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Femtosecond x-ray free electron laser pulse duration measurement
from spectral correlation function
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We present a novel method for measuring the duration of femtosecond x-ray pulses from self-amplified
spontaneous emission free electron lasers by performing statistical analysis in the spectral domain.
Analytical expressions of the spectral correlation function were derived in the linear regime to extract both

the pulse duration and the spectrometer resolution. Numerical simulations confirmed that the method can

be also used in the nonlinear regime. The method was demonstrated experimentally at the Linac Coherent
Light Source by measuring pulse durations down to 13 fs FWHM.
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L. INTRODUCTION

The Linac Coherent Light Source (LCLS) at SLAC
National Accelerator Laboratory is the world’s first hard
x-ray free-electron laser (FEL) source that began lasing in
2009 [1] and is now in user operation, supporting a wide
range of scientific research including physics, structural
biology, energy, chemistry, and material science. An FEL
x-ray source, such as the LCLS, is based on the so-called
self-amplified spontaneous emission (SASE) process. It
exhibits three unique properties: ultrafast pulse duration
ranging from a few to hundreds of femtoseconds, ultra-
high peak brightness that is many orders of magnitude
greater than the brightest storage-ring based synchrotron
sources, and nearly full spatial coherence in the transverse
directions. Although having these unprecedented charac-
teristics, SASE FEL sources are, however, considered to
be chaotic in nature, giving rise to statistical fluctuations
in the beam properties on a pulse-by-pulse basis. In
particular, the temporal profile of the LCLS FEL x-ray
pulse consists of a large number of coherent spikes of
varying magnitudes. However, the development of an
appropriate diagnostic tool for “seeing’ the exact tempo-
ral details, including such simple measurement as the
pulse duration, has proven to be very challenging and
elusive. This is largely due to the vanishingly small cross
sections in nonlinear processes at x-ray wavelengths
that make temporal correlation techniques, commonly
used in the optical regime, exceedingly difficult. The
lack of progress in this regard has hindered the LCLS
users from knowing the exact pulse duration for
resolving atomic/molecular motions and for calculating
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the exact fluence in studying x-ray nonlinear light-matter
interactions.

SASE FEL radiation originates from the initial random
distribution of the electrons within a bunch, and its statis-
tical properties are related to the ones of the shot noise.
After a start-up phase, FEL enters in the exponential linear
regime, where the output power grows exponentially with
the undulator length and is proportional to the shot noise
power of the electron bunch current. At some undulator
length, FEL power does not grow exponentially anymore
and reaches saturation. To extract more power from the
electrons, postsaturation taper can be applied [2]. After
saturation, the relationship between the input shot noise
power and the output radiation power is nonlinear.

Statistical fluctuation of the incoherent radiation inten-
sity has been used to get information about the electron
bunch length [3,4], as demonstrated by earlier experiments
using spontaneous radiation sources [5—8]. However, a
SASE FEL differs from a spontaneous source in two
aspects. First, although the amplification process in a linear
regime does not change the statistical properties of the
radiation, it can modify the x-ray pulse duration compared
to the electron bunch length due to the exponential gain
and slippage effects. Recent studies of the statistical fluc-
tuation and the x-ray pulse duration in the exponential gain
regime can be found in Refs. [9,10]. Second, a SASE FEL
typically operates in the saturation regime for the purposes
of intensity stability and a higher power extraction. Here
the FEL process is very nonlinear, and it is not obvious
whether statistical fluctuations may be useful to retrieve the
radiation pulse duration.

In this paper, we present a novel method for measuring
the x-ray pulse duration through the analysis of the statis-
tical properties of the SASE FEL spectra. First, we show
theoretically how this method can be applied in the ex-
ponential growth regime. Then, through numerical simu-
lations, we show why this method still applies in the FEL
saturation regime. Finally, we apply this technique to
experimental data taken at the LCLS. The measurements
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were performed at various machine settings where the
x-ray pulse durations were determined in the range from
10 to 200 fs.

II. THEORY

The SASE FEL behaves as a narrow band amplifier,
which selectively amplifies a wideband random input sig-
nal. The fluctuations result from the shot noise of the
electron beam current

N
I(1) = (—e) Y. 8(t — 1), (1)
k=1

at the undulator entrance, where the arrival times #; are
random variables with the probability density (). In our
theoretical approach we will use a one-dimensional model
assuming that a single transverse mode is established
through gain guiding [2]. The spectrum of the FEL electric
field E(z) is calculated as E(w) = [T E(t)e'!dt. The first
and second order spectral correlation functions are intro-
duced as [11]

(E(w—8w/2)E*(w + 8w/2))
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We express a single-shot spectrum taken by the spectrome-
ter as

2w, dw)= 3)

+oo o~ [0 —w)*/207]
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where we assume that the spectrometer resolution function
has a Gaussian shape with o, rms width. We define the
weighted spectral second order correlation function as

