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Abstract: The single shot based coherence properties of hard x-ray pulses
from the Linac Coherent Light Source (LCLS) were measured by analyzing
coherent diffraction patterns from nano-particles and gold nanopowder.
The intensity histogram of the small angle x-ray scattering ring from
nano-particles reveals the fully transversely coherent nature of the LCLS
beam with a number of transverse modés) = 1.1. On the other hand,

the speckle contrasts measured at a large wavevector yields information
about the longitudinal coherence of the LCLS radiation after a silicon
(111) monochromator. The quantitative agreement between our data and
the simulation confirms a mean coherence time of 2.2 fs and a x-ray pulse
duration of 29 fs. Finally the observed reduction of the speckle contrast
generated by x-rays with pulse duration longer than 30 fs indicates ultrafast
dynamics taking place at an atomic length scale prior to the permanent
sample damage.
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1. Introduction

X-ray free electron lasers (XFEL) operate on the principle of self amplified spontaneous emis-
sion (SASE). They can deliver orders of magnitude more brilliant coherent radiation than pre-
viously available from synchrotron storage ring sources, tunable from VUV to the hard x-
ray regime [1-5]. In a SASE FEL, the radiation produced by relativistic electrons propagates
through single pass undulators where the beam modulates close to the resonance frequency of
the undulator. Subsequently, the FEL collective instability induces microbunching in the elec-
tron beam and leads to the exponential growth of the radiation field before saturating [6,7]. Due
to the amplification process, which starts from the electron beam shot noise, the FEL carries
different operational parameters as compared to storage ring based 3rd generation light sources.
The beam is considered transversely fully coherent because the radiation is dominated by a sin-
gle intense spatial mode near saturation [8]. However since a single SASE FEL pulse carries
multiple temporal modes, the output spectral distribution consists of many spikes that change
on a pulse-to-pulse basis [9, 10]. Therefore, a comprehensive analysis of the FEL single shot
coherence properties is of fundamental interest and is a necessity to take full benefit of these
new light sources.

The Linac Coherent Light Source (Menlo Park, USA) was the first FEL to demonstrate lasing
in the hard x-ray regime [11] followed by SACLA (Japan) [12]. The radiation produced at
these sources are suited to study structures and ultrafast dynamics in versatile condensed matter
systems by means of x-ray scattering methods such as x-ray photon correlation spectroscopy
[13-16] and single shot coherent diffraction imaging [17]. For example, recent results reported
the feasibility of measuring high contrast single shot x-ray speckles from liquid and glasses,
enabling the study of atomic length scale dynamics and structures of amorphous systems [18].
The success of these experiments relies on the accurate characterization and control of both
the transverse and longitudinal coherence of the source. However, measuring the coherence of
hard x-ray FEL radiation is challenging because of its sub-nanometer wavelength, femtosecond
pulse duration and pulse-to-pulse intensity and spectral fluctuations.

Various attempts have been made to characterize the SASE FEL radiation. For instance,
double slit and pinhole measurements are made at FLASH [19, 20] and LCLS [21] to study
the coherence of these light sources. Interferometric based methods [22] were also applied to
evaluate the temporal coherence. More recently, wave front properties of hard x-ray FEL pulses
at LCLS have been characterized via grating interferometry [23] and ptychographic imaging
[24] methods. Single shot based speckle contrast analyses have been also proposed [25, 26] to
capture the coherence properties of the FEL radiation on pulse-to-pulse basis. This is highly
desirable because significant longitudinal coherence fluctuation is expected due to the chaotic
nature of the SASE source. In particular, our work closely follows the results reported by Gutt et
al. [25], in which the speckle contrast analysis was performed on single shot diffraction images
to deduce the coherence properties of the LCLS in the hard x-ray regime.

In present work, we measure the transverse coherence, in both the horizontal and vertical
directions with respect to the beam path, by analyzing single shot speckle patterns in the small
angle x-ray scattering (SAXS) geometry. We further probe the longitudinal coherence of the
beam by monitoring the contrast fluctuations from speckle patterns at high wave vectors in
the wide angle x-ray scattering (WAXS) geometry. Our analysis reveals that the LCLS beam
consistently carries a high degree of spatial coherence (close to unity) while its longitudinal
coherence varies on a pulse-to-pulse basis. Afterwards by applying the similar analysis on the
intensity fluctuation of the LCLS output power, we evaluated the mean number of temporal
modes in the beam and show that the x-ray pulse duration is indeed considerably shorter than
the electron bunch duration. Later we perform 1D FEL simulation to simulate our experimen-
tal conditions and confirm the validity of our results. Ultimately, via a careful analysis of the
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speckle contrasts with respect to the incoming x-ray pulse duration, we demonstrate a possi-
bility of measuring femtosecond dynamics at an atomic length scale in the gold nanopowder
sample.

