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ABSTRACT   

We report on online measurements of photon beam parameters during mirror alignment in the soft x-ray spectral region 
of FLASH, the free-electron laser in Hamburg. A compact Hartmann sensor operating in the wavelength range from 6 to 
35nm was used to determine the wavefront quality of individual free-electron laser (FEL) pulses during the alignment 
procedure as well as aberrations. Beam characterization and alignment of beamline BL3 was performed with . /

116 accuracy for wavefront rms ( ). Second moment beam parameters are computed using a spherical reference 
wavefront generated by a 5µm pinhole. The Hartmann sensor was used for alignment of the ellipsoidal focusing mirror 
of beamline BL3, resulting in a reduction of  by 33%.  
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1. INTRODUCTION  

FLASH, the free-electron Laser in Hamburg is operating in the soft x-ray spectral region based on the self-amplified 
spontaneous emission (SASE) process in which laser emission is build up from spontaneous undulator radiation. Due to 
the stochastic nature of this process the beam characteristics relevant for user experiments differ from pulse to pulse, 
leading to a strong requirement of single pulse photon diagnostic and online characterization of the parameters.1, 2 

Hartmann and Hartmann-Shack sensors are used for real-time wavefront detection and beam characterization in the near 
infrared, visible and soft x-ray spectral region. Both, the directional (wavefront) and intensity (beam profile) distribution 
of the radiation field are provided for single pulses. This enables the evaluation of paraxial beam parameters such as 
beam width , divergence , beam propagation factor , Rayleigh length , waist position  and waist diameter .3 
The prediction of the intensity profile in any plane is found by solving the Fresnel-Kirchhoff integral.4 In this paper, we 
present the results from measurements at the FLASH beamline BL3 performed with a compact Hartmann sensor jointly 
developed by Laser-Laboratorium Göttingen (LLG) and DESY for photon diagnostics, beamline alignment and 
monitoring of FEL radiation at FLASH5,6. The determination of beam parameters relevant for many user experiments as 
well as the alignment of the ellipsoidal focusing mirror is described.  

 

2. OPERATION PRINCIPLE 

2.1 The Hartmann wavefront sensor 

The setup of our Hartmann sensor (see figure 1) is based on the description of Hartmann7 and consists of a pinhole array 
and a 14 bit camera with a charge-coupled device (CCD) chip in a distance = 198,251mm behind the pinhole array. 
The distance represents a compromise between attainable wavefront sensitivity and spatial resolution given by the pitch 
of the pinhole array. The CCD chip has a size of 8.9mm x 6.7mm with 6.45 µm x 6.45µm pixel size and is coated with a 
phosphor (Gd2O2S:Tb, grain size 1-2µm, central emission wavelength 545nm) for converting the soft x-rays into visible 
light. The Hartmann plate, a pinhole array, made of a 20µm thick nickel foil with electroformed holes (75µm diameter 
and 250µm pitch) by Precision Eforming divides the incoming beam into an array of smaller beams. The position and 
intensity of the beams coming from each sub-aperture is measured with the CCD camera. 
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Figure 1. left: Hartmann sensor, right: Inner part of the Hartmann sensor with the Hartmann plate holder. In the inset a light 
optical microscopic image (magnification 10x) of part of the Hartmann plate with electroformed holes is shown. 

 

The displacement of a spot centroid  divided by the distance l yields the local wavefront gradient inside one sub-
aperture relative to a known reference wavefront (see figure 2). The wavefront is reconstructed from those local 
gradients in a modal approach according to the references8,9,10, using 37 Zernike polynomials in the notation of 
reference11. Summation over all pixel values belonging to the individual sub-apertures samples the intensity distribution 
or beam profile ( , ). The Hartmann data, consisting of sampled intensity and wavefront gradients , facilitate to 
compute the first and second order moments of the spatial ( , ) and angular ( , ) coordinates over the intensity 
distribution3. 
 

 

 
 

Figure 2. Hartmann principle: The incoming beam (blue) is divided into an array of partial beams by the Hartmann plate. 
The centroid deviation  from the known reference spot position divided by the distance l yields the local wavefront 
gradient  relative to the reference wavefront (red). 

 
 
This information is sufficient to compute the beam parameters3,11 as beam width , divergence , beam propagation 
factor , waist diameter , Rayleigh length  and waist position  of paraxial coherent beams. Influences from 
partial coherence are neglected in this evaluation. The computation of second moment beam parameters from Hartmann 
data for soft x-ray radiation and the general agreement with caustic scan techniques was reported in reference5. Once 
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