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ABSTRACT 

We present developments on a hard X-ray wavefront sensing instrument for characterizing and monitoring the beam of 
the European X-ray Free Electron Laser (EuXFEL). The pulsed nature of the intense X-ray beam delivered by this new 
class of facility gives rise to strong challenges for the optics and their diagnostic. In the frame of the EUCALL project 
Work Package 7, we are developing a sensor able to observe the beam in the X-ray energy range [8-40] keV without 
altering it. The sensor is based on the speckle tracking principle and employs two semi-transparent optics optimized such 
that their X-ray absorption is reduced. Furthermore, this instrument requires a scattering object with small random features 
placed in the beam and two cameras to record images of the beam at two different propagation distances. The analysis of 
the speckle pattern and its distortion from one image to the other allows absolute or differential wavefront recovery from 
pulse to pulse. Herein, we introduce the stakes and challenges of wavefront sensing at an XFEL source and explain the 
strategies adopted to fulfil the high requirements set by such a source. 
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1. INTRODUCTION  
Hard X-rays are simultaneously light waves with wavelengths in the Angstrøm range and photons with energies of several 
kilo electron-volts, such properties making this light very difficult to handle. While the optics requires a precision of the 
optical figure approaching such a short wavelength, the optical material interacts only weakly with the photons. This is 
why only few approaches are available for wavefront sensing in the hard X-ray regime, where the deflection of light 
involves angular magnitudes that are much smaller than one degree. Yet, wavefront sensing becomes meaningful on 
condition that the sensing accuracy is better than the wavelength. 

Usually, the spatial resolution required for an X-ray at-wavelength metrology tool should be of a few micrometers and its 
wavefront gradient sensitivity on the order of a few tens of nanoradian. Several approaches fulfilling these precision 
requirements have been developed at synchrotron sources1. Nevertheless, most of them rely on the generally true 
assumption that synchrotrons deliver stable beams, thus making the acquisition of many measurements possible.  

Hard X-ray wavefront sensing of a XFEL beam is more intricate than for an X-ray synchrotron beam due to the pulsed 
nature of the delivered light. Each bunch of photons is generated independently and presents optical features that must be 
characterized. Several wavefront characterization techniques were tested at XFEL facilities including the grating-based2-4 
and the coherent diffraction imaging-based methods5-7. 

One drawback of grating-based methods is the absorption induced by the regular wavefront modulator and the hypothesis 
stating that the grid would remain perfect and unruffled during the acquisition of a series of measurements over a train of 
X-ray pulses. A sine qua non condition for such an assumption to be valid is that gratings are made of a stable material 
such as diamond. The silicon grating, commonly employed with a synchrotron beam, would be too sensitive to the high 
flux density delivered by the XFEL. Diffraction-based methods requires many exposures to achieve the accuracy and 
certainty necessary for the optimization of a beamline, which eventually can make these methods slow to converge. 

In the frame of the EUCALL project, a consortium of European institutes providing pulsed X-ray light sources, the ESRF 
is committed to develop a wavefront sensor based on the speckle tracking method capable of sensing the wavefront of each 
individual hard X-ray pulse arriving at the detector. The instrument is planned to be installed at the FXE beamline8 of the 
EuXFEL for the commissioning campaigns of the instrument. 



 
 

The beam provided by the new EuXFEL facility in Hamburg will feature exceptional properties in terms of power, 
coherence and pulse length. The EuXFEL will operate in a quasi-burst mode, the pulse being organized in trains with a 
repetition rate of 10 Hz and a structure made of pulses generated at a frequency up to 4.5 MHz. 

In the hard X-ray range, each pulse will be loaded with an energy rate up to 10 kW. Hence, huge thermal constrains are 
placed on the optics. For instance, the optical state could be modified between the first and last pulses of a train due the 
energy deposited in the optical system. The need for a wavefront sensor capable of analyzing the pulse state dynamically 
is therefore a high stake for the full exploitation of the FEL beam. 
 

2. SPECKLE-BASED WAVEFRONT SENSOR PRINCIPLE 
The sensor developed in the frame of the EUCALL project employs the speckle tracking principle introduced a few years 
ago at synchrotrons for absolute wavefront metrology. The term ‘absolute metrology’ refers to a metrology that accounts 
for all the distortions occurring on the optical beamline components, eventually mapping the global state of the wavefront 
beam with a metric reproducible in time and space. 
 