[ (S(w—8w/2)S(w+8w/2))
Gz('(Sw)—'/loo W(‘”)[<S(w—5w/2))<S(w+5w/2)> ]
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where the weight function W is described as

W(w) = [T2(S(w + b/2))S(w — b/2))db
[12(S(w + b/2)XS(w — b/2))dbdw”

We introduce a simple model for the exponential growth
regime that allows us to obtain an analytical formula for
Eq. (5). The process of amplification, within a one-
dimensional model, can be described by a Green function
h(t, 7), and the electric field can be calculated as the
convolution,

(6)

E(r) = ] h(t, D) I(r)dr. 7

For electron beams with constant parameters, the SASE
FEL Green function has the form [11,12]

Byt — 7) = Ag(2)eikoieiwnlt=n)=[t=7=2/v, R /4ot 1+ G/B]
(8)

where A((z) = ¢%/!s contains the exponential growth factor,
with [, representing the field gain length. The time-
dependent growth process, originating from an electron
beam with a nonflat current profile, can be described
assuming that the gain length is a function of ¢ [13]. The
gain mechanism also depends on other quantities, such as
transverse emittance, energy spread, and undulator taper.
To model this, we introduce a time-dependent gain func-
tion h,,, which is a slow-varying function on the scale of
the FEL radiation coherence length. Thus, we express the
time-dependent SASE FEL impulse response function as

h(t, 7) = hy(t — T)hy(7). 9
In Appendix A we show that, within the proposed model,
oo, 60) =1+ g (0, 60) (10)

and we derive the analytical formula (A19) for the
weighted spectral correlation function (5). When the aver-
age spike width is much narrower than the FEL bandwidth
o, = 75107, (A19) simplifies to

G0y = [T PTIR@P
w) = o
? f o 27|02

where X(w) is the Fourier transform of the average profile

X(1) = (|E@)|*) (12)

dé§, (11)

and

(13)
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Equation (11) can be particularized for different X(r)
shapes. For a Gaussian profile with rms duration o, we
have

e—[Swzfgo,z/(1+2a'2(r,2)]
G,(bw) = , (14)

J1+20%072

and for a flattop profile with full length duration 7,

G2(5a))=2[01e’{2‘7272/2(1 —cos(bwé& THdL. (15)

The measurement procedure of the pulse duration is
described below. First, a large set of spectra is recorded.
By fitting the average spectrum we obtain o2 + o2,. Thus,
only the spectrometer resolution o, and the pulse duration
are unknown. By fitting the experimental G, function with
the analytical model, one can finally derive both the pulse
duration and the spectrometer resolution. For typical mea-
surement conditions o, > o0,,, o = \/iam, &y =1, and
the measurement is insensitive to errors on o .
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Now we would like to compare Egs. (14) and (15) under
the condition that o, > ¢,,, one can conveniently rewrite
the G, function expressions using the variables () = ‘Z—“’,

T,=o,0,, and T;=To,. In particular, with this notation,

1 — 2
6.0 = /1 + 412 (16)

gives a measure of the average number of x-ray spectral
spikes (coherent modes) within the spectrometer resolution.
The number of modes can be approximated by 27',, when 7',
is large. Mathematical details of the comparison can be
found in Appendix B. One can also note that when 7 >
1, the method cannot distinguish between Gaussian and
flattop pulses having the same rms duration. This is because
when T = \/ﬁa, the number of modes and the shapes of
the G, function are the same [see Fig. 10 and Eqgs. (B6) and
(B7)]. In this sense the method gives an rms pulse duration
measure for compact x-ray pulse shapes, regardless of the
shape. For the case Ty < 1, achievable by using a finer
resolution spectrometer, the method is able to distinguish
between the two shapes. In this case G, is proportional to
the square of the modulus of the Fourier transform of the
x-ray pulse envelope. Figure 1 represents both described
cases for a fixed pulse duration Ty = Tg\/ﬁ and for differ-
ent spectrometer resolutions.

The measurement method described above is based on
the exponential growth model introduced in Egs. (7)-(9).
Since, within that model, the FEL behaves as a linear
amplifier, the properties of the random Gaussian process
of the input signal are retained [14]. Moreover, the expres-
sion for the steady-state Green function allows us to derive
the analytical relation between the average profile X(#) and
the weighted spectral correlation function G,.

However, in the saturation regime, Eq. (10) does not
hold true in general and we do not have any analytical
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FIG. 1.

model such as Eq. (8) to work out an expression for G,.
The statistical properties in this regime have been studied
by numerical simulations in [15], and a simplified analyti-
cal model is described in [12]. The most interesting
conclusion that can be drawn from these studies is that
the quasi-Gaussian statistics is retained for narrow band
instantaneous power fluctuations, and that Eq. (10) holds
true even at saturation.

