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Fig. 1. The temporal distribution of a SASE pulse is illustrated with a simulation result

using FAST. The x-axis, is the scaled time coordinate along the bunch where vz is the

longitudinal velocity of the electrons. Fig. (a) shows photon pulses generated in the linear

regime (τ̂el = 4) and Fig. (b) at the onset of saturation (τ̂el = 8) . The dashed line denotes

the electron bunch pulse shape.

A theoretical overview of the statistical properties of the SASE FEL radiation, as well as the

methods and results of the numerical simulations, are presented in Sec 2. The experimental

setup is described in Sec 3. In Sec 4 we discuss the experimental results and compare them to

simulations. Furthermore, the average and shot-to-shot fluctuations of the FEL photon pulse

duration, energy, and arrival time are presented in Sec 4.

2. Statistical properties of the SASE FEL radiation

The amplification process in a SASE FEL develops from the shot noise in the electron beam,

and amplifies a narrow band of density modulations around the resonance wavelength λ =

λ
u
(1 + K2)/(2γ2). In the one-dimensional model’s framework, the operation of a SASE FEL is

described by the FEL parameter ρ and the number of cooperating electrons Nc [13,27] in the

SASE process:

ρ =

[

λ2
u
j0K2A2

JJ

16πIAγ
3

]1/3

, Nc = I/(eρω) , (1)

where γ is the relativistic factor, j0 is the beam current density, IA = mc3/e ≃ 17 kA, K is the

rms undulator parameter, and λ
u

is the undulator period. The coupling factor is AJJ = 1 for a

helical undulator, and AJJ = [J0(Q) − J1(Q)] with Q = K2/[2(1 +K2)] for a planar undulator. I is

the electron bunch current and ω the frequency of the amplified wave.
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In this section, we assume that the electron bunch has a Gaussian longitudinal profile and

its rms pulse duration is τel. We extend the results of Refs. [14,17] by in addition studying

the statistical properties of the photon pulse duration and arrival time. We perform a series of

numerical simulations of the FEL process using the simulation code FAST [25] for a wide range

of electron bunch durations τel, and trace the FEL amplification process from the start-up of the

shot noise to the deep nonlinear regime. Then, we apply similarity techniques [13] to the results

of the numerical simulations and derive general statistical properties of the radiation.

The output of a specific simulation run is an array of radiation fields Ẽ(t), from which we

can calculate the temporal profile of the radiation power P(t) ∝ |Ẽ(t)|2 and the radiation pulse

energy Er =

∫

P(t)dt as shown in Fig. 1. The center of mass of the photon pulse, which we

also associate with the photon pulse arrival time τar, and its rms duration τph are derived from

numerical simulations as follows:

τar =

∫

tP(t)dt

Er

, τ2
ph =

∫

(t − τar)2P(t)dt

Er

. (2)

The energy, duration, and arrival time of the radiation pulses fluctuate from shot-to-shot. These

fluctuations can be described with their standard deviations:

σ2
ph = 〈(τph − 〈τph〉)2〉 ,

σ2
ar = 〈(τar − 〈τar〉)2〉 ,

σ2
E = 〈(Er − 〈Er〉)2〉/〈Er〉2 .

(3)

As a next step of the analysis, applying similarity techniques, we translate the results of a

specific numerical simulation onto a map of physical parameters [13]. The typical temporal

scaling factor in FEL physics is the coherence time τc, defined as τc =
∫

|γc(t)|2dt, with γc as the

complex degree of coherence [28]. On the other hand, the relevant scaling parameter for the

variables having a dimension of time is ρω leading to the following dimensionless expressions

(the relation to experimental parameters can be found in Table 1):

τ̂el = ρωτel , τ̂ph = ρωτph ,

σ̂ar = ρωσar , σ̂ph = ρωσph .
(4)

Table 1. The table shows the relation between normalized electron
pulse durations τ̂el, that were used in the simulation and the

corresponding expected XUV pulse durations in fs (FWHM) at the
onset of saturation. Note that τ̂el is equivalent to the number of

modes M (for τ̂el>2). τph was calculated according to Eq. (9). We used
τcFWHM

(6.8nm) ∼ 6 fs and τcFWHM
(20nm) ∼ 15 fs (FWHM).

