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Abstract: The spatial coherence of free-electron laser radiation in
the water window spectral range was studied, using the third harmonic
(λ3rd = 2.66 nm) of DESY’s Free-electron LASer in Hamburg (FLASH).
Coherent single pulse diffraction patterns of 1,2-Dioleoyl-sn-glycero-3-
phosphocholine (DOPC) multilamellar lipid stacks have been recorded. The
intensity histogram of the speckle pattern around the first lamellar Bragg
peak, corresponding to thed = 5 nm periodicity of the stack, reveals an
average number of transverse modes ofM̄ = 3.0 of the 3rd harmonic. Using
the lipid stack as a ’monochromator’, pulse-to-pulse fluctuations in the third
harmonicλ3rd have been determined to be 0.033nm.
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berg, D. Lipka, F. Löhl, H. Luna, M. Luong, M. Martins, M. Meyer, P. Michelato, V. Miltchev, W. D. Möller, L.
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1. Introduction

The so-called water window spectral range of soft X-rays in between the absorption edges of
carbon (4.37 nm) and oxygen (2.33 nm) is of particular relevance for X-ray microscopy and
imaging of biological samples [1–3]. The relatively strong interaction with matter, in partic-
ular for biomolecular samples consisting of low Z elements, in combination with sufficient
transparency of a few microns in aqueous media enables high resolution structural analysis en-
hanced by spectroscopic sensitivity around several relevant absorption edges. Highly coherent
femtosecond X-ray pulses have now become available for single pulse diffraction and imaging
due to the advent of Free-Electron laser (FEL) radiation [4,5]. As the FLASH facility at DESY,
Hamburg, has shifted operation to shorter wavelength the water window has become accessi-
ble [6, 7]. In this work we use the FLASH third harmonic to probe a stack of multilamellar
lipid membranes [8] with a periodicity ofd ≃ 5 nmusing single pulse diffraction. The lateral
domain structure of the aligned membranes as well as the height fluctuations of membranes
lead to a random phase variation of the exit wave, giving rise to a pronounced speckle pattern
at and around the first lamellar Bragg peak. Note that the pronounced thermal height fluctua-
tions in the lamellar stack typical for smectic liquid crystals are probed quasi-instantaneously
in this scheme by a pulse length in the range of 100f s. As a result, the diffraction pattern
does not average out to a smooth lineshape as in conventional experiments [9–11]. As the high
spatial coherence of the X-ray pulses is one of the key properties of Free-Electron Laser radi-
ation [12–14], in particular for applications of single pulse coherent X-ray imaging, we have
analyzed the recorded speckle patterns in view of the spatial coherence properties, similar to
the statistical optics approach by Goodman [15].

Coherence and wavefront properties of FEL pulses generated by self-amplified spontaneous
emission (SASE) have been considered before in detail both, theoretically [16] and experimen-
tally [17–19]. Different strategies to measure coherence properties have been used: (i) double
slit and pinhole experiments [14, 17, 20] and extensions to uniform redundant arrays [7], (ii)
interference of two time-delayed beams [21, 22], (iii) Hartmann wavefront sensors [18], and
(iv) coherent diffraction from random media and subsequent speckle analysis [19]. Some of
the above approaches are difficult or impossible to perform for single pulses, which is signifi-
cant as the effective coherence properties may appear reduced by averaging over several pulses.
For third harmonic radiation measurements, the suppression of the fundamental is a further is-

#186355 - $15.00 USD Received 8 Mar 2013; revised 11 Apr 2013; accepted 11 Apr 2013; published 20 May 2013
(C) 2013 OSA 3 June 2013 | Vol. 21,  No. 11 | DOI:10.1364/OE.21.013005 | OPTICS EXPRESS  13007



sue which must be addressed. Here we use the approach of speckle analysis and randomized
phase fronts, as a simple and robust approach to extract the global degree of coherence, com-
patible with single pulses and selected sensitivity to the 3rd harmonic. Furthermore, as a first
step of subsequent studies of structural dynamics it is important to disentangle effects of beam
coherence and sample structure by analyzing the diffraction pattern. To this end, we use the
highly aligned phospholipid membrane stacks as a well-controlled soft matter model systems.
We restrict ourselves to studies of lateral (spatial) coherence, since these are most important for
imaging and X-ray photon correlation spectroscopy (XPCS). Finally, beyond the issue of co-
herence, we also show that the diffraction signal corresponding to thed= 5 nminter membrane
spacing can be recorded using FLASH’s third harmonic in a single pulse, with sufficient signal
for quantitative analysis. The speckle pattern reflects the instantaneous state of the lipid mem-
branes, without the temporal average over dynamic modes (undulations), since the femtosecond
pulse duration is much shorter than any collective dynamics of membranes.