Based on the above conclusion, we derived an approxi-
mate expression for the G, function without reference to
any of the analytical models. The details of the derivation
are presented in Appendix C. By assuming that the spec-
trometer has Gaussian resolution function with rms width
,,, we obtain

0 —A2/40'%, % + 2
Gz(éw)=f ¢ XGw + D g

o Zﬁale(O)P

The derivation of expression (17) involves several approx-
imations. We assumed that Eq. (10) is valid also in the
saturation regime. This result was found in [15] and was
also confirmed by our simulations. We considered the case
when the average spike width is much narrower than the
FEL bandwidth, and the spectrometer resolution width is
much narrower than the FEL bandwidth as well. Further,
we assume that the approximation (C10) is valid. An
important result found in [15] is that the spectral correla-
tion functions do not change considerably between the
exponential growth and saturation regime. This means
that g,(w, dw) has a width in Sw of the order of 1/T,
where 7 is the duration of the profile. First, the approxi-
mation (C10) requires an assumption that the phase of
gi(w +b/2, 6w)gi(w — b/2, dw) is nearly zero for dw
being inside the described region, and for b being inside
the FEL bandwidth. Second, it requires that the amplitude
of g,(w, w) changes slowly in the w variable. This allows
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Comparison between G, functions derived for the flattop model and the Gaussian average x-ray profiles. (a) When T, < 1,

Gaussian and flattop profiles having the same rms duration yield different G, functions. (b) When 7, > 1, Gaussian and flattop

profiles having the same rms duration cannot be distinguished.

030705-3



A.A. LUTMAN et al.

Phys. Rev. ST Accel. Beams 15, 030705 (2012)

us to use the approximation (C10) which is crucial for
deriving Eq. (17).
As expected, when o,, < o, Eq. (11) gives Eq. (17).

ITII. NUMERICAL SIMULATIONS

We ran a series of numerical simulations using a 1D FEL
code in order to check if the proposed method is also
applicable at saturation and in deep saturation. A flattop
electron beam with an energy of 5.9 GeV, a peak current of
3 kA, and a 1 mm mrad normalized transverse emittance
was used. The undulator has a period of 3 cm and a strength
parameter of 3.5, yielding a radiation wavelength of 0.8 nm
(photon energy 1.55 keV) and saturation occurring close to

Average power [W]

0 10 20 30 40 50 60 70 80 90
Undulator distance [m]

FIG. 2. X-ray pulse average power vs undulator distance.
Simulation with the 30 wm electron bunch (solid line), simula-
tion with the 3 wm electron bunch (dashed line).
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40 m. Two different electron bunch lengths, 30 and 3 wm,
were used during the simulations. Figure 2 shows the x-ray
pulse power as a function of the undulator distance for each
case. Simulation parameters were chosen to be close to the
experimental conditions used in Sec. III.

Figure 3 shows that the simulated pulse duration mea-
surements, based on Eq. (17), relate well to the pulse
durations obtained directly from the 1D code. The simu-
lations were performed for both the 30 wm and the 3 um
electron bunch using 2000 independent shots. In the short
bunch case, the slippage and the edge effects played a more
important role as compared to the longer bunch, showing
that the method works well for ultrashort bunches. Two
different relative spectrometer resolutions, o,,/w,, 1074
and 2 X 10™4, were used to show that prior knowledge of
the spectrometer resolution is not needed. The relative
resolutions have been retrieved as (1.00 + 0.01) X 10~#
and (2.01 = 0.05) X 10 for the long bunch case, and as
(1.00 = 0.02) X 107* and (1.96 = 0.10) X 10~* for the
short bunch case.

Simulations starting with a flattop electron bunch show
that the method can measure the average pulse duration
both in the linear and the nonlinear regime. The pulse
duration, however, stays almost constant for different
undulator distances. We have also ran simulations with
nonflat electron current profiles to prove that the method
can actually measure the pulse duration also when the
average profile duration changes during the FEL process.
We used Gaussian electron bunches with the following
parameters: an energy of 5.9 GeV, a peak current of 3 kA,
and a 1 mmmrad normalized transverse emittance. 500
independent shots were simulated for each electron bunch
starting condition. Two rms electron bunch lengths were
used: 18 and 6 wm. The relative spectrometer resolution
of 8 X 1073 was used in the simulated measurements.
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FIG. 3. Simulated measurement of x-ray pulse duration vs undulator distance. (diamonds) Relative spectrometer resolution
o,/ wy = 1074, (squares) relative spectrometer resolution o,,/w, =2 X 107*. (a) Electron bunch is flattop, 30 um long. (b)

Electron bunch is flattop, 3 um long.
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FIG. 4. Results for the Gaussian electron bunch profile with 18 xm rms length. (a) Normalized average x-ray profile. A low pass
filter has been used to remove the residual spiky structure from the 500 shots average. (b) Pulse duration vs undulator distance.
Calculated average profile rms duration (diamonds), simulated measurement rms duration (stars).

