical and assume a Gaussian shape
for the lasing fraction of the electron bunch. Significant
systematical errors can appear due to large deviations from
the assumed longitudinal electron bunch profile and time-

dependent electron bunch properties such as the transverse
slice emittance.
In parallel with statistical measurements, FEL photon

spectra were recorded using the soft x-ray (SXR)
spectrometer in the photon beam line. We note that the
spectrum is simply a Fourier transform of the temporal
structure, and the average number of spikes (modes) in the
time domain should be about the same as the number of
spikes in the spectral domain. The single-shot soft x-ray
spectra were obtained by using a plane grating monochro-
mator, operating in a spectrographic mode with a resolving
power �=�� > 10 000 [51]. We observed qualitative
agreement between the spectral measurements (number
of spikes) and the number of modes measured by FEL
pulse energy statistics (see Fig. 8). The detailed analysis of
the spectral measurements, taking into account the energy

FIG. 8. Single-shot (red, green, and blue solid lines) and mean
(dashed black lines) spectra of soft x-ray pulses measured at the
end of the exponential gain regime using the SXR spectrometer
for the settings with (a) 150 pC and (b) 500 pC. The mean
spectra represent an average over �2500 single shots.

FIG. 7. The probability distributions pðEÞ of the FEL radiation
pulse energy E of soft x-ray pulses at the end of the exponential
gain regime for electron bunch charges of (a) 150 pC and
(b) 500 pC. The histograms (blue bars) represent the data with
the relative radiation pulse energy spread �E=hEi, and the solid
curve (red lines) show the gamma distribution using M ¼ 2:8
and 12 (modes) for 150 and 500 pC, respectively.
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chirp of the electron bunches, is beyond the scope of this
paper and will be reported elsewhere.

Based on the theoretical model described in Sec. II C
and according to Fig. 3(b), the expected FEL photon pulse
durations at saturation and beyond can be extrapolated by
the minimum FWHM photon pulse durations measured at
the end of the exponential gain regime. In the nonlinear
regime at s=Lsat � 1:2 [see Fig. 3(b)] and by using the
measured minimum FWHM photon pulse durations Tmin

p ,

we would expect FWHM FEL photon pulse durations
of Tp ¼ 43� 8 fs (lengthening of �1:9) and Tp ¼ 169�
32 fs (lengthening of �1:75) for the beam settings with
150 and 500 pC, respectively. For these expected FEL
photon pulse durations and by considering the measured
average FEL pulse energies (see Table I) of 30 
J (150 pC)
and 200 
J (500 pC), the peak powers result in 0:7�
0:1 GW and 1:1� 0:2 GW, respectively.

IV. SOFT X-RAY PULSE DURATIONS VERSUS
ELECTRON BUNCH LENGTHS

The average rms electron bunch lengths determined by
time-domain longitudinal phase space diagnostics are
h�t;ei ¼ 41� 3 fs and 103� 4 fs for the bunch charges

of 150 and 500 pC, respectively. The corresponding
minimum FWHM soft x-ray pulse durations at the end of
the exponential gain regime estimated by SASE FEL pulse
energy statistics are Tmin

p ¼ 23� 4 fs and 96� 18 fs,

respectively, for the same electron bunch charges.
As described in Sec. II C for Gaussian longitudinal

profiles, the rms electron bunch length �t;e that contributes

to lasing is related to the minimum FWHM FEL photon
pulse duration Tmin

p by �t;e ’ Tmin
p [see Eq. (13)], where

Tmin
p ¼ 2

ffiffiffiffiffiffiffiffiffiffi
2 ln2

p
�min

t;p with the corresponding minimum rms

FEL photon pulse duration �min
t;p . The comparison of �t;e

and Tmin
p (�t;e) shows that the rms electron bunch lengths

measured by longitudinal phase space diagnostics are
larger than estimated by SASE FEL pulse energy statistics,
which is more significant for the bunch charge of 150 pC.
Figure 9 shows a measured single-shot longitudinal elec-
tron bunch profile (I in kA) for 150 pC and two Gaussians
(I in arbitrary units) with standard deviations � ¼ �t;e ’
Tmin
p , which represents a potential lasing part of the elec-

tron bunch, and � ¼ �min
t;p ¼ Tmin

p =ð2 ffiffiffiffiffiffiffiffiffiffi
2 ln2

p Þ, representing
the corresponding soft x-ray pulse. The amplitudes and
peak positions of the Gaussians were chosen to fit the core
region of the measured longitudinal electron bunch profile.
The deviations of the estimated minimum FWHM soft
x-ray pulse duration Tmin

p , i.e., the lasing fraction of the

electron bunch �t;e, from the measured rms electron bunch

length �t;e can be explained most likely by the non-

Gaussian longitudinal electron beam profile with low
currents in the tails that do not contribute to lasing but to
the rms electron bunch length value.

In cases of non-Gaussian longitudinal electron bunch
profiles, e.g., an electron bunch compression mode with a
short leading spike (e.g., Refs. [2,6]), a Gaussian-like core
region needs to be identified in order to determine the pulse
durations. For instance, the FWHM bunch length value,
which is not that sensitive to tails in the electron bunch, can
be determined and used to calculate an effective rms bunch
length for comparison with the minimum FWHM FEL
photon pulse duration. For the settings with 150 pC, the
FWHM electron bunch length is 70� 17 fs which
corresponds to an effective rms electron bunch length of
30� 7 fs (cf. with Tmin

p ¼ 23� 4 fs).

For a more precise identification of the lasing part within
the electron bunches, simultaneous information of other
parameters, e.g., the slice emittance, or time-domain
measurements of the FEL photon pulse profiles (e.g.,
Refs. [18,19,25]) are required. However, the longitudinal
electron beam diagnostics discussed here provide robust
estimates on the upper limits of the expected FEL photon
pulse durations and allows their monitoring.

V. SUMMARYAND CONCLUSIONS

Information on the FEL photon pulse durations is im-
portant for time-resolved and high intensity experiments in
photon science. However, direct measurement of femto-
second FEL photon pulse durations in the extreme-
ultraviolet and x-ray wavelength range is a tremendous
challenge, and well established methods are not yet
available. The theoretical considerations, simulations,
and experimental data presented in this paper show that

FIG. 9. Single-shot longitudinal electron bunch profile mea-
surement using the TDS for a bunch charge of 150 pC (dashed
red line). The selected single shot represents a typical bunch out
of 50 measurements [cf. Fig. 5(a)] with an rms bunch length of
�t;e ¼ 41� 2 fs. The blue solid (dotted) line shows a Gaussian

with � ¼ 23� 4 fs representing the width �t;e of a potential

lasing part of the electron bunch. The green solid (dotted) line
shows a Gaussian with � ¼ ð23� 4Þ=ð2 ffiffiffiffiffiffiffiffiffiffi

2 ln2
p Þ fs representing

the corresponding soft x-ray (photon) pulse duration �min
t;p . The

dotted lines describe the error bands (� ).
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high-resolution electron beam diagnostics can be utilized
to provide reasonable constraints on expected FEL photon
pulse durations. We discussed two different longitudinal
electron beam diagnostics with single-shot capability and
femtosecond accuracy, and presented consistent single-
shot measurements of longitudinal electron bunch profiles
with good agreement. The electron beam measurements
were performed in the frequency domain by THz spectros-
copy of coherent transition radiation and in the time
domain by longitudinal phase space measurements using
a TDS in combination with a magnetic energy spectro-
meter. In the latter case, an unprecedented single-shot rms
time resolution of 8 fs has been achieved. The results from
the longitudinal phase space measurements were compared
with soft x-ray pulse durations estimated by SASE FEL
pulse energy statistics, and the consistent results show that
rms electron bunch lengths, determined by longitudinal
electron beam diagnostics, provide upper limits on
the expected FWHM FEL photon pulse durations.
Theoretical considerations and FEL simulations verify
this experimental observation and facilitate the extrapola-
tion of the expected FEL photon pulse durations in the
saturation regime and beyond based on the measurements
in exponential gain regime. In addition, we demonstrated
the generation of soft x-ray pulses with a peak radiation
power in the GW level and with durations well below 50 fs
(FWHM) after implementation of the new uniform elec-
tron bunch compression scheme using a third-harmonic rf
linearizer system at FLASH.
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Malmö, Sweden, 2010, TUOBI2.

[28] E. Vogel et al., in Proceedings of the 1st International
Particle Accelerator Conference, Kyoto, Japan, 2010
(ICR, Kyoto, 2010), THPD0003.

[29] H. Edwards, C. Behrens, and E. Harms, in Proceedings of
the 25th International Linear Accelerator Conference,
Tsukuba, Japan, 2010, MO304.