2. Theory

The coherence properties of a light source can be quantified by its mutual coherence function
(MCF) [27]:

[ (FLF2,T) = <E(r*l,t)|§(r*2,t+ r)>, 1)

whereE(r,t) is the electric field at positior§ andr, in space and is the relative time delay
between the two optical signals at the point of detection. The normalized MCF is known as
the complex coherence functignlit carries a value between zero (no coherence) and one (full
coherence). The spatial term of the complex coherence fungtisroften assumed to be a
product of its horizontal and vertical components (y@&.= 0) = y, - ).

When a static disordered object is illuminated by a coherent beam, the scattered radiation
is not smoothly distributed in reciprocal space but instead consists of a grainy speckle pattern.
The coherence properties of the radiation are encoded in the statistical properties of this pattern
which can be deduced by a detailed analysis of the speckle statistics. The relation between the
measured speckle contrgand the MCF in the Fraunhofer limit can be given by [28, 29]

Ry 1 [ exg® )
PR = G b

wherek specifies the displacement between two positions of detection in a scattering experi-
ment, andV is the illuminated sample volume. In general, Eq. (2) depends on both the space
and the time. Herd,is expressed as

. 2
l_(oar)Zl - f"1Lat) d?ld?27 (2)

—

Q- (F2—T1)
cko ’

whereQ is the wavevector transfet, = 2m/A is the wave number, ardis the speed of light.
In the Cartesian coordinate syste@h, (f> — 1) is 2k, Sin@ cost(z, — z1) — 2koSir? B(y2 — y1)
in the vertical scattering plane, wheleepresents the scattering angle (See Fig. 1).

The longitudinal coherence of a FEL beam is difficult to define because it is not a smooth
spectrum [7,9, 10, 30]. More specifically, a single shot SASE FEL spectrum in the frequency
domain consists of multiple spikes whose width relates to the pulse duration of the radiation.
Thus, we can estimate an “effective bandwidth” of the radiation based on the FWHM width of
the Gaussian distribution curve. The characteristics of the polychromatic spectrum of the FEL
beam in the frequency domain is modeled as a Gaussian of the form

t= 3)

2v/In2 v—v\?2
S(v):mexp(—Z\/ﬁ 5 ) , (4)

whereAv is the FWHM spectral bandwidth and the Fourier transforrg(ef) yields the com-
plex coherence functiop(t). Since a mathematical definition of the coherence tigis given

by .
w= [ vl ©)

Vo) = exp(—%T (Ti)z> , ©
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Monochromatized
LCLS pulses
at 8.96 KeV

Fig. 1. Experimental schematic of our single shot coherence measurement. A single, fo-
cused monochromatized x-ray pulse is delivered to the sample in a transmission scattering
geometry. For the SAXS experiment, colloidal nanoparticles are used as scattering medium
while gold nanopower is used for the WAXS measurement. Herandy are defined as
horizontal, vertical and collinear directions to the incident beam respect®elyd ¢ each
represents the scattering angle and the azimuthal angle with respect to the incident x-rays.

wheret is the time delay that corresponds to the path length difference of the scattered x-rays.
For further analysis, we use a Cartesian coordinate system to describe our WAXS geometry
wherex, zandy are defined as horizontal, vertical and collinear directions to the incident beam
respectively as shown in Fig. 1. In this case, the MCF is expressed as

2
T (1,21, %2, 22, 1) [? =V2<| Ei |2>

e (7)
X e & e & gt /2Tc7

whereé, andé, are the transverse coherence lengths in the horizontal and vertical directions
respectively andr is the longitudinal coherence length assuming a Gaussian spectral profile.
Finally the speckle contrast can be rewritten in terms of the coherence length and time as

0o-x1)? ()2
= 2 550
B:/\//\/e & e & gt/ (8)