The results of the simulated measurements were com-
pared with the rms pulse duration derived directly from
the 1D code. Figure 4 shows the comparison for the long
bunch case. Figure 4(a) represents the normalized average
pulse profiles for different undulator distances. During the
exponential growth regime, the selective growth mecha-
nism described by means of the 4,; function favors the
growth where the density current is higher. This effec-
tively results in a shortening of the x-ray average profile.
Figure 4(b) shows the relation between the retrieved pulse
duration and the calculated average profile rms duration.
We find that the results are in very good agreement both
in the exponential growth and in the nonlinear regime.

The solid line in Fig. 4(b) is a quick estimate of the pulse
duration obtained by considering the field gain length [,
as a function of the current density and neglecting the
slippage effects. We can write this formula in a closed
form when approximating the gain up to the second order

in time:
_ ’ 340
O-Z(Z) - O-I(O) 2(31g0 ¥+ Z)’

where [, is the field gain length for the maximum bunch
current. Equation (18) predicts a shortening of the pulse
duration during the exponential growth. The retrieved

(18)

x107
25 T T T T T T r b T T r .
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FIG. 5. Results for the Gaussian electron bunch profile with 6 xm rms length. (a) Normalized average x-ray profile. A low pass filter
has been used to remove the residual spiky structure from the 500 shots average. (b) Pulse duration vs undulator distance. Calculated
average profile rms duration (diamonds), simulated measurement rms duration (stars).
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FIG. 6. Equation (10) in the linear regime, at saturation and in deep saturation. g,(wg, Sw) — 1 (solid blue) and |g(w,, Sw)|?
(dashed red). (a) Simulated results using an electron bunch 30 wm long. (b) Simulation results using an electron bunch

3 um long.

relative spectrometer resolution for this case is 7.90 X
107> £ 0.09 X 107°. The simulation starting from the
6 um electron bunch yields shorter pulse durations,
which are similar to the shortest measured pulse durations
presented in the experimental section. Figure 5(a) shows
the normalized average pulse profiles for different
undulator distances, and Fig. 5(b) shows the comparison
between the retrieved pulse duration and the calculated
average profile rms duration. Again we find good
agreement between the retrieved pulse duration and the
actual rms duration of the average profile. The retrieved
relative spectrometer resolution for the short bunch case
is 7.90 X 1075 £ 0.11 X 1077,

As expected, our simulations confirm that Eq. (10) holds
true in the exponential growth regime. At saturation, the
second order correlation function can be empirically ap-
proximated as g,(w, Sw) = A + Blg,(w, §w)|?, when dw
is not too large. This has been confirmed for simulations
using different electron bunch current profiles and lengths.
Figure 6 shows the comparison between g,(w,, Sw) — 1
and |g,(wg, Sw)|? in the nonlinear regime. In saturation,
we found A close to 0.88 for the short bunch simulation,
and close to 0.99 for the long bunch simulation, while B
equals to 1.03 and 1.01, respectively. This can eventually
lead to negative values in Eq. (5), suggesting that it is
necessary to fit Eq. (17) with a free offset parameter.
This behavior, predicted by the simulations, is confirmed
by the experimental data. In the long bunch simulation
Eq. (CI) holds better, since the slippage and the edge
effects play a less important role. Similar results were
found in [15] where the authors explain that, within the
accuracy of their simulations, the spectral first and second
order correlation functions do not change from the expo-
nential growth regime to the nonlinear regime.

IV. EXPERIMENTAL RESULTS

The experimental demonstration of the method de-
scribed above was performed at the LCLS operating at
1.5 keV photon energy. The spectra were recorded by the
LCLS soft x-rays spectrometer [16]. For each machine
setting around 40 000 spectra have been recorded. For
each spectrum we have also acquired such quantities as
electron beam energy and charge, peak current, trajectory
information, and x-ray pulse energy. The latter quantities,
particularly the electron beam energy and peak current,
were used to select a subset of the recorded data. This
subset had aligned spectra and similar electron bunch
lengths. A typical subset contained around 5% of the

100
90 |
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70 |
60

50 ¢

40 t

Pulse duration full length flat top [fs]

60 70 80

Undulator Distance [m]

30 ‘

FIG. 7. Measured x-ray pulse duration vs undulator distance
(diamonds). Pulse duration expressed as full length flattop.
Electron bunch length within the flattop model (dashed).
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FIG. 8. (Diamonds) Measured x-ray pulse duration vs different

peak currents, duration expressed as flattop full length. (Solid)
Electrons bunch length for a 250 pC flattop profile as a function
of the peak current.

originally recorded results. Since the FEL intensity jitter
has an impact on the G, function, measured spectra are
normalized by their integral over frequency. Full transverse
coherence is assumed for the above analysis. FEL simula-
tions suggest that the transverse coherence decreases after
saturation to about 50%-60% [17]. Additional analysis of
Genesis simulations [18] have shown that the degree of
transverse coherence in the vertical and the horizontal
directions is = 80% and = 70%, respectively. This was
confirmed by coherence measurements performed during
commissioning of the soft x-ray (SXR) instrument [19].
Care must be taken to reduce the effect of the transverse
modes on the statistical analysis. The spectra were re-
corded as 2D images. The spectrometer optics focused
the beam only in the vertical direction. During the post-
processing, only the subset of the data on the horizontal
coordinate has been used. This is equivalent to using a
horizontal slit for improving the transverse coherence in
the horizontal direction.