τ̂el | M τph,FWHM(6.8nm) τph,FWHM(20nm)
4 17 fs 40 fs

8 35 fs 85 fs

16 70 fs 170 fs

32 140 fs 340 fs

Then scaling the parameters with the normalized electron pulse duration τ̂el, we obtain:

τ̄ph = τph/τel , σ̄ph = σ̂ph/τ̂1/2
el

,

σ̄ar = σ̂ar/τ̂1/2
el

, σ̄E = σEτ̂
1/2
el

,

η̄ = Er/(ρEeb) ,

(5)

where Eeb is the kinetic energy of the electron bunch.



Research Article Vol. 29, No. 7 / 29 March 2021 / Optics Express 10494

Figure 2 shows the evolution of the main characteristics of the SASE FEL electron and radiation

pulse along the undulator. Using Eq. (5), the average values and fluctuations of the electron

pulse energy and duration, as well as the arrival time of the radiation pulses’ fluctuations, are

shown. For radiation pulse durations τ̂el & 4, the scaled parameters (5) show a common behavior.

The longitudinal coordinate z along the undulator in Fig. 2 is scaled to the saturation length zsat

[13,29]:

zsat ≃
λ

u

4πρ

(

3 +
ln Nc√

3

)

, τsat
c ≃ 1

ρω

√

π ln Nc

18
. (6)

Fig. 2. Evolution along the undulator of the scaled FEL efficiency η̄, scaled rms fluctuations

of the radiation pulse energy σ̄E, scaled rms photon pulse duration and its scaled rms

deviation, τ̄ph and σ̄ph, as well as the scaled rms deviation of the photon pulse arrival time

σ̄ar. The notations of the scaled parameters are given by Eq. (5). The black, red, blue

and green curves correspond to the normalized electron pulse durations τ̂el of 4, 8, 16,

and 32, respectively. The dashed line shows the coherence time scaled to the coherence

time at saturation. The calculations are plotted as function of the undulator coordinate z

normalized by the saturation length zsat. Thus, values z/zsat<0.8 denote the linear regime

while z/zsat = 1 is the saturation point.

The brilliance of the radiation, which is proportional to the product of the radiation power and

the coherence time, reaches a maximum value at the saturation point. The coherence time at the

saturation point τsat
c is given by Eq. (6). It grows at a rate of z1/2 in the exponential gain regime

(also called linear regime), reaches a maximum value just before saturation, and gradually drops

down in the post-saturation regime [13,30].

The maximum of the energy fluctuations and minimum of the radiation pulse duration are

obtained at the end of the exponential gain regime, at about 0.8 of the saturation length. The

radiation from a SASE FEL operating in the linear regime holds properties of completely

chaotic polarized light [13,30], and the probability distribution of the radiation energy Er is a

gamma-distribution [30]:

p(Er) =
MM

Γ(M)

(

Er

〈Er〉

)M−1
1

〈Er〉
exp

(

−M
Er

〈Er〉

)

, (7)

where Γ(M) is the Gamma-function. The physical meaning of M is that it is equal to the total

number of modes (longitudinal and transverse) in the radiation pulse. It is connected to the

fluctuations of the radiation pulse energy by the relation M = 1/σ2
E
. Furthermore, at the onset of

saturation, M essentially equals the normalized electron pulse duration τ̂el (for M>2) as shown in

Ref. [17].

The radiation of the SASE FEL at the initial stage of the amplification consists of a large

number of transverse and longitudinal modes. The number of longitudinal modes is defined by
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the fluctuations of the radiation pulse energy filtered with a pin hole, and it is improved along

the amplification process, resulting in a reduction of the number of longitudinal modes. The

transverse mode selection process leads to a suppression of the higher transverse radiation modes.

As a result, primarily the fundamental transverse mode dominates in the high-gain linear regime

for diffraction-limited electron beams. This feature makes the one-dimensional model applicable

for the description of FELs like FLASH.