Once the transverse coherence lengths are measured, the coherentedameéde numeri-
cally obtained by solving Eq. (8). The validity of the Gaussian approximation for the radiation
spectrum will be discussed later by comparing the simulation result to the experimental data.
In the SAXS geometry, the typical longitudinal path length differences between the scattered
radiation are about 1@ ~ 10-19m. Since the path length differences are much shorter than the
expected longitudinal coherence lengthl(um) of the 8.96 keV radiation downstream of a Si
(111) monochromator, the MCF will not contain any significant time dependence. The speckle
contrastB will therefore be a measure of the transverse coherence properties only (given that
the speckle features can be fully resolved by a detector with sufficient spatial resolution). In the
WAXS geometry, the relation between the speckle contrast and its MCF is more complex be-
cause the maximum path length difference between x-rays from the illuminating volume to the

#193069 - $15.00 USD  Received 28 Jun 2013; revised 22 Aug 2013; accepted 15 Sep 2013; published 8 Oct 2013
(C) 2013 OSA 21 October 2013 | Vol. 21, No. 21 | DOI:10.1364/OE.21.024647 | OPTICS EXPRESS 24652



detector is comparable to the longitudinal coherence length of the incident monochromatized
beam.

3. Materials and methods

This experiment was conducted at the XPP instrument of LCLS at SLAC National Acceler-
ator Laboratory. The electron bunches are generated at 10 Hz from a photocathode and then
accelerated by a linac up to 14.2 GeV. At this point, the electron bunch duration is about 100
fs (FWHM). A single electron bunch is selected by a deflecting magnet that is triggered by an
electronic signal from the end user. Subsequently the electron bunch propagates througha 70 m
long undulators to generate a single x-ray pulse via the SASE process. Each x-ray bunch travels
through a channel cut monochromator with Si (111) crystals operating in the vertical scattering
geometry, which for this experiment delivered x-rays with an enerdy of8.96 keV and a
resolution ofAE /E = 1.41 x 104, After the monochromator, a typical x-ray bunch contains up

to 1 x 10 photons within its sub-100 fs pulse width. We note that the initial size of the LCLS
beam (approximately ¥ 1 cn) is reduced after upstream X-ray slits during the experiment.
Finally, the slitted 300< 300 um? size beam is focused using a beryllium refractive lens to a
spot size of 3 (horizontal 9 (vertical)um? at the sample position.

The schematic of the single shot scattering measurement is shown in Fig. 1. The diffraction
signals from the sample are recorded with a direct illumination CCD (Princeton Instrument
LCX) consisting of 13061340 pixels of 2620 um? size. The detector was placed at 4.5 m
and 1.55 m away from the sample to measure speckle patterns in the SAXS and WAXS geome-
tries respectively. Successive single shot images were taken by translating the samples after
each shot to avoid damaged area on the sample from previous shots. In the SAXS geometry,
the sample consists of hard sphere colloidal particles (volume fradtierb2% and size poly-
dispersity of 16%) of 100 nm diameter. For the WAXS geometry, gold nanopowder samples
were prepared by mixing a solution of Au and polyvinylpyrrolidone (PVP) on a thin kapton
support. The sample thicknesses are kept at 2.2486um to ensure the reproducibility of the
coherence measurement.

4. Result and discussion
4.1. Speckle statistics in SAXS geometry: Transverse coherence measurement

Series of single shot speckle patterns from the colloidal suspension are measured in the SAXS
configuration. Figure 2 (left half) shows a typical single shot scattering pattern. The grainy
structures on the concentric ring is a characteristic of a well developed speckle pattern and is
also indicative of the highly coherent nature of the source. The individual speckles from each
single shot patterns present an anisotropic aspect ratio. This feature is due to the size of the
focused beam at the sample, which is inversely proportional to the speckle size. On the other
hand, Fig. 2 (right half) is a multi-shot average scattering pattern that provides similar results as
would be obtained with illumination by an incoherent source. It shows smooth concentric rings
that are the signature of the diffraction pattern from spherical particles with a well defined diam-
eter. For the speckle contrast evaluation at a given wave vector, we selected a region of interest
consisting of an annulus of radi@= 0.05 nnm ! and widthdQ =2 0.001 nm* (correspond-

ing to 3~5 pixel width). The intensity fluctuation in the selected region is then evaluated by
fitting the histogram of the normalized intensity by the gamma probability density distribution
function [31]