During our experiments we were investigating the
influence of different LCLS machine conditions on the
statistical properties of measured spectra. We varied
the undulator length and the electron bunch peak current.
We also applied the slotted foil technique to change the
effective electron bunch length that was able to lase [13].

In the first experiment we measured the pulse duration
for different undulator lengths. The peak current was set to
3 kA, which yields an 83 fs electrons bunch length for a
flattop shape. Pulse duration measurements are presented
in Fig. 7 showing that x-ray pulses were shorter than
electron bunches and that, with our postsaturation taper
configuration, the pulse duration increases when the deep
saturation is reached. The measured relative spectrometer

TABLE I. Electron bunch length controlled using the slotted
foil and measured x-ray pulse duration as FWHM Gaussian.
Electron bunch length is calculated with the formula presented in
[21]. 0,/ wg is the relative spectrometer resolution measured for
each data set.

Estimated unspoiled Measured relative

electron bunch Measured x-ray pulse spectrometer
length FWHM [fs]  duration FWHM [fs] resolution o,,/w,
10 13 0.87 X 107*
18 24 0.92 X 1074
28 39 0.87 X 107*
56 50 0.85 X 1074

resolution was similar for the different analyzed data sets,
and was equal to o, /wy = (1.02 = 0.04) X 10~*. The
designed spectrometer resolution at 1.5 keV is 0.85 X
10~* [16]. Measurements performed at LCLS pointed out
that the SXR instrument resolution at that photon energy
should be closer to 1.4 X 10~#[20]. The discrepancy could
be attributed to the fact that this resolution was derived
from an averaged spectra, and it could be influenced by
such uncertainties as vibrations and photon beam jitters.
The resolution derived by our method is based on the
intensity interferometry principle. Therefore, it is much
less sensitive to such instabilities. A non-Gaussian shape
of the resolution function of the spectrometer could also
contribute to the differences in the resolution derived from
the two methods.

In the second experiment pulse durations were mea-
sured for different peak currents at a fixed electron
bunch charge. For these data sets, undulator taper has
been applied in order to maximize the output power
with 28 undulator segments present. Experimental re-
sults have been collected for the peak current from 1.5
to 3 kA. Figure 8 shows the measured x-ray pulse
duration compared to the electron bunch length in the
hypothesis of a flattop electron bunch distribution.
Higher peak current electron bunches yield clearly
shorter average FEL pulses. Finally, we measured
shorter x-ray pulse durations by controlling the electron
bunch length using the slotted foil technique [13].
Measured pulse durations obtained by controlling the
unspoiled electron bunch length with the slotted foil
are found in Table I. The shortest pulse duration was
measured for the slotted foil configuration corresponding
to an estimated unspoiled electron bunch length of 10 fs
FWHM [21]. With this setting, the measured average
x-ray pulse duration was 13 fs FWHM. Figure 9(a)
shows a typical measured spectrum for different foil
settings. It is evident from this figure that the shortest
pulses yield spectra with higher fluctuations [Fig. 9(a)]
and larger values of G,(0) [Fig. 9(b)]. This figure also
shows that the analytical model can fit the experimental
data well.
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FIG. 9. Pulse duration measurement controlling the bunch length using the slotted foil. (a) Typical measured spectra. Shorter x-ray
pulses present spectra with larger amplitude fluctuations. (b) Experimental G, function for different pulse durations (FWHM Gaussian)

and fitting with the theoretical model.

3.6

35¢F

3.45

3.4

Tf/Tg
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3251
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Tf
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FIG. 10. 2 as function of T, giving the same value for
G5(0) = G?(O) (bold solid), +/12 (dashed), 2,/ (dotted). % =
VI2isa good approximation to have the same value G,(0) for
both the flattop and the Gaussian models.