2. Experimental details

The experiment was carried out using beamline BL2 at FLASH with the following parameters:
fundamental wavelength ofλ f und= 8 nm, pulse energy≃ 220µJ, pulse duration≃ 100 f s, and
repetition rate 10 Hz. To suppress the fundamental with respect to the 3rd harmonic (λ3rd =
2.66nm) used for the coherent diffraction experiment, two Silicon filters of 216nmand 273nm
thickness were used, with attenuation factors ofT216nm

f und = 0.9% /T216nm
3rd = 55.1% andT489nm

f und =

0.0024% /T489nm
3rd = 25.9%, respectively. Following two flat mirrors, the FEL was focused by

an ellipsoidal C-coated mirror at 73m distance from the SASE source. In [23], a typical focal
beam size at the sample position of aboutFd = 20 µm (FWHM) was reported. During the
present measurement campaign, the focal size of the fundamental was determined to (Ff und =
10(2) µm) [20] using PMMA imprints. For the third harmonic, speckle size analysis gave
Lx

3rd = 6.2(9) µmandLy
3rd = 2.3(3) µm, for the horizontal and vertical direction, respectively,

as presented in detail in section 4.
Figure 1 shows a schematic of the FEL beam impinging at an incidence angleαi onto the

vertically oriented multilamellar stack of 1,2-Dioleoyl-sn-glycero-3-phosphocholine (DOPC)
lipid membranes, deposited on Silicon substrates [8], which were placed on multiple sample
holders in the high vacuum diffraction chamber [24], housing the (i) differential pumping stage
providing high vacuum condition, (ii) optical telescope for in-situ observation during measure-
ments and for adjustment of stepper position, ( iii) motorized sample and CCD stages for the
corresponding measurement setups (transmission and reflection geometry), and (iv) the CCD
detector (Andor DODX436-BN back-illuminated X-ray CCD camera, 2048×2048 pixels, with
pixel size 13.5×13.5 µm2).

The periodicityd = 5.06(6) nm of the multilamellar lipid stacks was determined from the
Bragg reflection of the 3rd harmonic at 2θ = 31.2(4)◦. Considering an attenuation length of
218nm for DOPC at the photon energy ofE3rd = 525.7 eV and the angle of incidence, a set
of 22 lipid bilayers is contribution to the diffraction signal, see appendix (section 8) for details.
The distance between sample and detector was∆X = 8.42 cm. The angular fluctuation of the
Bragg peak with standard variation of±5 x-pixels (0.69 mrad) and±4 y-pixels (0.55 mrad),
respectively, can be explained by the pulse-to-pulse fluctuation of the FEL beam. This will be
discussed in detail in the next section. The specular Bragg peak is accompanied by pronounced
tails of diffuse scattering in conventional incoherent diffraction, forming a so-called Bragg
sheet. Here it appears as a highly speckled intensity distribution with a Gaussian envelope, see
Figs. 2 and 3. The entire coherent intensity distribution of the first order Bragg peak/sheet was
recorded at high oversampling conditions for the speckles. UsingT216nm

f und , a single pulse record-
ing exhibits a signal level of up to a factor of 7-8 above background (read out noise), entirely
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Fig. 1. Schematic of the measurement setup for coherent diffraction of DOPC lipid mem-
brane multilayers using the FEL 3rd harmonic (λ3rd = 2.66nm). FEL intensity on the sam-
ple is controlled by two attenuating Si-foils (216nmand 289nm). At an incidence angle of
αi = 15.6◦, the first order Bragg sheet of the membrane stack (specular peak surrounded
by speckles corresponding to the diffuse Bragg sheet) is recorded by a CCD detector. By
shifting the sample from the focal position to a defocus position, the size of the illuminated
area can be increased.

attributed to the 3rd harmonic, since the multilamellar acts as a monochromator, used in addi-
tion to the 216nmSi filter. In the single pulse operation, a mechanical shutter was used to select
single bunches of the FEL beam, moved by a low-voltage motor which starts 100 ms before the
next bunch. The programmable logic controller (PLC) triggers the open-close mechanism and
provides IO-modules, e.g. the selected bunch identification numbers. In the described experi-
ment, the CCD camera software sends a bunch request to the PLC. Further information can be
found in [25].