A practical estimate for the minimum rms radiation pulse duration at the end of the high-gain

linear regime is [16,17]:

τmin
ph ≃ 0.4τel ≃

Mλzsat

15cλu

≃ Mτsat
c

4
. (8)

The lengthening of the radiation pulse occurs when the amplification process enters the

nonlinear regime. This happens due to the electron bunch tails lasing into saturation and the

slippage effect. The latter is more pronounced for shorter pulses, as illustrated in Fig. 2. At the

saturation point, the lengthening is about a factor of 1.2 greater with respect to the minimum

pulse length given by Eq. (8), and it increases up to a factor of 1.8 in the post-saturation regime.

To compare these results to the experimentally determined data, a scaling of Eq. (8) to full width

half maximum (FWHM) is helpful:

τsat
phFWHM

≃ 0.7Mτsat
cFWHM

(9)

using the experimentally easier accessible FWHM of the coherence time which is linked to τsat
c

by τsat
cFWHM

= 2
√

ln 2/π × τsat
c ∼ 0.94 × τsat

c [28].

In addition, the relation between the number of spikes (Nspect) present in the spectral distribution

and the number of modes is important for the analysis of the experimental data. Following the

argumentation in Ref. [31] we obtain the relation:

Nspect ∼ 0.7M. (10)

Looking at Fig. 3 the following scaling of the pulse duration fluctuation can be deduced:

σph

τph

≃
αph√
τ̂el

≃
αph√

M
(11)

with the scaling parameter αph ranging between 0.4 for the linear regime and 0.2 in saturation.

Equivalently, for the pulse arrival time fluctuation we obtain:

σar

τph

≃ αar√
τ̂el

≃ αar√
M

(12)

with αar ∼ 0.7 for the linear regime and αar ∼ 0.4 in saturation.

The ratio σph/σar ≃ 0.6 remains nearly constant for all the stages of the amplification process.

Thus, the SASE induced fluctuation of the arrival time (movement of the centroid) is about

twice as large compared to the fluctuations of the pulse duration itself. This has important

consequences for high precision pump-probe experiments where the arrival time of the applied

pulses has to be known precisely.

Figure 4 shows the correlation plots of the photon pulse duration versus the radiation pulse

energy for several thousand simulation runs. A clear correlation is visible in the high-gain linear

regime where shorter pulses contain more energy while for saturation and post-saturation there

is no significant correlation as will be discussed in the next section.

In addition to the advanced simulation of the actual SASE process, a very simple but powerful

approach based on the partial coherence model introduced in Ref. [26] was used to determine to

what extent this model agrees with the experiments. This method generates a random spectral
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Fig. 3. Shown is the evolution of the fluctuations normalized on the pulse duration for the

pulse arrival time σar/<τph> and pulse duration σph/<τph> scaled with the normalized

electron pulse duration
√

τ̂el. The plot reflects how the fluctuations decrease as saturation is

reached. Pulse arrival time fluctuations dominate over the pulse duration fluctuations. The

three different colors of the curves correspond to the different normalized electron pulse

durations τ̂el = 4, 8 and 16.

Fig. 4. Correlation plot of the scaled rms photon pulse duration τ̄ph versus the scaled photon

pulse energy η̄. Black, red and blue colors correspond to the normalized electron pulse

durations τ̂el = 4, 8 and 16. The left area of the plot corresponds to the high-gain linear

regime (z = 0.8 × zsat), where a negative slope can be observed predicting shorter pulses at

larger pulse energies. The middle and right areas correspond to the saturation, and deep

nonlinear regime (z = 1.5 × zsat), where no correlation is found (compare with Fig. 2). The

notations of scaled parameters are given by Eq. (5).

phase and amplitude distribution at different sample frequencies which are used to create an

initial electric field. This field is "filtered" with the (measured) average spectral distribution of

the FEL. After a Fourier transform, this leads to a series of coherent spikes in the time domain,

which, in a second step, is folded with the desired average pulse duration shape, restricting the

electric field to the finite pulse duration. This step finally leads to the characteristic spectral

spikes after a second Fourier transform back to the spectral domain. The new filtered electric

field will be partially coherent as it is delimited by the known FEL pulse duration and average

spectrum and will be different for each random choice of the spectral phase function. Using this

approach, one can easily provide a large set of simulated SASE-like pulse distributions to model

SASE FEL experiments.
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3. Description of experiment

The experiments were performed at the plane grating (PG) beamline [32] of FLASH. For the

experiments described here, the PG beamline was operated in so called parallel configuration.