V. CONCLUSION

We have developed an effective approach for measuring
the average length of ultrafast x-ray pulses from SASE-
based FEL sources by using the statistical characteristics

|

not in the time, but in the spectral domain. This technique
was shown to be experimentally applicable not only in the
exponential growth region, but also in the nonlinear region
of the SASE amplification process as confirmed by analyz-
ing simulated data sets. We observed that the extracted
x-ray pulse duration varied consistently with the manipu-
lated electron bunch length. The hypothesized evolution of
the pulse duration as a function of the undulator distance
was also observed for the first time, lending further cre-
dence to our analysis. In addition, this method can be used
to measure the resolution function of a spectrometer as a
cross-check to other direct experimental techniques, such
as using an absorption line. We believe that our method can
be extended to other SASE-based FELSs at arbitrary wave-
lengths. This approach can be also considered for the
analysis of any chaotic process where the output signal
originates from a nonlinear, narrow band amplification of a
Gaussian process.
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APPENDIX A: G, FUNCTION DERIVATION

In this Appendix we derive an expression for the weighted second order correlation G, function defined as

S(w — dw/2)S(w + Sw/2))

G0 = [ wiw)|

with

S(w = 6w/ D)S(w + dw/2)) l]d“’

(AL)
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W(w) = [E2(S(w + b/2)XS(w — b/2))db
[12(S(w + b/2)XS(w — b/2))dbdw’

(A2)
where S(w) is a single-shot spectrum collected after a spectrometer. For a spectrometer with a Gaussian resolution function
having rms width ¢,,, the single-shot spectrum is denoted as

too L@ —wP/25]

and Eq. (A1) can then be written as

[ [0 ol w50 22 208 g (o050 23 B, 21 o) Py, ey
[ [r g oo 0l Ty T o750 AR (o ) X1 Bl Prd o,y

Gy(5w)= [f: W(w)[ - l]dw. (A4)

With a substitution, {w,, @, o} = {Q, A, 0}, w, =0+ Q +w/2+A/2, 0, =0+ Q —Sw/2 —A/2,and w = w,
we can write Eq. (A4) as

G (50) [+°°W( )[ JEE [rRe 840 e (| E(w + Q + bw/2+ A/2) P E(w + Q — Sw/2— A/2)[2)dAdQ) 1]
w)= w 212 27,2 1. = -

: oo [ [ro e840 e~ T(|E(w + Q4+ dw/2+ AJ2)PXIE(w + Q — §w/2 — A/2)[*)dAdQ

X dw. (AS)

Let us derive a particular expression for G, for the exponential growth regime by using the model based on Egs. (8) and (9).
The Fourier transform of the electric field is evaluated as

+o00 N X - N X
E(w) = f (—e) Z hy(t = t)h(t)e' ' dt = (—e)H ;(w) z e'“lh., (1), (A6)
—oo =1 k=1

where H,(w) = [*2 h,(t)e’®". First we show the validity of Eq. (10) by following an approach similar to the one
described in [11]. We calculate the first order spectral correlation as

N N
(E(w + 6w/2)E* (0 — dw/2)) = *H (0 + 6w/2)[—~1fi((u — 5w/2)<z Z h,d(tk)h:‘d(tj)ei(“’+3"'/2)’ke_i(“’_‘s“‘/z)’.f)
k=1=1

- . N
= e’H (0 + dw/2)H}:(w — 50)/2)((2 |hzd(tk)|2€i5‘"’k>
k=1

N N
(33 halth et oo e i ooy ) (A7)

k=1j=1,j#k

By using the hypothesis that the arrival times are independent, and that they are described by the density probability
function f (1), Eq. (A7) yields

(E(w + 8w /2)E (w — 8w/2)) = *H (0 + dw/2)H(w — Sw/2)N
X fjoo |7, ()2 e®@h £ (2 )dt, + 2 H (0 + 5w/2)]—~lfi(a) —Sw/2)N(N — 1)

+ o0 . +o0 .
X f hg (1) f (1) el @t oe/Dn gy, f Bt f(t)e T @0e/ Dy, (A8)

The second term on right-hand side is negligible with respect to the first one. It can be shown by using the same arguments
presented in [15], while discussing the spectral correlation of the first order:

- - _ ~ +oo 4
(E(w + 8w /2)E* (0 — dw/2)) = NH (0 + Sw/2)H};(w — 50)/2)[ |, (D f(t)elo“ dt. (A9)
We now calculate the spectral correlation of the second order:
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N N
(E@ + 50/ E(w — 00/2)F) = I (w + 30/DPI (0 - 30/2P(3 33
11=1

N
k=1j=

M=

htd(tk)h;kd(tj)htd(tl)h?d(tm)
1

X ei(w+6w/2)tke—i(a)+8w/2)tjei(w—éa)/Z)tle—i(a)—éw/Z)t,,, ) (AlO)

~—

As clarified in [15], the most contributing terms are (k = j) A (I = m) A (k # 1), (k = m) A (j = 1) A (k # j). Since the
arrival times are independent, we have

(E(@ + 8w/2)P|E(w — 8w/2)1) < 2 NL% N 2 idwr, 2,—idwi;
AN H @ + b0/ 2P (@ — b))l kle=l,ZI#:k<|htd(lk)| XA (2)]%) + kglj:%#:kq}lld(tk)l e 00l N|hey(t)) e )