[30] E. L. Saldin, E. A. Schneidmiller, and M.V. Yurkov,
Report No. TESLA-FEL-2004-06, 2004.
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5.2 Femtosecond X-ray pulse temporal characterization in FELs using a transverse deflector

5.2 Femtosecond x-ray pulse temporal characterization
in free-electron lasers using a transverse deflector

The realization and interpretation of various experiments on ultrafast dynamics in pho-
ton science at X-ray free-electron lasers (see Sec. 1.2) are based on the reliable generation
and temporal characterization of femtosecond FEL radiation pulses. Time-resolved electron
beam diagnostics at a soft X-ray FEL demonstrated robust estimates on the upper limits of
the expected FEL radiation pulse durations [57] and allow their monitoring during the FEL
operation. However, for a more precise identification of the lasing part within the electron
bunches and for actual temporal profiles of the power in the FEL radiation pulses, direct
time-domain measurements of the temporal FEL radiation pulse profiles are required.

As has been discussed in chapter 2, the principle of X-ray FELs is based on the resonant
energy transfer between a relativistic electron beam and an EMwave copropagating through
a long undulator. When FEL amplification takes place, charge density modulations on the
scale of the resonant wavelength develop and lead to a corresponding net energy transfer
from the electrons to the EMwave. As a consequence, the FEL amplification process induces
a time-dependent energy loss and spread within the electron bunches. The temporal FEL
radiation pulse profiles appear then as a replica within the longitudinal phase space of the
FEL driving electron bunches downstream of the undulator (e.g., Refs. [74, 107, 114]) and
can thus be measured by longitudinal phase space diagnostics for electron beams.

In order to separate the FEL radiation pulses for experiments and to finally dump the
electron beams, X-ray FELs have a large dispersive beamline downstream of the undulator,
which can be utilized as a magnetic energy spectrometer. The combination of such a disper-
sive beamline with a transverse deflecting r.f. structures allows single-shot measurements of
the longitudinal phase space, which do not disturb the FEL operation. Transverse deflecting
r.f. structures in combination with magnetic energy spectrometers (e.g., Refs. [57, 101, 113])
demonstrated temporal resolutions of sub-10 fs r.m.s. [57] and relative energy resolutions of
∼ 10−4 r.m.s. [88]. By using X-band r.f. technology and magnetic energy spectrometers with
optimized dispersion, temporal resolutions of ∼ 1 fs r.m.s. and relative energy resolutions
well below ∼ 10−5 r.m.s. can be expected [74]. These unprecedented resolutions will be suf-
ficient to measure the induced time-dependent energy change within the electron bunches,
making single-shot characterization of the temporal FEL radiation pulses possible.

The following article reports on a novel concept for temporal X-ray pulse characteriza-
tion at FELs based on single-shot longitudinal phase space diagnostics for electron beams.
The presented calculations and simulations show the capability for simultaneous measure-
ments of temporal X-ray pulse and electron bunch profiles with femtosecond resolution.
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We propose a novel method to characterize the temporal duration and shape of femtosecond x-ray

pulses in a free-electron laser (FEL) by measuring the time-resolved electron-beam energy loss and energy

spread induced by the FEL process, with a transverse radio-frequency deflector located after the undulator.

Its merits are simplicity, high resolution, wide diagnostic range, and noninvasive to user operation. When

the system is applied to the Linac Coherent Light Source, the world’s most powerful x-ray FEL, it can

provide single-shot measurements of the electron-beam and x-ray pulses with a resolution on the order of

1–2 femtoseconds rms.

DOI: 10.1103/PhysRevSTAB.14.120701 PACS numbers: 41.60.Cr, 41.50.+h

I. INTRODUCTION

The successful operation of the Linac Coherent Light
Source (LCLS) [1], with its capability of generating free-
electron laser (FEL) x-ray pulses from a few femtoseconds
(fs) up to a few hundred fs, opens up vast opportunities for
studying atoms and molecules on this unprecedented
ultrashort time scale. However, tremendous challenges
remain in the measurement and control of these ultrashort
pulses with femtosecond precision, for both the electron-
beam (e-beam) and the x-ray pulses.

For ultrashort e-beam bunch length measurements, a
standard method has been established at LCLS using an
S-band radio-frequency (rf) deflector, which works like a
streak camera for electrons and is capable of resolving
bunch lengths as short as �10 fs rms [1]. However, the
e-beam with low charges of 20 pC at LCLS, which is
expected to be less than 10 fs in duration, is too short to
be measured using this transverse deflector [2]. Recently, a
new method of measurement that maps time to energy has
been proposed [3] and demonstrated [4] at LCLS, with a
measured e-beam resolution about 1 fs rms.

The measurement of the electron bunch length is helpful
in estimating the FEL x-ray pulse duration. However, for a
realistic beam, such as that with a Gaussian shape or a
spiky profile, the FEL amplification varies along the bunch
due to peak current or emittance variation. This will result
in differences between the temporal shape or duration of
the electron bunch and the x-ray pulse. Initial experiments
at LCLS have revealed that characterization of the x-ray
pulse duration on a shot-by-shot basis is critical for the

interpretation of the data. However, in the femtosecond
regime, conventional photodetectors and streak cameras do
not have a fast enough response time for characterizing the
ultrashort x-ray pulses. In addition, because of the vanish-
ingly small cross sections in nonlinear processes at x-ray
wavelengths, it makes the temporal correlation techniques
very difficult to realize. To overcome these difficulties,
some new methods have been studied recently. One of
the time-domain methods is the terahertz-field-driven
x-ray streak camera [5], where a terahertz field is used to
modulate the photoelectrons generated from x-ray gas
ionization. By measuring the energy distribution of the
photoelectrons the x-ray pulse length can be determined.
Here the terahertz radiation is generated from the same
electron bunch in a dedicated undulator to achieve a syn-
chronization between the x-ray and terahertz fields. An
external optical laser has also been tested to streak the
photoelectrons at the LCLS, but single-shot measurements
are not possible due to the synchronization difficulties [6].
In the frequency domain, pulse length measurements based
on statistical analysis of the fluctuations in the radiation
spectrum have been reported [7], and recently this tech-
nique has been experimentally studied at LCLS from mul-
tishot analysis of the spectral correlation function [8].
There are also other techniques proposed or tested, such
as x-ray autocorrelation or x-ray gas interactions [9,10].
We propose a novel method in this paper to characterize

the FEL x-ray pulse duration and temporal shape. A trans-
verse rf deflector is used in conjunction with an e-beam
energy spectrometer, located after the FEL undulator. By
measuring the difference in the e-beam longitudinal phase
space between FEL-on and FEL-off, we can obtain the
time-resolved energy loss and energy spread induced from
the FEL radiation, allowing the FEL x-ray temporal shape
to be reconstructed. This is a simple, single-shot method
that is noninvasive to the FEL operation. The X-band
transverse deflector that has been designed for the LCLS
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will cover the diagnostic range from a few fs to a few
hundred fs over the full range of the FEL radiation
wavelengths.

II. RF DEFLECTOR AND SYSTEM LAYOUT

The idea of using an rf deflecting structure (operating in
the TM11 mode) to kick the electron beam was first
proposed in the 1960s [11], and has been recently used
for e-beam bunch length and temporal profile measure-
ments in FELs and other accelerator facilities [12]. We
assume the bunch is deflected in the horizontal plane by the
high-frequency time variation of the deflecting fields,
where the resulting horizontal beam width measured on a
downstream screen (with a phase advance near �=2)
represents a single-shot measure of the absolute bunch
temporal profile. This horizontally ‘‘streaked’’ e-beam is
then sent to an energy spectrometer, which is composed of
dipoles and quadrupoles providing large vertical momen-
tum dispersion. If the optics is designed to have a vertical
beta function small enough at the downstream screen, the
vertical beam extent across the screen represents a mo-
mentum spread in the beam. With this setup, the e-beam
longitudinal phase space dimensions (time and energy)
are mapped into the real space transverse dimensions
(horizontal and vertical).

In the FEL process, the interaction between an e-beam
and an electromagnetic wave leads to e-beam energy
modulation at the fundamental radiation wavelength. As
electrons oscillate in the undulator, a periodic density
modulation (the so-called ‘‘microbunching’’) at the radia-
tion wavelength builds up. The microbunched e-beam then
emits coherent radiation at the expense of the electron
kinetic energy. The collective interaction of the beam-
radiation system leads to an exponential growth of the
radiation intensity along the undulator distance. As a
result, it causes electron energy loss and energy spread
increase and the FEL power reaches saturation. At LCLS,
the typical FEL-induced electron energy loss at saturation
is more than 10 MeV [1]. To obtain the x-ray temporal
profile, we first suppress the FEL process (e.g., by kicking
e-beam to make a local oscillating orbit inside the undu-
lator) and measure the e-beam time-energy phase space,
from which we can get the e-beam temporal profile and
also achieve a baseline (background) on the energy loss. To

overcome the fluctuation of the measured background in
the FEL-off case, multishot average and jitter correction
should be considered in the practical measurements. Next,
the FEL is restored and we measure the time-energy phase
space again for each bunch. By subtracting the baseline
measured with FEL-off, we can obtain the time-resolved
energy loss or energy spread due to FEL radiation, shot by
shot. The x-ray temporal power profile is then determined
by combining the e-beam current profile and the time-
resolved energy loss.
Figure 1 shows the beam line layout of this diagnostic

system to be installed at the end of the LCLS main undu-
lator. We use two 1-meter long X-band rf deflecting struc-
tures to provide a maximum horizontal kick of 46 MeV=c,
with 40 MW input rf power at the deflecting structure [13].