_ (' +Mspeckid Mspeckie] ' (1y 1 Mspeckie
P = E 1D Mopecd [” 0] ] [“ Mspeme] , (©)
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wherel is the number of photon events measured on the CCD and the pardviigtefie
is a number of speckle modes corresponding to the ratio between the scattering volume and
coherence volume and is related to the speckle contrg8tbyl /| /Mspeckie

0.05

-0.05

0.05

.:
Q, [nm"]

Fig. 2. X-ray diffraction pattern from the colloidal sample. A single shot coherent pattern is
shown on the left. It shows strong spatial intensity fluctuation as compared to the scattering
ring obtained from a sum of 50 successive shots (right half). The circular shadow in the
middle is the beam stop that prevents the direct beam from reaching the detector

Figure 3(a) shows the histogram of the normalized intensity distributiGh=a0.05 nnvL.

The solid line (red) is a fit to the experimental data using Eq. (9). Here $figggkicis only
sensitive to the transverse coherence of the beam, we note the number of transverse mode as
Ms. The fit yields the number of transverse madg= 1.32+-0.09, which corresponds & =
0.87+0.03. The same analysis was extended to the va@aisccessible in the CCD image.

In Fig. 3(b), the number of speckle modes does not displayadgpendence. In terms of the
speckle contragB the mean value is 0.8F 0.01 with wavevectors ranging fro@ = 0.03

nm~1to 0.07 nnmr! as shown in Fig. 3(c). Overall, an averggealues measured § = 0.05

nm~* from 90 individual shots at show) = 0.94- 0.03, which demonstrates the nearly full
transverse coherence of a LCLS pulse with a small fluctuation.

We further extend the study to investigate the transverse coherence along the horizontal and
vertical directions. As presented in Fig. 4(a), we selected 2 regions of interest, indicated by
rectangular regions H and V, for calculating the speckle contrast alandx axes simultane-
ously atQ = 0.05 nnt1. Here the contrast in the horizontal and vertical direction is a measure
of the horizontal y,) and vertical {) degree of transverse coherence. For each x-ray pulse, the
speckle contrast is evaluated by fitting a normalized intensity distribution of the scattered x-rays
to Eq. (9). Figure 4(b) shows a series of single shot speckle contrasts evaluated along the hori-
zontal and vertical directions as a function of shot number. This gives average contrast values of
0.96+ 0.04 and 0.9 0.04 for the horizontal and vertical directions respectively. We do not
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Fig. 3. (a) A probability density distribution function of intensity fluctuations of a single
x-ray scattering image at an annulus@£ 0.05 nnv ! (blue bar), which is plotted against

its fitted gamma density function (solid red). Number of speckle modes (b) and speckle
contrasts (c) are evaluated as a function of the wave ve€rtorthe same scattering pattern.

observe any significant difference between the two directions and both results show nearly full
transverse coherence on average. Here, the single shot transverse cohetepce() is eval-

uated as 0.980.06, which is consistent with the single shot coherence measurement discussed
previously. We note that the fluence of6410° mJ/cn? from the bandpassed x-ray radiation
exceeds the damage threshold of the colloidal particles. However, the SAXS diffraction pattern
corresponds to relatively large length scale (hundreds of nanometers), and thus we expect no
dynamics on femtosecond time scales. Therefore the FEL pulses should effectively probes a
static or “frozen” system.

4.2. Speckle statistics in WAXS geometry: Longitudinal coherence measurement

The longitudinal coherence lengfhcan be calculated from the effective bandwidth of the FEL
spectrum QA /A). In a typical SAXS experiment, the path length differeRcef the scattered
radiation is negligible as comparedfg However at sufficiently large angles, the path length
difference becomes closer to the expected longitudinal coherence length as shown in Fig. 5.
Since the time delays between scattered radiation is now comparable to the coherence time
given by Eqg. (3), the speckle contrast in the WAXS geometry is sensitive to the longitudinal
coherence properties of the incident radiation.