This special mode enables the utilization of the zero order of the FEL photon beam (at the PG0

beamline branch) for the pulse length diagnostic based on THz streaking [24], while the dispersed

radiation is simultaneously used in the PG2 beamline to measure the FEL spectrum with high

resolution [33]. This configuration was used for the presented measurement in order to acquire

the maximum amount of information about the XUV SASE pulses.

Various settings of the accelerator were used to provide a large range of different radiation

pulse properties. The electron bunch charges were altered from 0.08 nC up to 0.44 nC leading to

different XUV pulse durations as well as to XUV pulse energies ranging between only few µJ

to > 100 µJ per XUV pulse. FLASH was tuned to a wavelength of 6.8 nm (180 eV) and for a

second set of measurements to 20 nm (62 eV).

The FEL was operated in single bunch mode at 10 Hz. To generate single-cycle THz pulses,

the near-infrared (NIR) pump-probe laser system at FLASH [34] was used. This Ti:sapphire laser

delivers ∼100 fs (FWHM) pulses with 6.5 mJ pulse energy at a central wavelength of 800 nm

and a repetition frequency of 10 Hz. The overall level of synchronisation between the NIR pulses

and the XUV FEL pulses was on the order of few tens of fs jitter (FWHM) (for the description

of the synchronization system see e.g. [35]). The THz streaking setup consists of an optical

setup with beam size adaption, pulse front tilting, THz generation and transport to the interaction

region as well as an UHV interaction chamber. An electron time-of-flight (TOF) with high

collection efficiency (Kaesdorf ETF11) mounted on a 3D manipulator records the time-of-flight

of photoelectrons upon XUV ionization of the rare gas atoms target. A detailed description of

the setup and measurement procedures are presented in Refs. [24,36].

Using the current THz streaking setup it was not possible to resolve the pulse sub structure,

e.g the individual longitudinal modes of the pulse. The instrument broadening resulted in a

Gaussian photoelectron distribution. The measured photoelectron line was therefore fitted using

a Gaussian distribution.

The streaking measurements are rather complex and thus the measurement uncertainty depends

on various parameters, which are described in detail in [36]. Generally, an error bar of ± 20% is

in good agreement with the detailed investigations.

In addition to the XUV pulse duration and the XUV spectrum, the shot-to-shot pulse energy

was recorded simultaneously using a transparent pulse energy monitor [8,9] located upstream of

the THz-streaking setup and the PG beamline as well as the electron bunch arrival time [12].

4. Results and discussion - Characterization of SASE radiation

FLASH is a very versatile free-electron laser, able to deliver radiation across a wide range of

wavelengths and pulse durations. Using these opportunities we could experimentally determine

dependencies between XUV pulse duration, XUV spectral distribution and XUV pulse energy

for many thousands of pulses and different machine settings, as will be shown in this section.

4.1. Fluctuations of the radiation pulse duration

The single-shot SASE XUV pulse duration derived from the THz streaking measurements reveals

large fluctuations from shot-to-shot as shown in Fig. 5(a). The pulse duration from one pulse

to the next can change by a factor of two to three. Likewise, the pulse energy and arrival time

show strong fluctuations as presented in Fig. 5(b). These are the fluctuations experiments must

cope with in the course of analyzing and interpreting the measured data. In addition, Fig. 5

emphasizes the need for an online pulse-resolved photon diagnostic of the radiation parameters

at SASE FELs. An interesting question arises: What is the actual source of the fluctuations -
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Fig. 5. The plots show how the measured XUV pulse duration (a), energy (b) and arrival time

(c) fluctuate from pulse to pulse for around four thousand FLASH pulses. The line indicates

the mean value. Error bars (not shown) are on the order of 20 % for the pulse duration and

<10% for the pulse energy measurements. The arrival time uncertainty measured by THz

streaking was ∼ 20 fs. In addition, the histograms of the shown time series are shown.
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SASE or technical fluctuations? To get information on the fluctuations source, simulations of the

different FEL parameters that are only taking the SASE process into account are used to compare

to the experimentally determined values. That way we can disentangle the fluctuations induced

by inherent SASE fluctuations from measurement uncertainties, fluctuations in the energy gain

and compression of the electron bunches (related to the acceleration field phase stability), that

we summarize and refer to as "technical fluctuations".

