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State-of-the-art Multilayer Optics for Diffractometry
B. Hasse, C. Michaelsen, A. Oehr, F. Hertlein, S. Kroth - Incoatec GmbH, Max-Planck-Strasse 2, 21502 Geesthacht, Germany

Conclusion

Multilayer optics for X-ray analytical lab devices consist of multilayers with single layer thicknesses of 
only few atomic diameters. These layers are produced by magnetron sputtering with extremely high 
precision on prefigured substrates.
Customized optics are calculated by simulation to ensure an optimum development and production 
with nearly perfect quality without major losses in the properties.
To ensure that the theoretically predicted optical qualities are obtained in reality we use 3D optical sur-
face measuring systems with nanometer resolution for the figured substrates and X-ray reflectometry 
with picometer resolution for the layer quality.
1D and 2D beam shaping multilayer optics are increasingly beeing custom-built for specific types of 
applications.

Their main features are: 	 •  high integral reflectivity / high flux
								        •  much more brilliance than other optics like capillaries
								        •  monochromaticity (> 99 % K)
								        •  negligible time smearing of pulsed X-ray sources

The multilayer optics are available for all typical X-ray wavelengths and can deliver a focused, collima-
ted or even divergent beam, depending on the user‘s requirements. The concept of the multilayer optics 
is the so called „Montel scheme“. Two elliptically shaped laterally graded multilayers are mounted in 
an L-shape. All beams reflected onto both multilayer parts are focused onto one point.
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Introduction

This poster gives an overview of the state-of-the-art beam-shaping multilayer optics for diffractometry. 
The concept of multilayer optics is compared with other X-ray optics for one of the most important ap-
plications, for focusing the beam.
Important parameters for the performance of the optics are the brilliance and the time-structure of 
the source. Due to the Liouville Theorem beam shaping is always a trade off between flux density and 
beam divergence. It is not possible to concentrate all photons within a small spot without simultane-
ously increasing the divergence of the beam. Therefore the user needs to know his requirements when 
planning the experiment. Fortunately, a large variety of 1D and 2D multilayer optics are now available 
with very diverse properties. Their design, production and influence on the key parameters of the X-ray 
beam like flux, divergence and monochromaticity will be presented in this poster.

Background: Different Types of Focusing Optics

In a recommendable publication Prof. Matias Bar-
gheer investigated different kinds of focusing optics 
used with ultra short-pulse X-ray sources: Appl. Phys. 
B80 (2005), p. 715 – 719. He compared the cha-
racteristics of capillaries, multilayer optics and toro-
ids (see Figure 1).

Figure 1: Scheme of 

a) toroidally bent crystal,			  b) multilayer optics, 

c) ellipsoidal capillary and 		  d) polycapillary

The concept of the multilayer optics b) is the so called „Montel scheme“. Two elliptically formed laterally 
graded multilayers are mounted in an L-shape. All photons which are reflected from both multilayer 
parts are focused onto one point.

Performance Comparison

For his comparison Bargheer  
used different optics with his la-
ser plasma source. The beam size 
of the source was 10 µm. Beam 
profiles are shown in Figure 2.

Figure 2: Beam cross sections and spot 

sizes in the focus (upper panel) and  

behind the focus (lower panel) for 

the different optics toroid, multilayer,  

mono-cap and poly-cap (left to right)

Both the spot size and the beam distribution differ greatly behind the focus. The small foci of the toroid 
and the multilayer indicate close-to-perfect surfaces. Significant parameters of the different optics and 
the resulting beams are summarized in Table 1.