In our experiment, in order to quantify the temporal coherence contribution in the speckle
contrast, the single shot WAXS measurements were performed on the gold nanopowder sample.
The 2D area detector was positioned at a scattering angle®ofc®#responding to Q = 26
nm-1) to collect scattered x-rays from a diffraction ring from the (111) lattice plane of the
amorphous sample. Figure 6(a) shows an 1D projection of the normalized scattering pattern.
For the analysis, we used a region of interest indicated by two dashed red lines consisting
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Fig. 4. (a) Regions of interest that are used for calculating speckle contrast along the vertical
and horizontal directions are marked by rectangular regions H and V bdgh=a0.05

nm~1. (b) Speckle contrast along the vertical and horizontal direction is plotted against
shot number.
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Fig. 5. An incident FEL pulse carries an effective longitudinal coherence length defined
by é&c = AA/A. In the WAXS experiment, one can match the path length difference of the
scattered radiatioR to & by increasing the scattering andgle

of 100 by 200 pixels. Figure 6(b) shows a single shot x-ray photon distribution on the CCD
in the region of interest near the diffraction ring, in which 840 analog-to-digital unit (ADU)
corresponds to a single photon event as shown in Fig. 6(b) inset. Scattering signals from the
amorphous ring consists of mostly 1-5 discrete photon events. We note that a typical image
used in our analysis has a mean count of 0.03 photons per pixel.

Figure 7(a) shows a photon event distribution in the region of interest that is measured from
a single diffraction image. The solid red line is the fit to the experimental data, from which
we deduceMspeckie= 5 using Eq. (9). Even at this low photon counting rate, the distribution
curve is clearly different from a single mode case, which is calculated assVMiiRgqe=
1 (shown in dashed green). We applied this fitting analysis routine to successive single shot
images to calculate the number of speckle modes. In Fig. 7(b), unlike the SAXS result, we
immediately observe the presence of multiple modes in single shot speckle images with sig-
nificant shot to shot fluctuation. Subsequently, the speckle contrasts are calculated via relation
B = 1/\/Mspeckie As shown in Fig. 7(c), we observe the speckle contrast fluctuation between
0.1 and 0.47 with a mean contrast(ff) = 0.26+ 0.02.
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The speckle contrast is not directly related to the MCF of the x-rays, as it is more closely
related to the ratio between the coherence volume and the scattering volume. The coherence
time, however, can still be deduced from the contrast measurements by solving Eq. (2). Since
the beam is transversely cohereit{ 0.93) with marginal pulse-to-pulse fluctuation, the trans-
verse coherence contribution in MCF can be considered as a constant factor. Subsequently,
Eq. (2) simplifies to

B= [ [ exp(—(2/2r%). (10

A numerical inversion of Eq. (10) yields an estimate of the coherence time, which fluctuates
about its nominal value of 2.2 fs with a standard deviation of 1.8 fs. The severe fluctuation of
the coherence times reflects the SASE nature of the source where the spectrum of a single pulse
carries a very different intensity and spectral profile with respect to subsequent pulses.

4.3. Comparison between high wavevector speckle statistics and FEL simulation

In order to acquire a more in-depth understanding of how the spectral properties of the LCLS
beam influence the speckle statistics at high wavevector values, we performed one dimensional
FEL simulation. Itis based on a time-dependent approach that has been previously reported [32]
along with a shot noise algorithm [33]. In the 1D simulation, the inEgafield produced in the

first undulator is propagated freely without electron beam interaction. Subsequently the electron
distribution from the first undulator is used to calculBjeield in the second undulator and so

on. Table 1 shows input parameters used in our simulation.

The theoretical estimates of the speckle contra®=a®6 nn 1 and the coherence times are
compared to the experimental data. Figure 8(a) shows a single shot simulated unfiltered radi-
ation (pink beam) spectrum based on the operational parameters used in our experiment. The
pink beam spectrum has an approximate bandwidth of 0.1%. The Si (111) crystal monochro-
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Fig. 6. (a) A single shot scattering from (111) gold nanopowder diffraction ring. The scat-
tering angle of B = 34° corresponds t@ = 26 nn 1. Data points that lie between the
dashed lines are used for the contrast evaluation. (b) A photon probability distribution in
the region of interest shows that 840 ADU from the detector corresponds to a single photon
event.
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Fig. 7. (a) A histogram of the intensity distribution within the region of interest is fitted
against the negative binomial distribution. The dashed green line shows the distribution
curve assumindMspeckie= 1 while the red line is the fit to the experimental data (blue
square). Single shot speckle modes and contradta6 nm ! for successive x-ray pulses

are shown in (b) and (c), respectively.