III. APPLICATION OF THE METHOD

The deflecting force imparts a transverse momentum on
the bunch with a small kick angle, �x0, given by

�x0ðtÞ ¼ eV0

pc
sinð2�ct=�þ ’Þ

� eV0

pc

�
2�

�
ct cos’þ sin’

�
; (1)

where V0 is the deflector peak voltage, p is the beam’s
longitudinal momentum in the structure, � ¼ 2:63 cm is
the rf wavelength, ’ is the rf phase (¼ 0 at zero crossing),
and t is the electron time coordinate relative to the bunch
center. The approximation is made that the bunch length is
much shorter than the rf wavelength, jctj � �=2�.
From the deflecting point to the downstream screen, the

beam is transported through a transfer matrix with angular-

to-spatial element R12 ¼ ð�xd�xsÞ1=2 sin��. Here�xd and
�xs are the horizontal beta functions at the deflector and the
screen, respectively, and �� is the horizontal betatron
phase advance from the deflector to the screen. The trans-
verse position of each ultrarelativistic electron on the
screen is then given:

�xðtÞ ¼ eV0

pc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�xd�xs

p j sin��j
�
2�

�
ct cos’þ sin’

�
: (2)

From Eq. (2) it is clear that, for bunch length measure-
ment, operating at the zero-crossing phase (’ ¼ 0) gives

FIG. 1. A layout of the diagnostic system with a transverse rf deflector and an energy spectrometer.
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the best streaking effect with the horizontal beam size
corresponding to the bunch length (�x / c�t), while
sin’ � 0 gives a centroid offset which can be used for
the calibration (h�xi / sin’). For example, by measuring
the horizontal centroid offset with a small rf phase shift
around zero crossing, the size of horizontal dimension is
calibrated relative to the absolute rf wavelength. From
Eq. (2), near zero crossing, the time calibration factor
can be written as

S ¼ �x

c�t

¼ eV0

pc

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�xd�xs

p j sin��j 2�
�

: (3)

For the LCLS e-beam high-energy case of 14 GeV, based
on the parameters listed in Table I, S ¼ 128. This means if
the measured horizontal beam size �x ¼ 128 �m, the
actual bunch length is c�t ¼ 1 �m.

Note that an X-band rf deflector has been chosen over an
S-band one—like the original transverse deflector [11]—in
order to impart a stronger sweep to the beam and thus
improve the temporal resolution. At X-band the rf wave-
length, �, is smaller, giving a factor 4 improvement in
Eq. (2). Furthermore, higher rf gradients can be achieved
at X-band, allowing V0 to be increased and further improv-
ing the gain in Eq. (2).

The vertical beam size measured after the vertically bent
spectrometer represents the electron energy deviation,
which is given by

�y ¼ �ys�; (4)

where �ys is the vertical momentum dispersion function at

the screen, and � is the relative energy deviation before the
energy spectrometer. Note now we have a two-dimensional
image on the screen with x corresponding to time, and
y corresponding to energy.

Temporal resolution �t;r and energy resolution �E;r can

be defined as

�t;r ¼ �x0

cS
; �E;r ¼

�y0

�ys

E0; (5)

where�x0 or �y0 is the nominal transverse beam size at the

screen (i.e., in the absence of deflecting voltage for �x0,
and in the absence of dispersion for �y0), and E0 is the

average electron energy.
As seen from Eqs. (2), (4), and (5), the beam transpor-

tation optics should be optimized to achieve the best reso-
lution. Larger horizontal beta function at the deflector and
smaller vertical beta function at the screen are preferred.
The optics beta and dispersion functions for the LCLS
high-energy case (14 GeV) are shown in Fig. 2, where
the existing LCLS beam line magnets are used but
their strengths have been adjusted to optimize the beta
functions. In this example, the horizontal �xd ¼ 120 m,
�xs ¼ 170 m, the phase advance �� ¼ 90�, the vertical
beta function at the screen �ys ¼ 0:54 m, and the disper-

sive function�ys ¼ 0:65 m. Avery similar optics setup has

also been achieved at low electron energy (4.3 GeV) for
soft x-ray generation.
The main parameters are summarized in Table I, based

on a normalized projected emittance of 0:6 �m. The po-
tential temporal resolution is �1 fs rms for LCLS soft
x rays, and �2 fs rms for hard x rays.

IV. SIMULATION STUDIES

Start-to-end simulations have been carried out to verify
this scheme. IMPACT-T [14] and ELEGANT [15] codes have
been used in the injector and main linac, including bunch
compressors. In the undulator, a three-dimensional (3D)
FEL simulation code GENESIS [16] has been adopted for
FEL simulations, where the resistive wakefields from the
undulator chamber and the spontaneous undulator radia-
tion are also included. At the end of the undulator, the
dumped particles are used again by ELEGANT to track them
through the transverse deflector and the energy spectrome-
ter down to the dump screen. From the simulated images
with FEL-off and FEL-on on the dump screen, we can
analyze the x-ray pulse duration.
We first show an example of the LCLS hard x-ray

case (radiation wavelength of 1.5 Å, e-beam energy of

TABLE I. X-band transverse deflector parameters.

Parameter Symbol Value Unit

rf frequency f 11.424 GHz

Deflecting structure length L 2� 1 m

rf input power P 40 MW

Deflecting voltage (on crest) V0 48 MV

Soft x-ray (e-beam 4.3 GeV)

Calibration factor S 400

Temporal resolution (rms) �t;r �1 fs

Energy resolution (rms) �E;r 56 keV

Hard x-ray (e-beam 14 GeV)

Calibration factor S 128

Temporal resolution (rms) �t;r �2 fs

Energy resolution (rms) �E;r 100 keV
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FIG. 2. The optics layout for this diagnostics. The locations of
the deflector and screen are marked in the picture.
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13.6 GeV, total undulator length of 132 m including
breaks) with a nominal operating charge of 250 pC. The
average e-beam peak current is about 3 kA. Since the
resistive wakefields in the linac rf structure lead to a
third-order nonlinear curvature in the longitudinal phase
space, we typically have a ‘‘double-horn’’ shape in the
current profile. It is of great importance and interest to
characterize the lasing process from this complicated
bunch shape.

Figures 3(a) and 3(b) show the simulated ‘‘measure-
ments’’ of the projected transverse images at the dump
screen, with the horizontal axis representing time, and the
vertical axis representing energy. Clearly, we can see the
difference in the energy dimension between FEL-on and
FEL-off. When the FEL is switched off [Fig. 3(a)], we
measure a time-resolved e-beam energy [EFEL offðtÞ] and
energy spread [�EFEL off

ðtÞ]. The main collective effects

include those from undulator chamber wakes, undulator
spontaneous radiation, transverse deflecting, and coherent
synchrotron radiation (CSR) in the spectrometer dipoles.

When switched on [Fig. 3(b)], the FEL radiation results in
an additional energy loss [�EFELðtÞ] and energy spread
[�EFEL

ðtÞ]. Then we measure the e-beam energy (EFEL on)

and energy spread (�EFEL on
) for the FEL-on case. From the

two measurements we can determine the time-sliced en-
ergy loss or energy spread increase purely induced from
the FEL radiation:

�EFELðtÞ ¼ EFEL offðtÞ � EFEL onðtÞ;
�EFEL

ðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2

EFEL on
ðtÞ � �2

EFEL off
ðtÞ

q
: (6)

The horizontal projection of the images in Figs. 3(a) and
3(b) represents the e-beam temporal profile IðtÞ. The trans-
verse deflector method provides an additional technique
for eliminating systematic correlation errors. The upstream
bunch compressors in the LCLS are in the horizontal plane
and the CSR from their bends introduces a transverse kick
to the electrons which is correlated to their longitudinal
position in the bunch [17]. This correlation between the
horizontal and longitudinal planes can affect the phase

(a) FEL-off (b) FEL-on

−40 −30 −20 −10 0 10 20 30 40

1000

2000

3000

4000

5000

6000

7000

8000

time (fs)

C
ur

re
nt

 (
A

)

simulated
reconstructed

(c) e-beam current profile

−40 −30 −20 −10 0 10 20 30 40
0

50

100

150

time (fs)

X
−

ra
y 

po
w

er
 p

ro
fi

le
 (

G
W

)

simulated
reconstructed

(d) x-ray profile

FIG. 3. The simulated images on the screen representing e-beam longitudinal phase space for FEL-off (a) and FEL-on (b). The bunch
charge is 250 pC with an energy of 13.6 GeV. Parts (c) and (d) show the reconstructed e-beam current and FEL x-ray profiles (magenta)
comparing with the simulated ones (blue). The bunch head is to the left.
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space reconstruction technique because the deflector also
streaks the beam horizontally. This effect can be canceled
by performing a second measurement at the other rf zero-
crossing phase, 180� from the first measurement [18]. An
effective calibration factor can be defined after the dual rf
zero-crossing measurements. Figure 3(c) shows the recon-
structed e-beam current profile from two zero-crossing
phases comparing with the original one.