Accumulation of further pulses on the same sample spot shows only a sharp specular re-
flection (Fresnel reflectivity) of the bare substrate, showing that the multilamellar sample is
destroyed within one shot at these conditions denoted as the low-att./focus setting below, see
Fig. 2(a). Interestingly, by use of both filters, the combined attenuation of the fundamental
T489nm

f und = 0.0024% is sufficient to prevent this damage, and reproducible diffraction patterns
can be accumulated, however at much weaker single pulse signal levels, see Fig. 2(b). Note
that in this case, the sample was also translated by 3cm along the optical axis from a fo-
cal (∆XCCD

f oc = 8.4 cm) to a defocal (∆XCCD
de f oc= 5.4 cm) position, which leads to a larger FEL

beam size, as evidenced by correspondingly smaller speckle size. These high-att./defocus series
shown in Fig. 2(b) exhibits marginal changes in the peak position and intensity. However, the
speckle intensity distribution which is dominant in the low-att./focus series is washed out by
photon shot noise. The option to switch between both measurement modes by simple choice of
attenuators and sample distance is an important advantage of the used experimental design.
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Fig. 2. (a) Successive single pulse diffraction patterns recorded from the same spot on the
sample, using the low-att./focus setting. The series shows that the multilamellar sample is
destroyed within one shot (diffract & destroy principle). Contrarily, under high-att./defocus
conditions, the flux density of the fundamental is sufficiently low to prevent this damage.
Diffraction images shown in (b) exhibit no radiation induced changes within the series of
10 recordings. However, the single pulse signal level is much weaker and thus not suit-
able for speckle analysis. Series (a) was used to determine the Bragg angle 2θ for each
shot. From the mean Bragg angle andλ3rd = 2.66 nm, the periodicityd of the membrane
stack was calculated. The pulse-to-pulse variation of the incidence angle of 0.5% (rms) is
attributed to fluctuations inλ3rd . (c,d,e) The graphs show the wavelength (λ3rd) (based on
d = 5.06(6) nm), the integrated intensity of the Bragg peak, and the energy of the electron
bunch, respectively, for each pulse.

Next, we consider the pulse-to-pulse variations of the diffraction patterns, as recorded un-
der the low-att./focus setting. Evaluating the peak position (by fitting the corresponding en-
velope alongqz, see Fig. 3) for each shot recorded at a new sample position, we can assume
that the lamellar periodicityd is constant. Note thatd is set by the equilibrium of molecular
forces. While the total number of bilayers may vary across the sample, we know from previous
measurements (with hard x-rays) thatd is constant, within one sample, and between equiva-
lent samples under the same environmental conditions. From the mean peak position (averaged
over 15 pulses), we getd = 5.06(6) nm. As no excitation of the membrane layers is given, the
variation ind can be understood as pulse-to-pulse variations, which is attributed to wavelength
fluctuations of the FEL’s 3rd harmonic beam. The corresponding values of the wavelengthλ3rd

and the integrated intensities of the single pulse Bragg sheets are shown in Fig. 2(c), and (d),
respectively. Note that the data points do not correspond to successive pulses, but were recorded
over a period of several hours. The observed standard deviation of the 3rd harmonic can be esti-
mated to 1.24%, corresponding to an absolute value ofσλ3rd

= 0.033nm. This agrees very well
with bandwidth measurements of the fundamental using the online spectrometer upstream of
the beamlines, which gave an bandwidth of 1.1% (average over 100 spectra, standard variation),
noted as 2.5% FWHM in the online accessable FLASH beamline logbook. These measurements
were performed before and after the present experiment. Hence as expected [26], the bandwidth
of the first and 3rd harmonic are identical within experimental errors. These fluctuations can im-
pose a problem, e.g. for pump-probe experiments where only small changes of observables are
expected after excitation, which can easily be masked by pulse-to-pulse fluctuations in photon
energy.