Table 1. Input parameters for 1D FEL simulation

Electron beam energy [GeV] 14.2
Bunch peak current [kA] 2.53
Transverse normalized emittangenfl] 1.1
Undulator period [cm] 3
Undulator parameter K 3.5
FEL wavelength ] 1.38
FEL p parameter 4.13e-4
Total undulator length [m] 70

mator selects a smaller bant/E = 1.41x 10~%) of the spectrum. The effect of monochrom-
atization is calculated using the DuMond approach [34], in which the Bragg reflected intensity
is determined from the overlap between the source divergence and the intrinsic bandwidth of
the monochromator single crystal. The transmitted spectrum through the monochromator is in-
dicated in red in Fig. 8(a). Afterwards, the temporal part of the calculated MCF is obtained by
taking the Fourier transform of the spectrum as shown in Fig. 8(b). The MCF profiles change
dramatically depending on the particular features of the spectrum. For example, in the pink
beam case, the FWHM of the complex coherence function is found at the x-ray path length
difference that corresponds to a time delay of about 0.5 fs while the spectrum after Si (111), in
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contrast, has a considerably longer coherence time of 2 fs.

Figure 9 shows the comparison between the coherence time measured in the experiment
and the numerical simulation. Generally, the FEL spectrum overfills the bandwidth of the
monochromator crystal. When this condition is met, the coherence time fluctuates around 2
fs for both the experiment and the simulation. However occasional x-ray pulses occur which
deliver considerably higher degrees of temporal coherence (up to 10 fs in the experiment) and
thus yield also higher speckle contrast.

As shown in Fig. 8(a), the output spectral structure of the pink beam consists of a large num-
ber of sharp spikes (or temporal modes). The intensity fluctuation after the Si (111) monochro-
mator becomes considerably more pronounced as compared to the pink beam case due to fewer
number of the temporal modes being transmitted (i.e. tens of spikes instead of hundreds). Ac-
cording to our simulations, a high degree of coherence can be achieved when a single dominant
spectral mode as shown in Fig. 9 (a), or a few closely adjacent intense modes are transmitted
through the monochromator. The single mode profile is ideal for performing coherent x-ray
diffraction because it provides the longest coherence time and thus the most longitudinally
coherent beam. In contrast, spectral profiles carrying multiple temporal modes, which over-
fill the monochromator bandwidth, result in relatively short coherence time as can be seen in
Fig. 9(b). With SASE radiation, the intensity fluctuations after the monochromator are con-
siderably more pronounced in the single mode transmission case. After over 1000 iterations,
our simulations yield mean coherence time(nf) = 2.34+ 1.1 fs, which is consistent with
the experimental result. This value corresponds to a Gaussian energy bandwidth (FWHM) of
AE /E = (1.41+0.66) x 104, which is consistent with the energy bandwidth of the Si (111)
monochromator. Ultimately, we find that the approximate lower limit of the coherence time is
set by the monochromator bandwidth.

The fluctuation of the speckle contrast due to the FEL spectral fluctuation is calculated using
Eq. (2). The MCF can be directly calculated from the Fourier Transform of the single shot

(@) —— Pink beam
[ After mono |

Intensity [a.u.]

Complex coherence function

4

2
Wavelength [nm] Time [fs]

Fig. 8. (a) A single shot FEL spectrum generated from the 1D-FEL simulation under the

operational parameters of LCLS (blue). The red line shows a selected portion of the spec-
trum after Si (111) monochromator. (b) The coherence time of the pink beam (blue) is 0.5
fs while the filtered spectrum (red) produces a considerably longer coherence time of 2 fs.
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Fig. 9. Experimental measurements of the coherence time fluctuation after Si (111)
monochromator (yellow) are compared to simulations (red). Inset (a) shows a simulated
spectrum with a single dominant mode providing the longest coherence time. Inset (b)
shows a spectrum with multiple modes overfilling the bandwidth of the monochromator
that results in a relatively shorter coherence time.

spectrum according to Wiener-Khinchin theorem. Due to the complex structure in the spectrum,
an evaluation of the speckle contrast requires a numerical integration. In order to quantify the
effect of the spectral fluctuation on the speckle contrast, we perform the simulation by using the
FEL operational parameters used in our experiment, of which details are described elsewhere
[30].