With the obtained time-sliced energy loss and current,
the x-ray power profile is directly determined with an
absolute power scale [PðtÞ ¼ �EFELðtÞ � IðtÞ]. The recon-
structed x-ray profile from the energy loss for this hard
x-ray example is shown in Fig. 3(d). Since LCLS is oper-
ating in the self-amplified spontaneous emission (SASE)
mode, there are many longitudinal spikes whose typical
width is �0:2 fs in this hard x-ray wavelength. The recon-
structed pulse shape is a smooth approximation to the
actual profile, where the finer spikes are smeared out
due to the limited temporal resolution. Using the energy
spread data we get a similar x-ray profile. To obtain the
absolute power scale from the energy spread analysis it

requires an additional measurement of the total x-ray pulse
energy.
Comparing the e-beam current profile with the x-ray

profile shown in Fig. 3, we can see that the shape of the
x-ray profile deviates from the e-beam current profile, with
less lasing right after the horn at the head of the bunch. This
is the result of the wakefields in the undulator chamber
suppressing the FEL lasing from the first horn at the head
of the bunch.
Low charge operation mode with 20 pC at LCLS has

been used in many x-ray user experiments for producing
x-ray pulses of a few fs [2]. Since these short x-ray pulses
typically only have a few spikes, there is a large variation
on the pulse shape. This makes the measurement of the
actual x-ray pulse profile even more critical. We show an
example of the soft x-ray case right after saturation. The
e-beam bunch charge is 20 pC and the energy is 4.3 GeV. In
the second bunch compressor, the e-beam is overcom-
pressed so we can have a Gaussian-like current profile to
generate a shorter x-ray pulse [2]. The longitudinal phase
space simulated at the dump screen is shown in Fig. 4. By
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FIG. 4. The simulated images on the screen representing e-beam longitudinal phase space for FEL-off (a) and FEL-on (b). The bunch
charge is 20 pC with an energy of 4.3 GeV. Parts (c) and (d) show the reconstructed e-beam current and FEL x-ray profiles (magenta)
comparing with the simulated ones (blue). The bunch head is to the left.
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subtracting the nonlasing background, the x-ray profile is
reconstructed [Fig. 4(d)]. The e-beam is about 4 fs FWHM,
and the FEL profile in this snapshot has one main spike,
and two small side spikes. Comparing the reconstructed
x-ray profile with the simulated one, we see some distor-
tions in the profile peaks but still it is very encouraging.
Running into the deep saturation regime, the slippage
effect between FEL and e-beam may affect the shape of
the reconstructed x-ray power profile, especially for
long-wavelength radiations. At the x-ray wavelengths,
this slippage effect after saturation is not a big problem.

V. DISCUSSIONS AND SUMMARY

As described earlier, we suppress the FEL lasing process
and record the e-beam longitudinal phase space as a base-
line, then compare the FEL-on case with the saved baseline
image to analyze the FEL x-ray profile. In the simulation
examples, we assume a stable e-beam without timing or
energy jitter from shot to shot. The pulse-by-pulse jitter
issues have to be considered during the real measurements.
By choosing the X-band rf deflector, an increased temporal
resolution has been achieved, but the price to be paid is an
increased sensitivity to phase jitter between the bunch
arrival time and the X-band rf system. This must be mini-
mized by designing tight rf phase tolerances into the
system. The present achievable X-band rf phase stability
could be<0:1�, however, the measured LCLS arrival time
jitter is�50 fs rms [1]. This beam arrival time jitter makes
the calibration very difficult. At LCLS, two phase cavities
located after the undulator are used to measure the beam
arrival time with an accuracy of �10 fs rms [19]. These
arrival time data measured from the phase cavities can be
used to correct the timing jitter during the transverse de-
flector calibration measurements. Using these corrections
combined with multishot averaging, we can achieve a
reasonably good calibration within a useful rf phase range.
We can also consider reducing the rf power during the
calibration and then scale the calibration factor based on
the measured rf power. During the phase space measure-
ments, since we operate at the zero-crossing phase region
where the rf amplitude versus the phase is quite linear,
these rf phase jitter and beam arrival jitter do not affect the
measurement, though a relatively large size screen should
be considered for the system design. The e-beam pulse-by-
pulse energy jitter can also be corrected with the beam
position monitors in the dogleg before the undulator. The
transverse jitter out of the undulator is small and does not
cause an additional effect on the measurement. Also note
that the transverse deflector introduces additional correla-
tion between the horizontal position and the energy. This
effect has been included in the simulation examples in
this paper, and it should be small since this energy spread
can be subtracted in the analysis using Eq. (6).

In summary, we have shown that the proposed transverse
rf deflector located after the FEL undulator has the poten-
tial to reconstruct the x-ray temporal profiles with a very
high resolution down to a few fs. This single-shot method
is widely applicable to any radiation wavelength, SASE or
seeded FEL mode, without interruption to user operation.
This data can be delivered to the x-ray experiments in real
time on a pulse-by-pulse basis. In addition, the e-beam
bunch length and temporal profile are also obtained, pro-
viding a useful tool for a detailed study on the FEL lasing
process.
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5 Femtosecond X-ray pulse characterization

5.3 Ultrafast X-ray pulse characterization at
free-electron lasers

The study of dynamics on natural time scales in photon science with femtosecond X-ray
pulses at free-electron lasers (cf. Sec. 1.2) does not only rely on the measurement of the tem-
poral FEL radiation pulse profiles but also on the precise information of their time of arrival
at the actual experiment (see, e.g., Refs. [60, 115, 116]). The arrival time information is of par-
ticular importance for carrying out time-resolved pump-probe experimentswith an external
(pump) quantum laser (e.g., Refs. [105, 106]), where the dynamics of matter is initiated, i.e.,
excited, by the pump laser pulse and then subsequently probed by the FEL radiation pulse
with a variable time delay. Thus, the accuracy of time-resolved pump-probe experiments is
obviously limited by the arrival time jitter between the pump and probe radiation pulses.

Characterization of temporal FEL radiation pulse profiles with single-shot capability
at X-ray FELs has been proposed in Ref. [74] by an indirect method using longitudinal
phase space diagnostics for electron beams, and demonstrated in Refs. [108, 109] by a di-
rect method using streaking techniques with THz fields. The latter is based on the inter-
action of the FEL radiation pulse with a noble gas, which leads to the ejection of Auger or
photoelectrons with a temporal density profile that resembles the temporal profile of the in-
cident FEL radiation pulse. The ejected nonrelativistic electrons can then be accelerated in
a time-dependent THz field, leading to a mapping (streaking) from the time coordinate to
a kinetic energy shift, which can be measured with a time-of-flight spectrometer and allows
single-shot measurements of the temporal FEL radiation pulse profiles. However, to fully
take advantage of femtosecond X-ray pulses at FELs, single-shot characterization of both
their temporal profile and arrival time with high accuracy is required (see, e.g., Ref. [109]).

Terahertz fields for streaking techniques at X-ray FELs can be generated either by the
FEL driving electron bunch itself, e.g., in an undulator for THz and infrared radiation (e.g.,
Ref. [117]), or externally by optical rectification of a quantum laser pulse in a lithium niobate
crystal (e.g., Ref. [118]). In the latter case, the THz generation can be accomplished with the
same external quantum laser system that is used for time-resolved pump-probe experiments.
As a consequence, the pump laser pulse and the generated THz field for streaking intrinsi-
cally have the same arrival time jitter, and the center of mass of the streaked photoelectron
spectra is thus a measure of the relative timing between the pump and probe pulses [109].

The following article reports on ultrafast X-ray pulse characterization at FELs by using
streaking techniques with THz fields generated by an external quantum laser. The presented
results demonstrate simultaneous single-shot measurements of temporal X-ray pulse pro-
files and their time of arrival with respect to an external quantum laser.
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The ability to fully characterize ultrashort, ultra-intense X-ray pulses at 

free electron-lasers (FELs) will be crucial in experiments ranging from single-

molecule imaging to extreme timescale X-ray science. This issue is especially 

important at current generation FELs, which are primarily based on self-

amplified spontaneous emission and radiate with parameters that fluctuate 

strongly from pulse to pulse. Using single-cycle THz pulses from an optical laser, 

we have extended the streaking techniques of attosecond metrology to measure 

the temporal profile of individual FEL pulses with 5 fs FWHM accuracy, as well 

as their arrival on a time-base synchronized to the external laser to within 6 fs 

rms. Optical laser-driven THz streaking can be utilized at any X-ray photon 

energy and is non-invasive, allowing it to be incorporated in any pump-probe 

experiment, eventually characterizing pulses before and after interaction with 

most sample environments. 