As shown in Fig. 5 (a, right side), the histogram of the measured pulse durations has a Gaussian

distribution, with its center of mass denoting the mean pulse duration width representing the

shot-to-shot fluctuations. To compare the width of the distribution for different pulse duration

settings of the FEL, we use the rms of the distribution normalized by the pulse duration (σph/τph).

Equation (11) shows that the relative fluctuations of the pulse duration depend on the number

of spectral modes. Therefore, in order to compare the experimental values measured at 6.8 nm ,

20 nm and the simulation, the measured pulse duration was converted to the number of modes

using Eq. (9). The coherence times τc were taken from Ref. [37]: τcFWHM
(6.8 nm)∼ 6 fs and

τcFWHM
(20 nm)∼ 15 fs as summarized in Table 1.

The relative pulse duration fluctuations determined by the THz streaking experiments are

plotted in Fig. 6 (dots) together with the simulation results [Eq. (11)] for saturation (full line) and

exponential gain regime (dashed line). The experimental data points are the average fluctuations

for several thousand FEL pulses recorded for different FEL operation modes. The fluctuation

decreases when increasing the pulse duration from (σph/τph) ∼ 30% for short pulses to ∼ 10%

for longer ones. Therefore, SASE delivers better defined pulse durations for longer pulses than

for short pulses. The general trend can be understood by looking at the modal structure; short

pulses consist only of a small number of modes/spikes, such that the relative change of ±1 modes

affect the pulse duration much stronger than for longer pulses consisting of many more modes.

Comparing the measured data with the predicted pure SASE fluctuations from the FAST

simulation (see Fig. 6), we find that a large fraction of the fluctuations is due to the SASE process.

However, 20-50 % of the fluctuations can be attributed to "technical sources". Since the FEL was

operating close to or in saturation, the relevant simulation for comparison is that of the solid

line. The error bars include the uncertainty of the single-shot pulse duration measurement as

described in [36] but accelerator based fluctuations are not taken into account.

The identification and quantification of other sources of fluctuations will have to be addressed

in future studies. Even if additional "technical" error sources will be minimized in future

accelerators, the pulse duration fluctuations based on pure SASE are still significant. Looking at

Fig. 1 the pulse shape and resulting intensity distribution changes much more from shot-to-shot

than the rms width, which underlines the demand for a high resolution temporal diagnostic

resolving the SASE substructure.

In order to test to what extent the partial coherence model simulation [26] can reproduce

the predicted fluctuations, we generated a large set of XUV spectra and temporal distributions.

Ensembles of 400 pulses were calculated for different pulse durations between 10 fs and 200 fs

in combination with a range of spectral bandwidths from 0.2 % to 0.9 %. For each simulated

pulse we derived the pulse duration using Eq. (2) and its number of modes by counting the

spectral spikes and using Eq. (10). For each setting, the standard deviation over the 400 pulses

was calculated and normalized by the average pulse duration. The result is plotted in Fig. 6 as

orange diamonds. Despite the large variation of input parameters, the simulated fluctuations

agree very well with the fluctuations for pulses at saturation as predicted by the FAST simulation.

Since FLASH typically operates in saturation, we can conclude that the partial coherence model

provides a simple scheme to simulate SASE pulses that resemble the theoretically expected

scaling of the pulse duration fluctuations.
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Fig. 6. The relative fluctuation of the SASE pulse durations are shown for the FAST

simulation results as well as the experimentally measured values. The experimental pulse

durations (for 6.8 nm and 20 nm) were scaled to number of modes using Eq. (9). The

expected scaling of the fluctuations [(see Fig. 3 and Eq. (11)] are shown for the linear

range and at saturation. In general, the relative fluctuations are decreasing for longer pulse

durations while the experimental values (measured at saturation conditions) exceeding the

simulation values indicating a significant contribution by technical fluctuations and drifts

in the accelerator and measurement uncertainties of the THz streaking. In addition, the

normalized fluctuations of 400 simulated pulses, calculated using the partial coherence

method [26] are plotted.