Figure 10(a) shows that the contrast values from the simulation and experiment both converge
to 0.26 while the experimental data displaying slightly more pronounced contrast fluctuation.
The result may imply that there were possibly less number of temporal modes transmitted by the
Si (111) monochromator in the experiment as compared to the simulation result. Figure 10(b)
shows the probability distribution of the speckle contrast from series of FEL pulses. In both the
simulation and experiment, we find that the majority of the contrast values (i.e. over 80 % and
50 % of the shots in the simulation and experiment respectively) fall in-between 0.2 and 0.3.
There are rare high contrast shots whose speckle coifirasteeds 0.4. However, it is very
interesting to note that only in the experimental values, the contrasts fall below the lower limit
of 0.2, which is set by the monochromator bandwidth. A possible explanation for this statistical
observation is given in the later section “Effect of pulse duration on speckle contrast.”

4.4. Pulse duration measurement via temporal speckle statistics

Due to electron beam shot noise [7], the SASE light consists of random temporal spikes, of
which characteristic width corresponds to the coherence time. The statistical fluctuation of the
SASE radiation after a narrow-band monochromator follows the relation,

ow /(W) = 1/vM, (11)
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Fig. 11. (a) Intensity (blue) after Si (111) monochromator is plotted against the linac oper-
ation energy. Data points that fall between two red dash lines are used for the analysis. (b)
Distribution of electron bunch width (FWHM) measured during the experiment. (c) The in-
tensity distribution of the FEL pulses plotted with the gamma distribution fit, which yields

a mode number ofiy) = 14.5.

whereW is pulse intensitygy is the standard deviation of the intensity avids a number of
independent modes in the beam consisting of transverse and a longitudinal modds={i.e.
M2M;). Since the LCLS beam is transversely coherent, the RMS fluctuation primarily depends
on the longitudinal modes, i.& = T /1. whereT is the x-ray pulse duration.

The pulse-to-pulse intensity fluctuation of SASE sources such as LCLS can be described by
Eq. (11), given sufficient incident photon flux. In our experiment, series of x-ray pulse inten-
sities were monitored with a photodiode after the Si(111) monochromator. However, since the
center frequency of the pink beam spectrum fluctuates due to the electron energy jitter, it is
very important to bin the data in accordance with the electron energy and electron bunch width.
Figure 11(a) shows the overlay between sorted electron energy and the throughput intensity of
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Fig. 12. (a) Simulation result shows that the x-ray pulse duration after the silicon (111)
monochromator is linearly related to the product of coherence times and numbers of

temporal modes . (b) Comparison between the x-ray pulse duration before and after the
monochromator.

the x-ray radiation after the monocromator. For the evaluatiav;ofnumber of independent
temporal modes), we choose the shots with the greatest energy overlap between the LCLS spec-
trum and the monochromator acceptance, which lie between the dashed lines. Subsequently we
grouped the data set such that the electron bunch duration (measured at upstream of the exper-
imental hall) corresponding to the sampled intensities falls within a single standard deviation
of the electron bunch length distribution as shown in Fig. 11(b). Finally Fig. 11(c) shows the
normalized intensity distribution of the incoming x-rays and the fit to the gamma density dis-
tribution, which yields(M;) = 14.5. This result implies that the pulse duration of the x-rays
was 29+ 14 fs during our experiment, which is considerably shorter than the electron bunch
duration of 90 fs. This observation is consistent with our simulation and results from previously
reported experiments [35, 36].

A series of the 1D FEL simulations are performed to model the outcome of the coherence
measurement and the number of modes from the integrated intensity for different x-ray pulse
duration. Figure 12(a) shows the correlation between the x-ray pulse duration and the product
of the number of the modes and coherence time. We observe that the linearity holds very well
for x-ray pulses which duration is less than 100 fs. We conclude that the x-ray pulse duration
can be reliably deduced by taking the product of temporal modes and the coherence time.