Theoretical studies and user operations at the extreme ultra-violet (XUV) and 

soft X-ray Free-Electron Laser in Hamburg (FLASH)1, at the hard X-ray Linac 

Coherent Light Source at the SLAC National Accelerator Laboratory2 and at the 

SPring-8 Angstrom Compact Free Electron Laser at RIKEN Harima Institute3,4 

indicate that FELs can deliver pulses with duration in the range of tens of 

femtoseconds to less than a femtosecond with ~1011 - 1013 photons per pulse5,6. The 

unique combination of unprecedented brightness and ultrashort pulse duration ensures 

new possibilities for high-resolution time-resolved X-ray studies7,8, for experiments 

involving high-intensity X-ray matter interaction9-11, and will allow for a new class of 

biomolecular imaging experiments12-14. 

However, currently X-ray FELs rely primarily on the stochastic process of 

self-amplified spontaneous emission (SASE) and emit pulses without a well-defined 
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temporal profile. SASE FEL pulses are composed of independent, temporally 

coherent emission spikes. The duration of these spikes can range from hundreds of 

attoseconds to several femtoseconds depending on the coherence length of the FEL 

process15. The full length of the intensity envelope formed by the stochastically 

distributed emission spikes is expected to be one hundred femtoseconds or less and it 

may fluctuate dramatically from shot to shot due to phase space density variations 

across the driving electron bunch. Therefore, in experiments where dynamic 

processes are expected to occur during the FEL exposure, such as in biological 

imaging where the onset of radiation damage is expected within the first few 

femtoseconds, the FEL pulse profile must be measured with femtosecond accuracy on 

a single-shot basis. 

In two-color, time-resolved experiments using an optical laser and the FEL, 

significant temporal jitter and drift exists between the two distinct sources of pump 

and probe. Without additional information, the exact delay between excitation and 

observation is unknown and the time-resolution is reduced to the level of the timing 

jitter. The largest contribution to the timing jitter is caused by insufficient 

synchronization between the optical laser pulse and FEL driving electron bunch. 

When timing is required with resolution equivalent to or better than the FEL pulse 

duration, shot-to-shot fluctuation in the regions or portion of the electron bunch that 

generate SASE amplified radiation become a significant source of additional jitter. 

Insufficient synchronization can be mitigated by simple time-of-arrival 

measurements of the electron bunch with respect to the pump laser pulse16-18. 

However, these measurements cannot be used to address fluctuations in SASE 

amplification over the length of the electron bunch and they introduce an internal 

source of unaccounted timing jitter that accumulates in the long optical paths between 
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the bunch measurement and experiment endstation. More recently, arrival-time 

measurements based on transient X-ray fluence dependent effects have been made 

directly on the FEL photon pulse19-24. However, because the FEL intensity and pulse 

shape changes from shot to shot, these effects can be triggered at different points 

within the FEL emission envelope. This source of error will still be present in seeded 

FEL operation, where the pulse shape is expected to remain stable, but its intensity 

can still fluctuate significantly25. As a result, a timestamp of the FEL pulse arrival, 

regardless of the accuracy, may not provide enough information to achieve sub-X-ray 

pulse duration time-resolution in pump-probe experiments. To ensure that the highest 

time-resolution can be reached at FELs, full shot-to-shot temporal characterization of 

the X-ray pulse profile on a time-base synchronized to the pump laser that drives the 

experiment dynamics is essential.  

We have now achieved this full temporal characterization using independent 

optical laser-driven single-cycle THz pulses for femtosecond time-resolved 

photoelectron spectroscopy. This unique method is implemented in a transparent 

inline geometry, can accommodate fluctuating X-ray pulse intensity, is applicable 

over the full range of photon energies produced by FELs from the XUV to hard X-ray 

regime, and can be applied to pulses ranging from less than 10 femtoseconds to ~100 

femtoseconds.  

 

Ultrashort XUV pulse characterization 

The measurement is adapted from attosecond metrology, where fully coherent 

XUV pulses generated through high-harmonic generation26 have been characterized 

with attosecond precision27,28. In these measurements, a few-cycle laser pulse at 750 

nm central wavelength is used to broaden and shift the initial kinetic energy 
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distribution of photoelectrons ejected from a noble gas target by the XUV pulse. 

When the photoemission process that replicates the temporal structure of the ionizing 

XUV pulse29 is confined to within one half-cycle of the laser field (1.25 fs for 750nm 

carrier wavelength), the detected photoelectron spectrum is said to be streaked. In the 

classical model30 the shift in kinetic energy of the streaked photoemission peak is 

governed by the amplitude of the vector potential of the streaking pulse at the instant 

of ionization. The degree of spectral broadening depends on both the temporal extent 

of the ionizing pulse and the variation of the streaking field over its duration.  

Retrieval of the ionizing XUV pulse profile from the streaked spectrum 

requires characterization of the streaking field. For perfectly synchronized identical 

pulses from the same source, the streaking field is accessed through a set of sequential 

measurements over the full range of delays between optical and XUV pulse. As all 

parameters remain constant throughout the multi-shot acquisition31, a spectrogram 

constructed from the series of measurements reveals the precise streaking field 

parameters and the XUV pulse characteristics can subsequently be obtained for 

streaked spectra averaged at fixed delays with demonstrated sub-100 attosecond 

resolution28,32. 

While attosecond XUV pulses produced by high-harmonic generation are 

confined to the half-cycle of an optical laser field, SASE FEL pulses are expected to 

be as long as ~100 femtoseconds. Therefore, longer streaking fields in the terahertz 

regime must be used for the application of streaking techniques. Direct extension of 

attosecond streaking to the femtosecond regime has been achieved at FLASH by 

using the FEL driving electron bunch in an additional dedicated undulator structure to 

generate multi-cycle, phase-stable THz fields for streaking 33. The THz pulse is 

intrinsically synchronized to the electron bunch, which allows the streaking field 
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parameters to be accessed by traditional attosecond methods. However, this 

synchronization does not permit for access to any timing information relative to an 

external pump-laser system. Furthermore, as the electron bunch generates the 

streaking field, the THz characteristics change as the electron beam is tuned, limiting 

the utility of this technique for FEL studies where beam parameters are varied 

systematically. In the worst case, when the accelerator is tuned for the shortest FEL 

pulses using very low charge and highly compressed bunches, the beam-based THz 

generation will not be strong enough for streaking. Application of this technique is 

additionally complicated, as the FEL pulse and subsequently the THz streaking pulse 

are generated sequentially and the FEL pulse must be delayed with respect to the THz 

pulse to allow for temporal overlap. While this is accomplished at FLASH using 

normal incidence multi-layer optics, these optics cannot be produced at arbitrary 

wavelengths or with arbitrary bandwidths and currently cannot be produced for 

photon energies above ~ 400 eV34,35.  

 

Optical laser-driven THz  streaking spectroscopy 

FEL pulse characterization by an independent laser-driven THz source 

overcomes the limitations of streaking with accelerator-based THz sources while 

maintaining the capability to sample hundred-femtosecond pulses. Furthermore, as 

laser-driven THz fields are locked to the external laser, the resulting FEL pulse profile 

measurements are given on a time-base that is synchronized to the pump-probe 

experiment environment. To accommodate the full range of photon energies, 

appropriate target atoms can be chosen according to the kinetic energy spectrum of 

their emitted Auger electrons or photoelectrons, allowing extension of THz streaking 

into the hard X-ray regime. 
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In contrast to standard attosecond streaking spectroscopy, in the measurements 

presented here, retrieval of the calibrated FEL temporal profile is achieved without 

intrinsic synchronization between the ionizing pulse and the streaking field. This is 

enabled by using single-cycle THz pulses that are characterized independently by 

electro-optic sampling (EOS). Single-cycle THz pulses generated by optical 

rectification of femtosecond Ti:Sapphire laser pulses have a streaking field half-cycle 

or ramp of ~600 fs (ref. 36 and supplementary information), significantly longer than 

the maximum expected FEL pulse duration and timing jitter. As a result, once the 

streaking pulse and FEL pulse have been temporally overlapped, all single-shot 

acquisitions occur on a uniquely defined, nearly linear portion of the streaking ramp. 

As illustrated in Fig. 1, overlap with the THz streaking ramp leads to spectral 

broadening, as photoelectrons ejected by the FEL pulse are subject to different 

streaking strengths depending on their instant of emission. Broader streaked spectra 

are observed by increasing the variation in streaking field strength over the FEL pulse 

envelope, either by increasing the temporal extent of the photoelectron emission, i.e. 

introducing longer X-ray pulses, or by using stronger THz fields with steeper 

gradients. To take advantage of this mutual dependence and retrieve a calibrated FEL 

temporal profile, a streaking map is created from the THz electric field, measured 

independently by EOS, and the classical equation that governs streaking30: 

ሻݐ௦௧ሺܧ  ൌ െܣሺݐሻ െ మሺ௧బሻଶ     where    ܣሺݐሻ ൌ െ  ஶ௧బݐሻ݀ݐሺܧ .   (1) 

 

Here ܧ௦௧ refers to the kinetic energy shift of the photoelectron, pi is the 

initial undressed momentum, ܣሺݐሻ is the THz vector potential and E the THz electric 

field. Using this relationship, a unique transformation between the streaked kinetic 
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energy spectrum and pump-probe experiment time-base is established. When the 

streaked photoelectron spectra are significantly broader than the initial spectral 

bandwidth of the FEL photon pulse, the temporal profile of the FEL pulse can be 

directly recovered. 