4.2. Fluctuations of the radiation pulse energy

The pulse energy fluctuations can be treated analogously to the pulse duration fluctuations. As

indicated in Fig. 2, the (relative) pulse energy fluctuations are larger compared to the pulse

duration fluctuations and the difference between the linear gain and saturation regime is bigger as

well.

Figure 7 summarizes the simulation results and the experimental data points. The experimental

data lies between the predicted curves for the linear and the saturation regime. The pulse energy

fluctuations of the experimental data are closer to the simulated ones, which is partly due to the

much lower measurement uncertainty of typically ±(5 − 10)% for pulse energy measurements

[8,9]. Nevertheless, similar to the pulse duration fluctuations, a significant fraction of the

fluctuations can be assigned to technical sources. Again, the partial coherence model agrees well

with the FAST simulation for the saturation regime.

4.3. Fluctuations of the arrival time

Due to the varying sub-structure of the XUV pulse, the center of mass of the photon pulse (τar)

is slightly different from pulse to pulse, leading to fluctuations in the arrival time σar of the

photon pulse with respect to the electron bunch. To compare the prediction to the experimentally

determined values we can use the arrival time of the center of mass of the electron bunch with

respect to the master optical clock, which is measured at FLASH with high accuracy (∼ 10 fs

rms [12,35]) by the so called bunch arrival time monitor (BAM). In addition, the THz streaking

arrival time measurements of the center of mass of the XUV photon pulse with respect to the THz

pulse is monitored with few fs resolution [35]. However, after accounting for the synchronization
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Fig. 7. The relative fluctuation of the SASE pulse energy is shown for the FAST simulation

results as well as the experimentally measured values. The experimental pulse energy was

measured for different FEL operation modes, from few µJ to up to 50 µJ. The simulated

fluctuations are shown for the linear range and at saturation. In general, the relative

fluctuations decrese for longer pulse durations. The experimental values (measured at

saturation conditions) exceed the simulation values, indicating a significant contribution of

technical fluctuations and drifts in the accelerator and measurement uncertainties.

of the THz producing laser to the master optical clock, the distribution of synchronised optical

clock signals, transport of the electron bunches and XUV radiation by many tens of meters, as

well as several other involved subsystems, the overall accuracy of arrival time determination

between the electron bunch and the XUV photon pulse measured with THz streaking is in

the range of 15-20 fs rms (corresponding to 30-50 fs FWHM) [24].Looking at the theoretical

prediction of SASE arrival time fluctuations [Eq. (12)] we find, for the presented parameter

range of wavelengths and pulse durations, that the arrival time fluctuations due to the statistical

variation of the photon pulse sub-structure are below 10 fs (rms) and thus can not be determined

using current arrival time measurement techniques. Figure 8 shows the relative fluctuations

of the arrival time simulated using FAST for the linear and non-linear regime and the partial

coherence model. The experimental arrival time fluctuations were calculated by taking the

standard deviation of the difference between the photon arrival time measured by THz streaking

(τph) and the electron beam arrival time (τBAM). The 15-20 fs rms accuracy of the photon pulse

arrival time measurements is much larger as compared to the pulse duration, therefore the relative

fluctuations are greater and it is used as the upper limit of the fluctuation’s uncertainty.

4.4. Correlations of the radiation pulse energy and pulse duration

In the previous sections, fluctuations of pulse energy and pulse duration were discussed as

average values and independently from each other. With thousands of experimental and simulated

pulse durations and corresponding pulse energies of individual SASE pulses, the analysis can be

extended to a shot to shot basis.