For a more accurate evaluation of the pulse duration, we need to account for the broadening
of the pulse duration as it propagates through the silicon monochromator. The broadening of
the femtosecond x-ray pulses is expected due to the path length differences between the inci-
dent and diffracted beam out of the crystal monochromator. In order to estimate the broadening
effect, we follow the formulation suggested by Tomov et al. [37], in which the temporal broad-
ening of a short laser pulse in a crystal is described by the Maxwell’s equation. For a Gaussian
input pulse with a FWHM width of 30 fs, we expect a temporal broadening of 5 fs from Si (111)
crystal reflections as shown in Fig. 12 (b). An additional source of broadening also comes from
the transient response of the crystal, which is expected to be about 5 fs [38]. A convolution of
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Fig. 13. Speckle contrast is plotted against electron bunch width. The speckle contrast
converges tq3 = 0.26 for all electron bunch duration while the contrast begins to drop
for the electron bunches longer then 90 fs in the experiment.

these effects leads to the final pulse duration of 31 fs that lies within uncertainty of our experi-
mental result. This calculation merely demonstrates that the effect of pulse broadening should
be negligible within the scope of our work. However, an elaborate study on temporal depen-
dence of XFEL pulse in crystals has been reported by Lindberg et al. [39], in which the theory
of dynamical x-ray diffraction was used to calculate the response of Bragg diffracted pulse on
a crystal. If LCLS is operated at a considerably lower bunch charge (e.g. 20 pC instead of 200
pc) to produce sub 10 fs x-ray pulse, such pulse broadening effect needs to be accounted for.

4.5. Effect of pulse duration on speckle contrast

We correlated the speckle contrasts measured in the WAXS experiment to the LCLS electron
bunch duration on a pulse-to-pulse basis. According to the simulation, the electron bunch du-
ration is linearly proportional to the x-ray pulse duration. And also the effect of the pulse du-
ration broadening is not significant in our case. The relation between the x-ray pulse duration
and the speckle contrast can be found by sorting the speckle contrasts with respect to the elec-
tron bunch duration. Subsequently, additional sets of FEL simulations were performed using
the respective electron bunch duration (100 iterations each) as the input parameters to compare
with the experimental results. As shown in Fig. 13, when the bunch duration are shorter than 90
fs (approximately corresponding to 30 fs x-ray pulse duration), the data and simulation show
guantitative agreements gsconverges to 0.26. However when the bunch duration are longer
than 90 fs, the speckle contrasts from the experiment begins to drop while the values from the
simulation remains at 0.26.

In reality, the speckle contrast measured in the experiment reflects a convolution of the beam
coherence and sample dynamics. Since the sample dynamics are not considered in the simu-
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lation, we suspect that the discrepancy comes from possible structural changes taking place
during the illumination of the x-ray pulse on the sample and thus decreasing the speckle con-
trast. The observed reduction in the speckle contrast at longer bunches shows that the intensity
from a strong FEL pulse could induce ultrafast structural changes at the atomic-length scale,
which occurs under sub-100 fs timescale.

5. Conclusion

We demonstrate that a single shot speckle visibility analysis offers a versatile and suitable ways
of measuring coherence of the hard x-ray FEL pulses. In the SAXS configuration, our single
shot result shows that the focused FEL beam is transversely coherent with marginal pulse-to-
pulse variation. We also find that the transverse coherence along vertical direction is equivalent
to the horizontal counterpart despite the anisotropy in the electron beam emittance. However,
severe fluctuations of the speckle contrast are measured at an atomic lengt® scaéen(m 1)

after the Si (111) monochromator. Quantitative agreement between our data and the simulation
confirms the mean coherence time of about 2 fs and the x-ray pulse duration of 29 fs that is 3
times shorter than the electron bunch duration at LCLS.

Finally the present work shows that, by evaluating the speckle contrast at different x-ray pulse
durations, one should be able to monitor extremely fast atomic scale response. Making a time-
resolved studies by varying the detector exposure time has been demonstrated previously [40].
Similarly by using femtosecond pulse durations and the peak intensity of the XFEL beam, it
is possible to systematically explore ultrafast dynamics occurring at atomic length scales in
amorphous systems. However since a dramatic reduction of the scattered photons is expected
at high wavevectors, it is highly desirable to develop a 2D detector with much smaller pixel
size and larger number of pixels to enhance the photon statistics in the analysis. Also, the
availability of a seeded hard x-ray FEL [41] would be very useful for acquiring high contrast
speckle images with higher photon flux.
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