The layout of the THz streaking experiment at FLASH is shown in Fig. 2. An 

approximately 3 mJ, ~100 fs Ti:sapphire NIR laser pulse is split into two parts, with 

99% of the pulse used for THz generation, while the remainder is used for in-situ 

EOS characterization of the THz pulse. To phase-match the optical rectification 

process, the pulse front of the driving NIR pulse is tilted with a diffraction grating and 

then imaged onto the LiNbO3 crystal37. The resultant single-cycle THz pulse is ~2 ps 

in duration with a frequency spectrum centred at ~0.6 THz and energy of ~ 4 µJ (see 

supplementary information for details). 

Undressed 2p and 2s photoemission peaks from neon were used to calibrate 

the time-of-flight (TOF) photoelectron spectrometer, as they lie in the spectral region 

of interest. However, helium was used for the streaking measurement because it has 

an isolated photoemission line, which avoids the possibility of photoelectrons from 

different binding energies overlapping with each other when they are broadened 

during streaking. Approximately 10 µJ soft X-ray FEL pulses38 at 4.8 nm (258 eV) 

with an independently measured average bandwidth of ~2.5 eV FWHM (ref. 39) were 

used to eject the He 1s electrons with an initial kinetic energy of ~233 eV. The THz 

and FEL pulses were polarized along the direction of detection such that the streaking 

effect couples directly to the observed photoelectron kinetic energy. 

For short periods of time, during which thermal and other environmental drifts 

are negligible, the optical laser and THz streaking pulse that it produces, as well as the 

FEL pulse, are electronically synchronized to a common rf-distribution network40,41 at 
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the accelerator facility to within ~100 fs rms. By taking advantage of this coarse 

electronic synchronization, spectra were recorded as the desired delay between THz 

and soft X-ray pulses was varied in 100-fs steps. Approximately 400 single-shot 

spectra were collected at each delay step and combined to generate the averaged 

spectrogram shown in Fig. 3. For large delays, where the THz field is weak, the He 1s 

photoemission peak is nearly unaffected and located near its undressed, field-free 

kinetic energy. Around the zero-crossing of the vector potential, the kinetic energy of 

the photoelectrons is shifted and broadened depending on the THz streaking field 

parameters. 

 The streaking map is constructed using equation (1) and the THz electric field 

measured by EOS. While the shape of the measured electric field is exact, 

measurement of the absolute peak electric field strength is less precise due to 

imperfect orientation and impurities in the EO crystal that result in a reduced effective 

electro-optic coefficient. Therefore, the single-shot photoelectron spectra from the full 

time scan that experience the greatest positive or negative kinetic energy shift are 

used to scale the amplitude of the streaking map. This additional measurement allows 

us to determine the absolute electric field strength with much greater accuracy than by 

EOS alone. The streaking map used in our measurements spans the maximum 

observed single-shot shift of the photoemission peak of +23/-37 eV, corresponding to 

a peak THz electric field strength of 165 kV/cm. 

 The resolution of the timing measurements is limited by both the strength of 

the THz streaking field, or degree of spectral broadening, and the energy resolution of 

the photoelectron spectrometer. In these experiments, the energy resolution of the 

photoelectron spectrometer can be determined by comparing the bandwidth of the 

average field-free photoelectron spectrum of the He 1s line to an independent 
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measurement of the average FEL photon bandwidth. The unstreaked, field-free 

photoelectron spectrum is nearly Gaussian with an observed bandwidth of 7.2 eV 

FWHM, which is a convolution of the energy resolution with the FEL bandwidth. 

Because the independently measured FEL bandwidth is 2.5 eV FWHM, the 

photoelectron spectrometer resolution is 6.8 eV FWHM. The energy resolution of the 

photoelectron spectrometer in conjunction with the THz streaking map is used to 

determine the minimum separation between two distinguishable features in the FEL 

pulse temporal profile. In these measurements, the minimum separation is ~40 fs. It is 

expected that this resolution limit can be improved to better than 10 fs. 

 

Complete single-shot FEL temporal pulse characterization 

Characteristic streaking measurements made at FLASH are shown in Fig. 4. 

Figures 4a and 4c show the streaked single-shot spectra of two different FEL pulses. 

Statistical error in the single-shot spectrum is calculated according to the number of 

electrons collected within the energy resolution window of the detector. Because the 

photoelectron spectrum is heavily oversampled, boxcar integration is performed 

across the spectrum, resulting in a smooth error envelope that bounds the measured 

spectrum. 

To recover the FEL pulse profile, the energy resolution of the TOF 

spectrometer is first deconvolved from the measured streaked photoelectron spectra as 

shown in Fig. 4. Figures 4b and 4d show the corresponding transformation of the 

measured and deconvolved spectra to time. In the temporal profile plots, positive time 

corresponds to the leading edge of the soft X-ray pulse.  The FEL pulse in Fig. 4b 

exhibits a dominant central feature that is (53 ± 5) fs FWHM, with weaker satellite 

features at approximately 100 fs from the main peak. In contrast, the other displayed 
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FEL pulse exhibits nearly equal peaks with individual duration of (~ 40 ± 5) fs 

FWHM separated by ~85 fs in time. The accuracy of these measurements is 

determined from the upper and lower statistical error bounds on the streaked 

photoelectron spectrum (details are given in the methods section).  

Structure observed in these FEL pulses is not caused by individual 

longitudinal FEL emission modes, which would typically have a duration of ~ 5 

femtoseconds for the operating parameters at FLASH. Rather, the structure is due to 

uneven soft X-ray amplification over the length of the electron bunch caused by small 

variations in its composition and inherent instability in the highly nonlinear SASE 

process. During these particular measurements, the FEL was operating in the 

exponential gain regime, where it is especially sensitive to electron beam 

parameters42,43. This mode of operation serves as an ideal test of the utility of these 

streaking measurements, as the pulse-to-pulse FEL fluctuations are more severe and 

the FEL flux is relatively low. Under normal saturated user operation with higher 

flux, the measurement is expected to be even more reliable, as the number of detected 

photoelectrons will increase.  

The accuracy of the pulse arrival information is governed by the stability of 

the THz streaking field and fluctuation in the mean FEL photon energy, which results 

in a photoelectron kinetic energy offset and corresponding temporal offset. The 

stability of the THz pulse is a function of the driving optical laser. In these 

experiments, the optical laser pulse energy was measured to be stable to within 1% 

rms. For saturated THz generation, as was the case in these measurements, the THz 

field scales with the square root of the driving laser pulse energy. As a result, the THz 

field is stable to within 0.5% rms and its fluctuation can be neglected when 

considering the stability of the transformed time-base. However, the FEL photon 
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energy during these measurements fluctuated from shot-to-shot at a level of 1 eV rms 

(ref. 39), which constitutes the main source of uncertainty in the time-base of the 

retrieved FEL pulse profile of ~6 fs rms. Using existing technology, this uncertainty 

can be significantly reduced with online measurement of the single-shot FEL photon 

spectrum. It should also be noted that fluctuation in the FEL photon energy has a 

minimal effect on the retrieved pulse profile, as the streaking map transformation is 

nearly linear at the zero-crossing and a small offset in the kinetic energy does not 

affect the spectral broadening due to streaking. 

 These streaking measurements can be used to assess the timing jitter at 

FLASH between the external pump-probe laser and FEL pulse. For this particular 

purpose, we ignore fluctuations in the pulse shape and the arrival of the FEL pulse is 

clocked by calculating the centre-of-mass of the retrieved FEL pulse temporal profile. 

The arrival times of ~ 450 consecutive FEL pulses measured near time-zero in the 

delay scan shown in Fig. 3, are calculated and displayed in Fig. 5. The distribution of 

arrival times has a width of 87 fs rms, which is consistent with the expected 

performance of the electronic laser synchronization17.  

 

Discussion and outlook 

In the future, laser-based THz streaking measurements may be improved to 

allow characterization of fundamental FEL pulse substructure, separated by only 

several femtoseconds, by increasing the energy resolution of the photoelectron 

spectrometer, as well as by increasing the THz streaking strength. A number of 

current advances in THz generation44 and photoelectron spectroscopy indicate that 

significant improvements in our measurement technique could be realised in the near 

future. Single-shot photoelectron detection at FELs has recently been demonstrated at 
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an energy resolution of Δܧ ܧ ൌ 0.4%⁄  (ref. 45), an improvement of nearly an order of 

magnitude in comparison to the energy resolution achieved in these experiments. 