Studying the temporal structure of the SASE pulses (Fig. 1), one is tempted to conclude

that a longer pulse containing more sub spikes (modes) also contains more photons on average

and thus has a higher pulse energy. Plotting the single-shot normalized pulse duration and

corresponding pulse energies for different FEL settings, we obtain the correlation plots shown

in Fig. 9(a). Three different FEL settings were used, with ∼17 fs, ∼35 fs and ∼70 fs (FWHM)
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Fig. 8. The relative fluctuation of the SASE arrival time using the FAST and partial

coherence model simulations are shown. The fluctuations were calculated for the saturation

(solid line) and linear (dashed line) regime. The arrival time fluctuations simulations

decrease for longer pulse durations. The current experimental resolution of 15-20 fs gives

an upper limit on the uncertainty of the measured arrival time relative fluctuations.

average pulse durations [converted to the number of modes by Eq. (9)]. Firstly, the fluctuations

are not correlated for any of the measured FEL settings. Thus, perhaps surprisingly, the pulse

energy fluctuates independently of the pulse duration, contradicting the simple interpretation

mentioned above. Furthermore, the normalized fluctuations show about the same amplitude for

the pulse energy and the pulse duration. In addition, there are smaller fluctuations for longer

pulses, containing more modes. These observations are in agreement with the averaged data

shown in Figs. 6 and 7. The error bars of a single shot measurement are shown in the lower

right edge of Fig. 9(a) - the relatively large uncertainty may obscure any possible correlation.

Simulations can help to clarify this situation.The simulation results calculated by FAST are

plotted in Fig. 9(b). There is also no sign of correlation between pulse duration and pulse

energy, supporting the experimental finding. We therefore conclude that the pulse energy and

pulse duration are indeed fluctuating independently. Similar to the experiment, the simulated

data shows smaller fluctuations in both quantities for longer pulses (larger number of modes).

However, in contrast to the experimental values, the fluctuations for the pulse durations are

smaller than those in pulse energy, in agreement with Fig. 2. The simulated pulse duration values

fluctuate less in comparison to the experimental ones.

Despite the surprising result that there is no significant correlation between the pulse energy and

the pulse duration of individual SASE pulses, there is an even more surprising observation obtained

from the simulation for the linear gain regime. Figure 4 displays the pulse resolved correlation

plots for the pulse duration and pulse energy at different stages along the undulator. When moving

from the linear regime to deep saturation, the pulse energy increases by approximately two

orders of magnitude, and the pulse duration increases by a factor of approximately two. While

there is no correlation found in saturation, there is a tilted ellipse for the linear regime (Fig. 4),

indicating a negative correlation between pulse energy and pulse duration. On average, pulses

with shorter pulse duration actually contain more pulse energy. One possible explanation would

be the following: Slightly increased intensity spikes in the initial random "seed" distribution

gain faster more energy due to the exponential growth, leading to strong spikes. In contrast,
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Fig. 9. Normalized and pulse resolved SASE pulse energy versus radiation pulse duration

in the saturation regime. The experimental data (a) results from three different FEL settings

at 6.8 nm with average pulse durations of ∼15 fs, ∼30 fs and ∼90 fs (FWHM). The error

bars for the single pulse measurements are shown in the lower right corner. Part (b) shows

the simulation result (FAST) for different number of modes at saturation (z/zsat = 1). The

fluctuations of the pulse energy are (for the same number of modes) about a factor of 2 larger

as compared to the pulse duration in accordance to Fig. 2. The difference to the experimental

result can be explained by measurement uncertainties and accelerator fluctuations.

the less intense parts of the initial distribution gain less energy and catch up only at saturation.

Therefore, in the exponential gain regime, single intense spikes are more strongly amplified,

leading to a larger fraction of short and intense pulses in the correlation plot. This results in an

anti-correlation between pulse energy and pulse duration. Up to now the experimental resolution

for pulse duration measurements at very low pulse energies has been insufficient to determine

this negative correlation in the linear regime.