(A11)
yielding

h (D12 f(Deo@ dr|>.  (A12)

(|E(w + 80 /2)*|E(w — 8w /2)|?) ([ 2 2 oo
NN — DI + 6w/2)P1H (0 — dw/2) (Lo a0 ﬂt)dt) * Uw

Equation (A12) together with (A9) proves Eq. (10).
We now consider the average profile X(r) = (|E(#)|*) and its Fourier transform

f60) = [ apwhe o =~ [0, — b0/2E (0, + d0/2)do, (A13)
The squared modulus of X can be written as
X(Bw)l? = # fj: fj:(ﬁ(wu — bw/E (w, + b/ DNE (@, — 0/ E(wy + dw/D)dw,dw,  (Ald)
By doing the substitution {w,, w,} — {w, b}, so that w, = w + b/2 and w, = w — b/2, one obtains
G = ;5 o [Tt + b2 = s0/2E (0 + /2 + 80/2)

X (E*(w — b/2 — 8w/2)E(w — b/2 + Sw/2))db. (A15)

From Eq. (A15) by using Egs. (A6) and (A9), neglecting ¢*N? terms and with o, = #, we have
Ty

- +o0 D —[8w? +3(w—w()*/303] + 00 X 2
4772|X(5w)|2 =/ \/?6 — dw |j |htd(t)|2f(t)€’5wdl‘
—0o0 gy, —00

Dare—(60*/307)

352 hia(D2f(2)e ! di]2. (A16)

f+oo
— 00

o-l(w-wpP /o2 +02]
W(w) = (A17)

ﬁ\/aﬁ + o2, ’

Equation (A2) is evaluated as

and from Eq. (AS) by using Eq. (A12)

G,(bw) = f+oo W(w)dw j+w e AG2+(A+8w)0} P /aotah(ah+om )t ¥ o+ ol [T |hia(0)]2f (D) &+ o) g2 dA. (A18)
oo oo 2Jmo .ol [13 a0 F(D?
We can substitute Eqgs. (A16) and (A17) into (A18) and integrate over w obtaining
L[ g ar s Ptk oy VT T el ST BAIX(A £ Sw)l?
G,(bw) e = dA. (A19)
o 27,0, |X(0)]

By choosing a particular shape of the average profile, one can find an analytical expression for the G, function. In the
case of a Gaussian profile, with rms length o, Eq. (A19) under the condition o, > W%a_ gives
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e L8 Boial—DIA(oi+03)Boi(1+4075,07)— 03]}

(A20)

3o2(1+402,07)— 02,
3(gatom)

Equation (A20) can be simplified when o, > 7510—, where o, is the rms duration of the average profile, yielding

+oo g~ (E0wE)?/207 | R (£)]2
—oo 2ol X(0)|?
where o = \2(o,0,, /o2 + o) and &, = o2 /(0% + o2).

APPENDIX B: COMPARISON BETWEEN GAUSSIAN AND FLATTOP MODEL

We can rewrite explicitly Egs. (14) and (15) by using the variables
Sw

G,(dw) =

dé, (A21)

Q=2 I =00, T,-To, ®1)
and we obtain
o~ (2T2/[1+4T3)
G3(Q) = ————, (B2)
J1+ 4AT?
e /4 iQ TeosT 0 e M0 /7 10
Gft(Q)_ \/_I:erf<Tf )+cc :|+e 002s f 5 \/_I:le f( l—)—c.c.:l

2Tf 2 T 4T3 2

- IW_ZT(? Dttt (B3)

Now, we look for the relation between Ty and T, giving the same number of modes within the two different models.

G, (())
Such value of T, is found as a function of Ty:

(1+e f[ﬁTferf(Tf) - NP

(B4)

o
N =

The behavior of —£4~ T, (T S is represented in Fig. 10, together with the values at the extremes of the domain
Ty T,
lim =12 hm N (B5)
T,—0 T (Tf) Ty—o0 T (Tf)

It turns out that T, = +/127, is a very good approximation for the condition to have the same number of modes in pulses
described by the above profiles for any value of 7. When the number of modes is large, the asymptotic expressions for the
G, functions can be written as

(@24 (02 —2)e(@%/4) 1
G(Q) == 4 )63 0(—4), (B6)
2T, 3273 T
, -4 4 £i(2) e (/9 1
L) = Y7 + mer ‘(22) ¢ + 0(—4). (B7)
T, 272 T

It shows that, for both models, the main contributing terms have Gaussian shapes with the same rms, which depend only on
the spectrometer resolution o ,.
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APPENDIX C: G, DERIVATION WITHOUT USING THE LINEAR AMPLIFIER MODEL