 
 

Figure 1. Sketch of the speckle based wavefront sensor. Two imaging systems are looking at the X-ray beam that is 
modulated with an intensity pattern thanks to a scattering object with small random features. Thin scintillators and low 
absorbing or holed visible mirrors permit to reduce the absorption of each imaging system. 

 

The sensor principle is sketched in Figure 1. The wavefront is modulated in intensity by a scattering object that creates 
mutual interference between the scattered photons and the ones which did not interact with the object. This interference 
creates a random pattern, called speckle that, in the near field regime, has the particularity of having its shape 
transformation upon propagation to be solely ruled by the wavefront distortion. Next, two semi-transparent imaging 
detectors record pair of images of this object at two different propagation distances. Then, the remaining part of the beam, 
i.e not absorbed within the process, propagates further downstream to a sample or a second experiment. 
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The X-ray speckle tracking9 principle permits to recover the wavefront gradient through the calculation of the local 
deflection angle of the speckle modulating pattern P . By noting the distance between the two scintillator screens L, the 

local wavefront derivative W  is recovered using the equation: 

L
vWP  

 
where is the local displacement of the speckle pattern, within a scalar factor. The principle of the X-ray speckle tracking 
technique consists of taking a subset of the image collected on the first detector and finding its counterpart in the image 
recorded on the second detector by using a cross-correlation algorithm to infer v  and hence W . The resolution of the 
processing method was shown to approach a few pixels in size and the angular sensitivity to reach a fraction of pixel 
divided by the distance L. 

 

3. IMPLEMENTATION AND RESULTS 

A prototype is currently being developed at the beamline BM05 of the ESRF and was tested at both the BM05 and ID06 
beamlines. The sensor will be later deployed at the FXE beamline of the EuXFEL during the instrument commissioning 
stage. The data presented here was obtained at the ID06 beamline where, for early development purposes, only the first 
imaging system was semi-transparent to X-rays. For the tests performed at ID06 the detectors consisted of the combination 
of a PCO 2000 and a FReLoN camera whilst the setup used at BM05 is presently accommodating two PCO Edge cameras 
as the one shown in Figure 2. These cameras can achieve a frequency rate of 50Hz with 2k x 2k 16-bit images and low 
electronic noise. However, given that the EuXFEL X-ray pulse rate is able to reach 4.5 MHz, commercially available ultra-
fast imaging camera are being considered for the sensor deployment there. Such fast cameras are expected to enable the 
discrimination of each XFEL pulse, providing a better depiction of the thermal and optical variations across the train 
pulses. 
 
 

 
 

Figure 2. Mechanical assembly of the semi-transparent optics. When the the X-ray beam passes through the scintillator, 
luminescent light is reflected toward an imaging detector whilst the non-absorbed X-rays continue their propagation toward 
the second imaging detector. 

 
Figure 2 shows a drawing of the semi-transparent optics used for the first detector. The mechanical assembly was designed 
and produced by the company Optique Peter. The X-ray beam passes through a thin scintillator whose light produced by 
luminescence is reflected at ninety degrees with respect to the beam direction by a thin vitreous carbon mirror toward a 
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magnifying optics and the CCD camera. A choice of two fast scintillators has been identified: a thin YAG:Ce (70 ns decay 
time) crystal and an in-house developed LYSO:Ce (40 ns decay time) scintillator able to operate efficiently at high X-ray 
energy. The thinning of these scintillators is of paramount importance to reduce the amount of X-rays absorbed within the 
scintillator. It helps prevent any damage that could be caused by the interaction of the scintillator with the intense X-ray 
beam contained in the X-ray pulse train of the EuXFEL source. 
 
In this implementation, the scattering object was a 120 m thick membrane made of cellulose acetate. At the working 
energy, the absorption of this object was only of a couple of percent. However, such material cannot sustain the high flux 
of the EuXFEL over several pulses. For the device implementation with high flux density X-ray sources, solutions are 
envisaged based either on a diamond modulator or on a liquid jet injector for renewing the modulating material. 
 
 
 

 
 

Figure 3. Calculated distortion for the first imaging system: the combined effect of the scintillator mount and of the semi-
transparent mirror generates a distortion that is not fully radial as pointed out by the arrows. 