4. Speckle pattern and coherence analysis

Next we address the lineshape and statistical properties of the single pulse coherent diffraction
patterns of the first lamellar Bragg peak, as recorded under the low-att./focus setting described
above. A typical diffraction pattern is shown in Fig. 3(a) as a function ofqz and qy, along
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Fig. 3. (a) A typical first order Bragg sheet of the multilamellar membranes. (b) By zoom-
ing into the Bragg sheet (green ROI) a well sampled speckle pattern with a characteristic
intensity distribution is visible. (c) The position and width of the Bragg sheet (red ROI)
is determined by fitting the profile along the two principal axis to a Gaussian lineshape
with linear background. (d) For statistical analysis the intensity values - corrected for back-
ground scattering - have been binned in intervals of 100 analog-digital units (adu), resulting
in the experimental values of relative frequency of occurrenceν. The right tail of the dis-
tribution exhibits an exponential lineshape, as evidenced by the linear plot on semi-log
scale. The distribution is characteristic for the (spatial) coherence properties of the FEL
beam.

with a corresponding zoom (b) in an enlarged sub-region of the peak showing the pronounced
statistical speckle structure. Note thatqz,qy,qx can be computed without approximation for
each pixel from the scattering angles. However the iso-lines ofqy are not exactly straight lines
(horizontal lines in the CCD image) but exhibit slight curvature, which not taken into account
in the plot of (a,b). Note that the resulting errors are smaller than 4%. More importantly, we
do not need conversion from pixels to~q for the individual pixels in the analysis, but only for
the peak position and width. The mean speckle size derived from autocorrelation analysis of
the coherent diffraction patterns along the two principal directions are∆Ph ≃ 12(2) pixels in
the horizontal and∆Pv ≃ 8(1) pixels in the vertical direction, respectively. This gives access to
the beam footprint on the sample. The corresponding angular width of the speckle is inversely
proportional to the beam size∆β = λ/L in they direction, with an additional factor of sin(αi)
accounting for the projection of the beam alongx in the reflectivity plane. Accordingly, we get
for the footprint of the beamLy = 2.3(3) µm andLx = 6.2(9) µm, which can be compared to
the results from beam imprint experiments on PMMA (see appendix for further details).

A speckle pattern emerges when a spatially coherent beam is reflected from any sort of
disordered surface. Well known examples are the speckle patterns recorded from rough surfaces
or disordered colloids. Indeed, a zoom in Fig. 3 exhibits the speckled nature of the diffraction
pattern under Bragg condition, with a characteristic intensity distribution function. In particular,
a number of pixels carry only marginal intensity. As can be shown in statistical optics [15], the
most likely intensity value for interference from randomized object is zero, as resulting from

#186355 - $15.00 USD Received 8 Mar 2013; revised 11 Apr 2013; accepted 11 Apr 2013; published 20 May 2013
(C) 2013 OSA 3 June 2013 | Vol. 21,  No. 11 | DOI:10.1364/OE.21.013005 | OPTICS EXPRESS  13011



200 400 600 800 1000 1200 1400 1600 1800 2000

700

800

900

1000

1100

1200

1300

x103

Histogram
ROI #6

(a)

(b)

4 6 8 10 12 14
1.8

2.2

2.6

3.2

2.8

Number of Modes M (c)

DOPC
Diffr. Pattern

15

ROI Segment

Diffraction Pattern

N
u

m
b

e
r 

o
f 

M
o

d
e

s 
M

norm. Speckle Intensity

0 2 4 6 8 10 12 14 16

M = 3.0(0.4)

(d)

n
o

rm
. 