Stronger, steeper streaking fields can be achieved by decreasing the rise-time of the 

streaking ramp46 or by scaling up the THz field strength with stronger driving optical 

laser pulses. Using the tilted pulse-front method and advanced focusing, fields 

exceeding 1 MV/cm have been achieved47. 

Optical laser-driven THz streaking is currently the only method that can 

provide full temporal characterization of FEL photon pulses, which is crucial for their 

most effective and complete utilization. This technique is implemented with standard 

laser technology and the apparatus does not require dedicated accelerator 

infrastructure. Furthermore, this method is ideally suited for use as a diagnostic for 

machine studies and FEL optimization for specific lasing parameters and pulse 

shapes, as it is completely decoupled from all other FEL parameters. Because the 

measurement is made in transmission geometry and does not affect the FEL pulse, it 

can be used as a standard diagnostic between the FEL source and user experiments. 

As a result, it will be possible to perform experiments with sub-pulse duration time-

resolution and the ability to post-process arbitrary experimental data based on the true 

single-shot FEL intensity profile will exist. 
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Methods: 
 
Error Analysis 
 
Statistical error in the single-shot photoelectron spectra is evaluated by counting the 
number of detected photoelectrons within the 6.8 eV energy resolution window of the 
detector by boxcar integration centered at each collected data point. As the spectra are 
heavily oversampled (275 data points were collected within the ~60 eV streaked 
kinetic energy range), an error-envelope is generated rather than discrete points with 
individual error bars.  
 
The 6.8 eV photoelectron spectrometer energy resolution is deconvolved from the 
upper and lower bound of the error-envelope in addition to the measured spectrum 
and mapped to time. Mapping the error-envelope provides an upper and lower bound 
on the pulse temporal profile. Following this procedure, the width of the central peak 
in the measurement shown in the main text (see Fig. 4b), which is 53 fs FWHM, is 
found to have an upper and lower bound of 58 and 48 fs FWHM, respectively. Based 
on this analysis, we conclude that the temporal profile is measured with an accuracy 
of ± 5 fs FWHM. This procedure is illustrated in the Supplementary Information Fig. 
S2. 
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Figure 1| Schematic of single-shot, single-cycle THz streaking measurement. The blue 

and red curves represent the electric-field and corresponding vector potential of a single-cycle 

THz pulse. In the single-shot measurement depicted in a, the FEL pulse does not overlap in 

time with the THz pulse and the kinetic energy distribution of photoelectrons ejected by the 

FEL pulse is unaffected. In this case the measured photoelectron spectrum reveals the 

intrinsic bandwidth ߪிா of the FEL pulse. In the single-shot measurements depicted in b and 

c the FEL induced photoemission overlaps with the streaking THz field and the photoelectron 

spectra are broadened and shifted – “streaked” – depending on their instant of release. In b, 

the FEL pulse overlaps with an extreme of the THz vector potential leading to a maximally 

downshifted photoelectron spectrum with minimized spectral broadening. As a result, 

temporal structure in the pulse is not observed in the measured spectrum. In c, the temporal 

overlap occurs near the zero-crossing of the THz vector potential where the time of arrival as 

well as the temporal profile and duration, ߬ிா, can be accessed with the highest resolution. 

The temporal dynamic range of the measurement is given by the length of the THz vector 

potential half-cycle ሺ∆ݐሻ. 
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Figure 2| THz streaking experiment setup. A Ti:sapphire NIR laser pulse appropriately 

delayed with respect to the FEL pulse is split into two parts. Most of the pulse energy is used 

for tilted-wavefront THz generation in LiNbO3, the remaining part can be used for electro-optic 

sampling (EOS) of the THz pulse in zinc-telluride (ZnTe) for in-situ characterization. In the 

streaking measurement, the collinear FEL photon pulse ejects a burst of photoelectrons from 

the gas with a temporal profile identical to the incident soft X-ray FEL pulse. The THz pulse is 

used to streak the photoelectron burst and consequently characterize the FEL pulse. 

 

  



 

 

 

Figure 3| Averaged spectrogram. Streaked photoelectron spectra of He as a function of set 

delay between the THz streaking pulse and ionizing FEL pulse at FLASH. Coarse 

synchronization between the FEL pulse and streaking pulse was maintained electronically 

during the scan to ~100 fs rms. Each time slice is an average of ~400 single-shot 

measurements.  
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Figure 4| Single-shot FEL pulse power profile on the pump-probe laser time base. 

Panels a and c show two distinct single-shot streaked photoelectron spectra. Shaded error 

envelopes are calculated by boxcar integration based on the number of electrons collected 

within the 6.8 eV FWHM resolution window of the time-of-flight spectrometer. The blue dots 

are the raw data points in the measured streaked spectra. The red curves show the spectra 

after Fourier filtering to remove high frequency noise. The blue curves are the filtered 

streaked spectra following deconvolution of the photoelectron spectrometer resolution. Panels 

b and d show the retrieved FEL pulse profiles on the pump-probe laser time base using the 

single-valued streaking map (black dashed curve). In b and d, the scales on the right 

correspond to the streaking map, the scales on the left correspond to the FEL power that is 

obtained by assuming 10 µJ of pulse energy for the single-shot measurement shown in a. 53 

± 5 fs FWHM substructure is observed in the first single-shot measurement while ~ 40 ± 5 fs 

FWHM substructure is observed in the second. 
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Supplementary	  Information:	  
	  
Single-‐shot	  signal	  processing	  
	  
To access the undistorted streaked photoelectron spectra, steps were taken to reduce 
high frequency noise in the raw TOF signal and to deconvolve the energy resolution 
of the spectrometer from the measured photoelectron spectra. 
 
Raw TOF spectra were Fourier filtered to remove frequency components above 
2GHz. If the measured photoelectron spectrum is assumed to be a convolution of the 
undistorted photoelectron spectrum with the spectrometer resolution, the undistorted 
spectrum ℎ(!) is recovered by inverse Fourier transform of the filtered single-shot 
spectra ! ! .  
 

ℎ ! =
1
2!

ℱ!! ℱ ! !
ℱ ! !  

 
Here, the spectrometer resolution !(!) is taken as a Gaussian with width of 6.8eV 
FWHM, as was determined by measurement of the field-free photoelectron spectrum 
and independent measurement of the initial FEL bandwidth. 
 
High frequency filtering and deconvolution of a measured single-shot spectrum is 
shown in Fig. S1. Even after filtering of high frequency noise in the raw TOF spectra, 
the Fourier components in the inverse FFT diverge at high frequencies and must be 
additionally filtered, resulting in the undershoot evident at ~215 and ~259 eV. As a 
measure of the fidelity of this technique, considering the additional filtering in the 
inverse Fourier transform, the deconvolved spectrum has been reconvolved with the 
instrument resolution. The result in Fig. S1 shows excellent agreement with the 
original filtered single-shot spectrum.  
	   	  

	  
	  
S1:	  Spectral	  deconvolution|	  The	  deconvolution	  procedure	  of	  the	  photoelectron	  spectrometer	  
resolution	  is	  tested	  by	  reconvolving	  the	  energy	  resolution	  and	  comparing	  with	  the	  original	  
spectrum.	  
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Statistical	  error	  in	  the	  measured	  single-‐shot	  streaked	  spectrum	  can	  be	  evaluated,	  
as	  discussed	  in	  the	  Methods	  section.	  Because	  the	  data	  is	  heavily	  oversampled,	  an	  
error	  envelope	  is	  generated	  rather	  than	  distinct	  points	  with	  error	  bars.	  Mapping	  
the	  error	  envelope	  to	  time	  allows	  for	  upper	  and	  lower	  limits	  to	  be	  placed	  on	  the	  
duration	  of	  the	  features	  observed	  in	  the	  FEL	  temporal	  profile.	  
	  
This	  procedure	  has	  been	  performed	  for	  the	  single-‐shot	  measurement	  displayed	  
in	  the	  main	  text	  in	  Fig	  4a	  and	  4b.	  The	  recovered	  accuracy	  for	  the	  central	  feature	  
is	  +/-‐5	  fs	  FWHM	  as	  shown	  in	  Fig.	  S2.	  

	  
	  
S2:	  Measurement	  accuracy|	  Spectrometer	  energy	  resolution	  is	  deconvolved	  from	  the	  upper	  and	  
lower	  bounds	  of	  the	  statistical	  error-‐envelope	  as	  well	  as	  the	  measured	  spectrum.	  In	  the	  panel	  on	  
the	  left	  all	  curves	  are	  mapped	  to	  time,	  providing	  upper	  and	  lower	  bounds	  on	  the	  width	  of	  pulse	  
profile.	  The	  panel	  on	  the	  right	  is	  a	  blow-‐up	  of	  the	  central	  peak,	  which	  has	  a	  width	  of	  53	  fs.	  Here,	  
the	  lower	  bound	  is	  48	  fs	  and	  the	  upper	  bound	  is	  58	  fs	  and	  the	  measurement	  accuracy	  is	  found	  to	  
be	  ±	  5	  fs	  FWHM.	  
	  