As it was shown by our simulations, and in [15] even in the nonlinear regime, Eq. (10) is nearly valid. We write it in the
form

(IE(@)PIE(@,)PP) = (E(w,)E* (@) XE™ (@,) E(w))) + (|E(w,) PXIE(w,)]?). (C1)

This allows us to write Eq. (A5) as

Ga0w) = [ Ww)

[ [12 o847 T E(w + Q + 8w/2 + AJ2)E (0 + Q — §w/2 — A/2))PdAdQ
[ [r2 o8 /A7) o~/ T) (| E(w + Q + 8w/2 + AJ2)PX|E(w + Q — w/2 — A/2)[P)dAdQ
(C2)

If the spectrometer resolution function is much narrower than the FEL bandwidth, then we use the following approximation:

+ 00 +oo 2
[T ewrip + aPax = [ e R (€3)

— 00

By using this Eq. (C3) and Eq. (A15), we can rewrite expressions (C2) and (A2) as

[ [ [12 e 8 /ATh om0/ (E(w + Q + 8w/2 + AJ2)E* (0 + Q — 6w /2 — A/2)>|2dAdQ
Goldw) = f Wiw) 2702 (| E(w + s /2PN Ew — dw/2)P)

(C4)
_ JIHE(@ = b/2)PXIE(w + b/2)1%)
Wiw) 11RO ' ©
We introduce g; formalism as in Eq. (2) and rewrite Egs. (C4) and (A15) as
G,(5w) = f°° f°° [+°° [+°° dodbdAdQe Y47 e~/ g (0 + Q, 5w + A2
<|E*(w +Q - A/2=8w/2QPNE (@ +Q+A/2+ 80/2)) (|E(w — b/2)PXIE(w + b/2)?) C6)
2702 {|E(w + 8w /2)PX|E(w — Sw/2)|?) 472X (0)|
~ 1 +00 +00
IX(6w)|? = . /700 dw /700 gi(w+b/2 6w)gi(w — /2, dw)
X B — b/2 — 80/ E(w — b/2 + 8w/2)P)
X E(w + b/2 — 80/DPXIE(w + b/2 + 8w /2)12)db. (C7)
Equation (C6) can be simplified by using the approximation (C3) on A and ):
(e e [ [ e M e Y g (0 + O, 80 + A)XE(w — b/2)PXIE(0 + b/2))
G,(bw) = j_ f j [ m o A 1RO dwdbdAd()
(C8)

and in a similar way, Eq. (C7) can be simplified when the average spectral spike width is much narrower than the FEL
bandwidth as

1 +o00 +o00 - ~
K@)l =4 [ do [ e+ b2 0010 ~ b2 80)(E(w ~ b/2PNIEW + b/2P)ab. (€9)
7T —00 —00
Further we approximate
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| T o [ o+ b2 0wksi( — b2 00)1Blw ~ b/2PXIEW + b/2)F)db

~ f_m o f_+°° lg1(w, 80X E(w — b/2)P)|E(w + b/2)|P)db.

The expression is exact for w = 0 but it is approximated,
in general, for other values of dw. Referring to the ex-
ponential growth model, from Eq. (A9) we have

gi(w+b/2,6w)gi(w —b/2, éw)

e—i(l/Z(rZ)(h/\/g)Bw | Itz |htd(t)|2f(t)ei6wtdt|2
| J2% g f(0)di?

Equation (C11) is not a function of w, and its width in the
variable Sw is of the order of 1/T, where T is the charac-
teristic length of the profile. From Eq. (C10), if b is larger
than the FEL bandwidth, then {(|E(w — b/2)?)X
(lE(w + b/2)|?) becomes close to zero. Inside this
bounded region for b and Sw the phase of exponential

. (C11)

(C10)

factor in Eq. (C11) is approximately zero when 1/T < o,
showing that, within these assumptions, Eq. (C10) is valid.
An important result found in [15] is that the spectral
correlation functions do not change considerably between
the exponential growth and the saturation regime. This
means that g,(w, w) has a width in dw of the order of
1/T also in the saturation regime. First, the approximation
(C10) requires an assumption that the phase of g;(w —
b/2,6w)gi(w — b/2, bw) is nearly zero for Sw being
inside the described region, and for » inside the FEL
bandwidth. Second, it requires that the amplitude of
g1(w, Sw) changes slowly in the w variable. By using
the approximation (C10) we obtain

o = [ [ [ 2Lt 30+ OFE — bAPXIE + b2

By substituting (C13) into (C12) we finally obtain

NG (e dwdbdA (C12)
K(Gw)2 = [ " dw f " lev(w, 8)XEw — b/DPXIE(w + b/2)P)db. (C13)
47T — o0 — o0
o o—A2/dal | ¥ 2
Gy(6w) = [ ¢ X(@o + A, (C14)

— 00

For o, > o,, Eq. (A21) gives, as expected, Eq. (C14).
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