 
In the ID06 setup, the first detector was located at a distance of 55 m from the source and the second one at a distance L = 
450 mm further downstream from the first detector. As mentioned earlier, the second imaging camera used at the ESRF 
ID06 beamline was of a more traditional conception where all the photons are absorbed within the imaging system. The 
detector distortions were characterized and compensated using the method described in Ref. 10. The calculated distortion 
for the first detector is shown in Figure 3. One can notice that the recovered distortion is not purely radial and hence does 
not follow the often-used Brown-Conrady model for optical distortion11. This is mainly due to the X-ray transparent mirror 
that creates optical aberrations upon reflection. In this context, the zonal model approach described in Ref.10 is better suited 
to correct the distortions in the acquired images. The calculated effective pixel sizes were of 0.62 m for the first detector 
and of 0.74 m for the second one. 
 
The tests conducted at these beamlines aimed at characterizing the ability of the sensor to recover the wavefront curvatures 
and the source distance in order to infer the optical aberrations of the optics. The photons of the beamline where selected 
around E = 17 keV thanks to a double-crystal Si(111) monochromator.  
 

Figure 4 shows an example of two images recorded on the detector during the same pulse generated using a shutter. The 
calculated wavefront gradients are shown in (c) and the wavefront reconstruction obtained by 2D integration is shown in 
(d). One phenomenon observable in the zoomed insets of (b) is that the speckle grains have a much larger shape in the 
horizontal direction than in the vertical one. This phenomenon, even more pronounced on the image coming from the 
second detector, arises due to the lower transverse coherence of the high-beta undulator source in the horizontal direction 
with respect to the vertical one. It is responsible for the blurring of the speckle upon propagation over a distance larger 
than the deep Fresnel region12.  

(a) 

(b) 

(c) 

(d) 



 
 

 
Figure 4. (a) Example of a pair of images collected with the two detectors (case 3 in the next table). (b) Inset of the images 

showing the light modulation with speckle. (c) Calculated wavefront gradients and (d) wavefront reconstruction. 

 

The X-ray beam state was changed by using different lens combinations offered by a beamline focusing apparatus based 
on motorized sets of compound refractive lenses, also called transfocator13. This transfocator, located at a distance of 38.6m 
from the source, possesses different lens assemblies that can be aligned into the beam either individually or by stack. The 
focusing power of a lens stack, defined by: 
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where  is the refraction index of the compound material, Ni is the number of lenses and Ri their radius of curvature, was 
then compared to the measured one. The theoretical and measured focusing powers are given in Table 1. 

 

Table 1.  Theoretical and recovered focusing power for the different transfocator configurations. 

 
 
In Table 1, one can see that the calculated focusing power increases following closely the theoretical predictions both for 
the vertical and horizontal directions. Some of the discrepancies may be attributed to the lenses aberrations. The offset 
between the vertical and horizontal directions relates to the source asymmetry. Such an experiment validates the approach 
for the characterization of pulses with various wavefront curvatures to define the origin of the X-ray source in the FEL 
undulator. The current prototype accessing the data acquisition capabilities allows one to reach a frequency rate of 50 Hz 
whilst computing developments are now aiming at increasing the processing speed to this frequency and thus achieving 
real time feedback on the pulse wavefront state.  

Image 1 Image 2 

Transfocator  
Lens Configuration 

Transfocator  
Lens 

Focusing power 1/f = 
2 (Ni/R) [10-5 mm-1] 

Calc. 1/f Horiz. 
[10-5 mm-1] 

Calc. 1/f Vert.  
[10-5 mm-1] 

3 1 Lens x 1.5 mm radius  0.16 0.07 0.09 
4 1 Lens x 1.0 mm radius  0.24 0.14 0.13 
5 1 Lens x 0.5 mm radius  0.47 0.50 0.19 
6 1 Lens x 0.3 mm radius  0.79 0.61 0.34 
7 1 Lens x 0.2 mm radius  1.18 0.91 0.52 
8 2 Lenses x 0.2 mm radius  2.36 2.42 1.06 
9 4 Lenses x 0.2 mm radius  4.72 5.2 3.05 

Horizontal wavefront gradient Vertical wavefront gradient 



 
 

 

4. CONCLUSION  
We presented here efforts deployed at the ESRF for the development and tuning of a wavefront sensor prototype able to 
operate in the hard X-ray range with ultra-intense pulses. The device will be used as a tool to monitor and optimize the 
EuXFEL beam in a near future commissioning stage. The sensor will permit to gain unique insight on the optics behavior 
and allow real time feedback on the X-ray pulse state thanks to GPU optimized processing codes. Such a device will be 
also instrumental in the monitoring and optimization of future new quasi-CW FEL sources such as LCLS-II14. 
Additionally, the project aims at developing an open-source software package that will be released by the end of 2018 for 
hard X-ray wavefront sensing based on speckle modulation. 
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