THz	  Generation	  
	  
Single-‐cycle	  THz	  pulses	  were	  generated	  using	  tilted	  pulse	  front	  excitation	  of	  
lithium	  niobate.	  The	  pump	  pulse	  energy	  from	  an	  amplified	  Ti-‐Sapphire	  system	  
was	  3	  mJ,	  with	  a	  duration	  of	  ~50	  fs.	  The	  THz	  pulse	  energy	  directly	  after	  the	  
generation	  crystal	  was	  ~4	  μJ,	  measured	  with	  a	  calibrated	  pyroelectric	  detector	  
from	  Microtech	  Instruments.	  The	  THz	  polarization	  was	  rotated	  90	  degrees	  by	  a	  
periscope	  to	  be	  horizontal	  and	  in-‐line	  with	  the	  axis	  of	  the	  time-‐of-‐flight	  detector.	  
The	  THz	  radiation	  was	  collimated	  using	  a	  275	  mm	  focal	  length	  Teflon	  lens	  and	  
then	  focused	  onto	  the	  interaction	  region	  by	  a	  3-‐inch	  effective	  focal	  length,	  90	  
degree	  off-‐axis	  parabolic	  mirror.	  
	  
	  
Electro-‐Optic	  characterization	  
	  
The shape of the THz waveform was measured in the time domain using electro-optic 
sampling at the position of the streaking interaction region. A 500 µm thick ZnTe 
crystal was mounted on a manipulator arm that can be moved into the interaction 
region. A portion of the 800 nm laser pulse was split off before the THz generation 
and was variably delayed using a motorized linear stage (see Figure 2 in main text). 
The THz induced birefringence in the ZnTe crystal was analyzed using a Wollaston 
prism and a quarter wave plate outside the chamber (not shown). The resulting EOS 
delay scan and corresponding frequency amplitude spectrum are shown in Fig S3. 
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S3:	  THz	  electro-‐optical	  sampling.	  The	  electro-‐optic	  signal	  was	  collected	  using	  balanced	  
detection.	  The	  single-‐cycle	  THz	  pulse	  is	  ~2ps	  in	  duration	  with	  a	  carrier	  frequency	  of	  ~0.6THz.	  
 
The absolute THz electric field strength is determined independently by observation 
of the maximum shifted single-shot streaked photoelectron spectra. This is more 
accurate than calculating the absolute field strength based on the ZnTe electro-optic 
coefficients due to crystal defects and imperfect crystal orientation, which result in an 
underestimate of the THz field strength.  
 
In the measurements shown in the main text, the furthest up-shifted photoelectron 
spectra were found at 257 eV (+23 eV), and the furthest downshifted photoelectron 
spectra were found at 197 eV (-37 eV). The field-free He 1s photoemission peak is at 
234 eV. The furthest upshifted spectra at +23 eV are used to calibrate the measured 
field shape. 
 
The peak strength of the THz electric field and the corresponding linear scaling of the 
measured field shape is used as the free parameter in equation (1) to reach a 
maximum positive kinetic energy shift of +23 eV.  
 

!!"#
!!!"# !! = −!!! !! − !! !!

!
        where        ! !! = − ! ! !"!

!!
.   (1) 

This shift is achieved for a peak THz electric field strength of 165kV/cm, which is in 
agreement with the measured THz pulse energy and expected focused THz beam 
diameter. The calibrated THz electric field and corresponding THz vector potential, 
which is calculated numerically by cumulative integration, are shown in Fig S3. 
 

 
 
S4:	  Characterized	  THz	  pulse.	  The	  absolute	  THz	  electric	  field	  strength	  is	  determined	  using	  the	  
experimentally	  observed	  maximum	  shifted	  single-‐shot	  spectra.	  The	  peak	  field	  strength	  is	  
165kV/cm.	  The	  corresponding	  THz	  vector	  potential	  is	  shown	  in	  atomic	  units.	  
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In Fig. S5, using the calibrated THz field, the kinetic energy shift due to streaking is 
calculated over the range of delays in the spectrogram shown in the main text (Fig. 3). 
The maximum upshifted kinetic energy of +23 eV is fixed by the calibration of the 
THz electric field strength. Without any additional adjustment, the calculated 
maximum downshifted kinetic energy is -37 eV, which is the same as that observed in 
the streaking measurement. Asymmetry in the kinetic energy shift due to streaking is 
primarily a consequence of the inherent asymmetry in the THz pulse.  
 

 
 
S5:	  THz	  streaking.	  After	  numerically	  calculating	  the	  THz	  vector	  potential,	  it	  is	  used	  to	  calculate	  
the	  kinetic	  energy	  shift	  of	  the	  photoelectron	  peak	  due	  to	  streaking.	  The	  maximum	  shift	  is	  
+23eV/-‐37eV.	  Observed	  asymmetry	  is	  primarily	  due	  to	  inherent	  asymmetry	  in	  the	  THz	  pulse	  
shape.	  



6 Summary and conclusions

Temporal characterization of the FEL radiation pulses and precise control of the FEL driving
electron beams are essential for the operation and utilization of X-ray free-electron lasers.
Within this cumulative thesis, recent results achieved within the active research field of fem-
tosecond electron and X-ray beams at FELs have been reported and discussed.

Transverse electron beam profile imaging, crucial for time-resolved diagnostics with
single-shot capability, is affected by coherent optical radiation effects, which render imaging
with standard screen techniques impossible. Theoretical considerations and experimental
data have been presented, showing that coherent optical emission can be strongly suppressed
in dispersive beamlines. For transverse beam profile imaging in non-dispersive beamlines,
methods to separate the incoherent radiation from scintillation screens and to simultane-
ously exclude coherent optical radiation from detection have been discussed. The presented
experimental results prove the temporal separation technique as a promising method for
future applications in transverse beam profile imaging of high-brightness electron beams.

The suppression of coherent optical radiation in transverse electron beam profile imag-
ing is essential for time-resolved single-shot beam diagnostics in the time-domain based
on transverse deflecting r.f. structures. The presented electron beam diagnostics utilizing a
TDS achieved temporal resolutions of sub-10 fs r.m.s. and showprospects for unprecedented
∼ 1 fs r.m.s. resolution. A complementary electron beam diagnostics in the frequency-
domain is based on the spectroscopy of coherent THz and infrared radiation, and a cor-
responding unique multi-channel single-shot spectrometer using reflective blazed gratings
has been presented. Temporal bunch profile reconstructions utilizing phase-retrieval tech-
niques have been performed, showing good agreement with the comparative measurements
using a TDS. Both the time- and frequency-domain electron beam diagnostics demon-
strated to provide reasonable constraints on the expected FEL radiation pulse durations.

Longitudinal phase space measurements with single-shot capability and simultaneous
suppression of coherent optical radiation effects have been carried out with combination
of a TDS and a magnetic energy spectrometer. That way the FEL driving electron bunches
could be analyzed in terms of their durations and energy chirps. Uniform bunch compres-
sion has been achieved by longitudinal phase space control using accelerating fields with
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multiple, higher harmonic r.f. frequencies. The generation of electron bunches with ramped
current profiles has been accomplished by tailoring of the longitudinal phase space in a dual-
frequency linear accelerator, demonstrating the potential of high accelerating fields and un-
precedentedly large transformer ratios for future wakefield acceleration experiments.

Microbunching instabilities associatedwith the electron bunch compression inmagnetic
chicanes can significantly degrade the high beam brightness required to drive a high-gain
FEL and may lead to coherent optical radiation effects. Longitudinal phase space control in
terms of introducing additional energy spread, i.e., heating the electron beam, can effectively
suppress microbunching instabilities. A scheme of two TDSs upstream and downstream
of a magnetic chicane has been presented for reversible electron beam heating, capable to
suppress microbunching instabilities and to simultaneously preserve the beam brightness.

The realization and interpretation of various experiments on ultrafast dynamics in pho-
ton science at X-ray FELs are based on the reliable generation and temporal characterization
of femtosecond FEL radiation pulses. A concept for an indirect temporal X-ray pulse char-
acterization has been presented, making use of the energy transfer during the FEL amplifica-
tion. The temporal FEL radiation pulse profile appears as a replica in the longitudinal phase
space of the electron bunch downstream of the undulator and can thus be measured by an
appropriate longitudinal phase space diagnostics. The presented streaking technique using
THz fields generated by an external quantum laser even demonstrated both direct tempo-
ral FEL radiation pulse characterization and simultaneous arrival timemeasurements of the
FEL radiation pulses with respect to the external laser. The external laser can be realized by
the pump laser used for pump-probe experiments at FELs, proving the presented streaking
technique to provide a measure of the relative timing between pump and probe pulses.

All the transverse and temporal electron bunch profile measurements presented in this
cumulative thesis are based on a new, dedicated setup for longitudinal phase space diagnos-
tics at FLASH that has been designed, developed, and commissioned as part of this thesis.
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