F
re

q
u

e
n

cy
n

2

2.5

3

3.5

4

0 0.5 1 1.5 2 2.5 3 3.5

0.1

0.3

0.5

0.7

0.9

Fig. 4. (a) Diffraction pattern of the dataset DOPC-15, and (b) the corresponding histograms
of a region of interest (ROI), as illustrative example for the analysis. The intensity distribu-
tion is in excellent agreement with the gamma probability distribution function, Eq. (1). (c)
The resulting number of modes averaged over the ROI is then evaluated as a function of
ROI position. Note that the low intensities in the tails of the peak lead to larger statistical
errors, so that these ROIs are discarded and only the central ROI positions (in the Bragg
sheet plateau) are kept for further analysis. (d) The mode numberM averaged over the
central ROIs for each single shot data sets. The error of each data set is calculated from
the standard deviation of the evaluated ROIs. The average over the entire ensemble of sin-
gle shot data sets yields̄M = 3.0(4), quantifying the partial (spatial) coherence of the 3rd
harmonic.

destructive interference, if and only if the beam is fully coherent. The distribution then falls
off exponentially withI . Partial coherence or a finite number of modes lowers the frequency of
occurrence of zero intensity, but can be shown to still exhibit an exponential tail at highI . The
intensity histogram thus reveals important information on the global coherence, i.e. the global
number of modes. According to [15,27], a model for the intensity probability density function
(PDF)p(I) can be derived for diffraction intensities given as the squared modulus of a sum over
independent Gaussian random fields, corresponding to the random phase shifts of a disordered
sample

p(I) =

(

M
Ī

)M

IM−1 exp
[

−M I
Ī

]

Γ(M)
, (1)

whereĪ is the average intensity,Γ(M) the gamma function andM the number of modes. In the
present case, (1) can be used to quantify the number of modes contained in a FEL pulse. As
illustrated by the histogram, the distribution of intensity values shown for example in Fig. 3
indeed exhibits an exponential tailp(I) ∝ exp(−I/Ie) with decay constantIe = 406. The ran-
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dom phase shifts inflicted by the sample within the illuminated area (see discussion of the focal
width) can be attributed to all sources breaking lateral translation invariance in the system (un-
dulations, domain boundaries, uneven number of bilayers, lamellar defects). The detailed study
of these effects, possibly including a real-space reconstruction, would be extremely interesting
in view of the physics of soft matter interfaces.

Figure 4 shows the results of fitting the frequency of occurrenceν to Eq. (1). The valuesν
have been calculated by counting the number of pixels with intensities falling into the range of
the corresponding bin. After normalization to the average intensityĪ , the model fits with the free
parameterM show excellent agreement with the data, see (b). The sub-division of the speckled
Bragg sheet into small regions of interest (ROIs) along theqz direction shows no systematic
variation, see (c), where the result of fitting Eq. (1) to the ROIs at different position along the
diffraction pattern are shown. The absence of systematic variation is an indication that path
length differences, occurring forα f 6= αi , do not influence the speckle statistics. We can there-
fore conclude that the present is not sensitive to longitudinal coherence, and is fully dominated
by lateral coherence properties. Note that the tails of the Bragg sheet have been discarded for
the high statistical errors in these regions, so that only the intensity rich central ROIs contribute
to the averageM. The result of all analyzed data sets is displayed in Fig. 4(d), proving that the
M values of the different data sets are very consistent. The individual error bars are determined
from the standard deviation of the fitting results corresponding to the central ROIs of each data
sets. The mode number averaged over all data sets isM̄ = 3.0(4), indicating a partially coherent
3rd harmonic beam with approximately three modes. The FEL’s fundamental has been previ-
ously analyzed [18, 20]. Averaging over many pulses, wavefront analysis has yielded a degree
of spatial coherenceγ26nm= 0.4 [18] atλ f und = 26 nm, corresponding toM26nm= 2.5. Single
pulses analysis based on double slits experiments atλ f und = 8 nm [20], yieldedγV ≃ 0.7 and
γH ≃ 0.6, for the vertical and horizontal direction, corresponding toMV = 1.4 andMH = 1.7,
hence a total number of modes ofM8nm= 2.38. Thus, the coherence of the fundamental (sin-
gle pulse measurements) is only slightly higher than that of the 3rd harmonic. Importantly,
M2.66nm= 3.0 is sufficient for coherent diffraction with good speckle contrast and amenable to
quantitative analysis.