4.5. Radiation pulse duration and spectral structure

Generally, the spectral distribution of SASE XUV pulses also contains important information

about the pulse duration. The second order spectral correlation function (g2) [19–21] is typically
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Since the XUV spectra and the streaking measurements are acquired simultaneously, we can

determine the number of spikes and the pulse duration for each recorded FEL setting. Figure 11

shows the averaged pulse duration and number of spectral spikes for different electron bunch

length settings at FLASH. For most of the settings the FEL was operated in saturation, delivering

over 15 µJ per XUV pulse. The measured relation between spectral modes and XUV pulse

duration can be well approximated with a linear slope -as expected for the linear gain regime-

even though already operating in saturation. The slope was determined to be 6.5 fs/spike, yielding

a coherence time of ∼ 6.5 fs (FWHM) for 6.8 nm [see Eqs. (9) and (10)], which is in good

agreement with longitudinal interference measurements presented in Ref. [37]. Figure 11 shows

the linear dependence between the averaged values of the number of spikes in the spectral domain

and the pulse duration measured with streaking.

Fig. 11. Plotted is the experimentally determined average pulse duration as function of the

average number of spectral spikes for different FEL operation settings (all at a wavelength of

6.8 nm). Several thousand pulse resolved measurements have been averaged for each data

point. The FEL was operated close to or in saturation. The linear fit shows 6.5 fs/spectral

spike.

To investigate the correlation for single SASE pulses, the number of spikes and the pulse

duration are plotted for each SASE pulse in Fig. 12(a). Plotting the data for a fixed FEL setting,

there is almost no correlation between the single-shot spike number and the pulse duration. For

the same number of spikes, there can be up to a factor of two difference in pulse duration which

does not allow one to predict, on a single shot basis, the XUV pulse duration from the spectral

measurements. This experimental finding, shown in Fig. 12(a), is also confirmed by simulations.

Using the partial coherence model [26], SASE pulses in temporal and spectral domain, were

calculated for different average pulse durations and analyzed with the same peak finding algorithm

as the experimental data. Similar to the experimental data there is a large scatter observed within

the simulation results belonging to the same average pulse duration [Fig. 12(b)].

While there is on average and in saturation, a linear dependence between the pulse duration

and the number of spectral spikes in the SASE radiation, both quantities fluctuate independently

on a single-shot basis.
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Fig. 12. Shown is the pulse resolved correlation between the number of spectral spikes and

the pulse durations. The experimentally determined data was recorded for three different

operation modes of the FEL with average pulse durations of 30fs, 120fs and 170 fs (at 6.8

nm). For a fixed FEL operation mode the pulse duration and number of spectral spikes

fluctuate independently. This observation is supported by simulation results (b). Using the

partial coherence method [26] the same behavior was observed.

5. Conclusion

We presented experimental data from the XUV SASE FEL FLASH for pulse duration, pulse

energy, arrival time and spectral distribution. The fluctuations of these four important radiation

pulse properties have been investigated on average and on a pulse to pulse basis for FEL pulses

ranging from a few fs to up to 200 fs (FWHM). SASE simulations have been performed to support

the experimental results and to disentangle experimental fluctuations and uncertainties from pure

SASE related fluctuations. This approach shows that the major contribution of fluctuation is

indeed caused by SASE, accompanied by a varying part of "technical" fluctuations. Analyzing the

simulation results, scaling laws for the fluctuations have been derived theoretically and validated

experimentally. The resulting 1/
√

M scaling allows a fast and precise way to estimate the amount

of fluctuations of SASE parameters to expect for different FEL pulse durations and wavelengths

without the need to perform complex simulations. Recording spectral and temporal pulse

properties simultaneously for a large number of different FEL settings, we could experimentally

verify that the linear dependence between the average pulse duration and average number of

spectral spikes which was expected for the linear range by theory, still holds when the FEL is

operated in saturation. This linear dependence however, disappears completely when the data is

analyzed on a shot-to-shot basis. We found no correlation between single-shot pulse duration and
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number of spectral spikes as well as pulse energy - all three parameters fluctuate independently

in the experiment and the simulations. This result shows clearly that dependencies that were

observed for averaged parameters may not hold for SASE based shot-to-shot fluctuations. This is

important for FEL photon diagnostics, pointing out that one can not simply employ one quantity

to predict the other on a shot-to-shot basis. It is not possible to substitute a complex task such as

measuring the XUV pulse duration by just measuring the spectrum or even pulse energy. On the

other hand, the missing correlation between the different radiation parameters is good news for

the analysis of experimental data since it allows to sort the experimental data independently by

one of the parameters without the risk to generate spurious correlations by the sorting procedure.
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