5. Conclusion

Single shot intensity histograms of FEL speckle pattern are shown to be a suitable method to
determine the global degree of spatial coherence. The particular oriented multi-lamellar sam-
ple chosen here offers the advantage that only the 3rd harmonic is selected by interference.
Of course, the method cannot serve to extract the full coherence function of FEL radiation,
i.e. functional dependence of the coherence functionγ(~r2,~r2). However, alternative approaches
like Young’s double slit experiments or wavefront measurements based on Hartmann sensors
are also limited when used on single pulses. To yield complete information on the coherence
function, several patterns or defocus distances need to be combined, which is incompatible with
single pulse characterization. Analysis of the speckle intensity histogram also provides a rather
robust approach which could routinely be analyzed for larger sets of data, and which averages
over the spatial dimensions.

Beyond the issue of coherence, the present experiment also shows that single femtosecond
pulse coherent diffraction of biomolecular assemblies is possible in the water window spectral
range. The reciprocal space resolution is high enough to study the inter-membrane periodicity
d ≃ 5 nm, and the scattering signal is strong enough to enable quantitative speckle analysis.
The speckle pattern reflects the instantaneous lamellar disorder, possibly both static (domain
structure) and dynamic (undulations) in nature. However, in contrast to conventional experi-
ments the femtosecond data accumulation is much shorter than any collective dynamics within
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the lipid membrane. An extension of the experiment to laser excited dynamics in lipid mem-
branes has already been performed, and is presently under detailed analysis. Before turning
to the membrane’s structural dynamics, this work has first addressed the proper mode of data
accumulation and the experimental constraints related coherent properties and photon energy
jitter of the FEL 3rd harmonic, which must be taken into account in the following work.

6. Appendix A

Wave Optical Simulation of FEL Focus The focus size and depth of focus relevant for the
experiment can be estimated based on the geometric parameters of the ellipsoidal carbon coated
mirror installed at FLASH BL2, as given in Table 1 below.

Table 1. Parameters of ellipsoidal mirror at BL2 [23]. For a simple model of the beam
propagation, the bold-marked parameters are used.

semi major axis a 36.5 m
semi minor axis b 0.624 m
semi focal length d 36.495 m
source focal length 71 m
image focal length 2 m

incidence angle 87◦

effective mirror length 0.490 m
effective mirror width 0.030 m

As a first estimation of focus properties, we used a numerical simulation of the elliptical
focusing mirrors [28]. A point-source is propagated onto points on the mirror surface, where
Fresnel’s coefficient of reflection is applied. The amplitude is then propagated further down
using the Fresnel-Kirchhoff integral of diffraction to the focal region. The same algorithm was
applied for individual point-sources placed along the extend of an assumed extended source,
and then averaged [29]. The simulations for the point-source give a lower bound on the focus
size, yielding a FWHM of about 0.57 µm and a depth of focus of 1mm. As a model for a
rather large illumination, we have used a Gaussian beam with a source diameter of 150µm
(FWHM), yielding an upper bound for the focus size of 4.3 µm, and a depth of focus of 7mm.
Figure 5(a) shows the intensity in the focal region for the extended source; intensity cuts for the
point-source (green lines) and the extended source (red dashed lines) are shown in parts (b, cut
in the focal plane) and (c, cut along the optical axis).

7. Appendix B

Speckle Analysis: Beam Footprint of the 3rd Harmonic The coherent diffraction pattern
with its characteristic speckle size can be used to derive the size of the sample illuminated by
the FEL beam, for example in the case of a simple transmission experiment by the relation
∆q= 2π/L, where∆q andL are the FWHM values of the speckle size (in reciprocal space) and
of the illuminated footprint (in real space), respectively. Consider an angle of∆2θ for a speckle
size along the x-direction (horizontal CCD direction) and∆β along the y-direction (vertical
CCD direction), the reciprocal coordinates can be calculated using

∆qx =
2 π
λ3rd

·sin(θB) ·∆2θ , with ∆2θ =

(

∆Ph ·13.5µm
Dsd

)

∆qy =
2 π
λ3rd

·∆β , with ∆β =

(

∆Pv ·13.5µm
Dsd

)

,
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Fig. 5. FEL Beam propagation and focus simulations of the FLASH BL2 beamline, for the
parameters of table 1. In (a), intensity of a Gaussian beam is shown in a focal region, for an
designed extended source size of about 150µm, as an upper limit for a numerical focus size
estimation. On the right hand side, cuts of the simulated intensity are shown (b) in the focal
plane and (c) along the optical axis. Green lines are for an assumed point-source, yielding
a FWHM in the focus of about 0.57 µm; red dashed lines are for the assumed extended
source (150µm), yielding a FWHM of about 4.3 µm.

where∆Ph and∆Pv denote the speckle size (in pixel unit) in horizontal and vertical direction
of the detector plane, andDsd the distance between sample and detector. The factor sin(θB)
takes account of the reflection geometry. In the following we calculate the average speckle size
in horizontal and vertical direction on the CCD, corresponding toLx (parallel to optical axis)
andLy (perpendicular to optical axis) in the sample plane. To this end, we calculate the auto-
correlation of the background subtracted images, and determine the corresponding width (of
the central peak) by calculation of its second momentσauto along the two principal directions,
see Fig. 6. Assuming a Gaussian speckle shape, we have to take into account a factor of

√
2

between the width of the speckle and the width of the autocorrelation function, which together
with FWHM= 2σ

√

2 · ln(2) results in a full-width at half maximum (FWHM) value of

∆Ph = 2σauto
hor

√
ln 2= 12(2) pixels

∆Pv = 2σauto
vert

√
ln 2= 8(1) pixels .

Accordingly, we get for the focus sizeLx = 6.2(9) µm andLy = 2.3(3) µm. This can be com-
pared to results from PMMA imprint analysis [20], where imprints with several attenuation of
the incoming beam were analyzed using the Gaussian beam profile to estimate the beam size.
This beam profile analysis of the fundamental results in a beam width of 10(2)×10(2) µm2.
Thus a 3rd harmonic beam width of 6.2(9)×2.3(3) µm2 lies within the range of expectation.

8. Appendix C

DOPC Scattering Volume and Attenuation in the Sample Next, we calculate the scattering
volume, and in particular the number of illuminated membranes to estimate the entire film
thickness of the multilamellar lipid bilayer stack.

Using the preparation parameters and the molecular volume and mass of DOPC according
to [30], displayed in table 2, the entire thicknessD of the DOPC multilamellar stacks deposited
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Fig. 6. (left, a) Zoom into the 15th speckle pattern, arising from Bragg diffraction of DOPC
multilamellar stacks, shown as an example. The background (readout noise, residual scatte-
ring) as determined by a linear-fit of integrated intensities in horizontal and vertical axis was
subtracted before the autocorrelation analysis. (left, b) The autocorrelation corresponding
to (a) shown in linear scale. (right) Second moment of autocorrelation peak for different
single pulse images, yielding an average ofσauto

hor = 7(1) pixels andσauto
vert = 5(1) pixels

along the horizontal and vertical axis, respectively.

Table 2. Parameters for the DOPC preparation.

ConcentrationcL [mg/ml] 15, 20
Droplet volume on substrateV [ml] 0.05
DOPC Molar mass [g/mol] 786.113421

Lipid volumeVL [Å
3
] 1305.7

Substrate surface areaAsub [mm2] 100
Bilayer thickness dDOPC [Å] 50

on Si substrate can be calculated to [31]

D =
cL V NA

Mmol
· VL

Asub
.

With N = D
dDOPC

, the number of DOPC layers for the concentrationscL used in the experiment
are given in the Table 3.

Table 3. DOPC total sample thickness and number of layers as a function of lipid concen-
trationcL.

cL [mg/ml] 15 20
D [µm] 7.5 10.0
N [layers] 1500 2000

Due to absorption, the FEL beam reaches only the top layers of the stack. From the absorption
length calculated for DOPC at the given photon energy, see Fig. 7, and the fact that the FEL
beam has to pass the layers twice in a reflection geometry, the top 108nm of the film are
illuminated (1/e length), corresponding to 22 bilayers.
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Fig. 7. Attenuation length of DOPC multilayers at incident angles of 15.6◦ (1st Bragg re-
flection forλFLASH =2.66 nm) and 90◦ (relevant for transmission measurements) incidence
angle relative to the surface, calculated for the C44H84NO8P complex [32]. The resulting
attenuation length for the FLASH 3rd harmonic (λ3rd = 2.66 nm,E3rd = 525.723 eV) is
D2.66/15.6◦ = 218nmwhich corresponds to 43 DOPC bilayers.
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