Ge (444) DCC multilayer monocap polycap

magnification 1 2 7 0.7

solid angle 2.30 E-03 8.80 E-04 4.00 E-04 1.10 E-02

transmission 0.03 0.2 0.8 0.09

flux (a.u.) 6.90 E-05 1.76 E-04 3.20 E-04 9.90 E-04

1D convergence (deg) 1.5 0.45 0.2 3.5

flux/convergence 4.60 E-05 3.91 E-04 1.60 E-03 2.83 E-04

focal size (µm) 23 32 155 105

flux density (a.u.) 1.30 E-07 1.72 E-07 1.33 E-08 8.89 E-08

brightness (a.u.) 5.80 E-08 8.49 E-07 3.33 E-07 7.33 E-09

brightness in % 6.8 100.0 39.2 0.9

spectral purity good very good poor poor

temporal broadening 90 90 10 1000

Table 1: Parameters for the optics and the reflected X-ray beam

Multilayer Optics: Production

At Incoatec we design, manufacture and characterize optics with the purpose of achieving the best quali-
ty for the specific application. With the so-called ray-tracing optical properties are simulated to find the best  
multilayer materials. In addition, the optimum layer thickness profile and substrate shapes are selected. If  
necessary complete beam paths can also be calculated. Figure 3 shows a typical result of ray-tracing.

Figure 3: Ray tracing of a 2D focusing optics: the plotted 

spot above shows the distribution of intensity at the image 

position; the diagram on the right shows the beam width 

along the beam path.

Our X-ray optics are produced by method of magnetron sputtering, thus making it possible to deposit ultra pre-
cise thin films within a homogeneity of ±0.1% on 6” wafers. Furthermore, coatings on long substrates up to a 
length of 150 cm are possible. We have experience with more than 40 different types of material for layers.
The figures 4 and 5 are showing a coating chamber. The homogeneity of a typical coating is shown in figure 
6.

Multilayer Optics: Characterization

For most of the optics for lab-instrumentation, the manufacturing process includes the preparation of shaped sub-
strates by bending silicon wafers. Their quality is tested using optical profilometry methods (figure 7). The vertical  
resolution of our profile is well below 10 nm, and the angular resolution is below 1 arcsec. Typically, silicon 
wafers which are bent and glued onto backing plates show slope errors of about 10 arcsec. For some high-
end applications in high resolution XRD we use prefigured substrates which achieve slope errors below 1 arcsec  
(1 arcsec = 1/3600 deg.).

Figure 7: Profilometry measurement of a parabolic substrate: 

The shape deviation on the 6 cm substrates is within ±100nm. 

This is comparable to a deviation of 1 cm to 6 km.

The most important part of the optics production is the ensuring deposition of thin layers for total reflection 
(single layer) and multilayer (2 materials, up to several 100 pairs of layers) optics. We use the very reliable and 
reproducible method of magnetron sputtering. Last but not least, the optics are characterized by X-ray reflec-
tometry to check the quality of the grown film. In Figure 8 the reflectometry measured demonstrates that this 
optics has been produced well within the required specification of ±1%.

Figure 8: Typical film thickness accuracy for graded multi-

layers, determined by X-ray reflectometry: when a d‑spacing 

gradient is required, we achieve it within ±1%; in the case of 

uniform d-spacing we achieve it within ±0.1%.
Figure 4: UHV vacuum chamber for 

multilayer deposition

Figure 5: Within the chamber: argon 

plasma

Figure 6: TEM picture of a multilayer 

optics: sharp interfaces and amor-

phous single layers (by Prof. Jäger et. 

al., Univ. of Kiel, Germany)

Characterization of a Beam shaped by 2D Montel Optics

The beam parameters behind the optics characterize the quality of the beam shaping properties of the optics. 
We measure flux and divergence of the reflected beam with 2D detectors like CCDs or pin diodes. A typical 
beam profile of the focused beam as measured is shown in Figure 9. The optics concentrates a lot of flux within 
a well-shaped spot of the expected size.

Figure 9: Measured beam profile of a focusing Montel optics 

(type E31). The X-ray source size was 35 µm. The magnification 

ratio of the optics was 3 and the distance of the measured spot 

to the source was 460 mm.

Figure 10 shows a typical picture of the beam in the focus. Only beams which are reflected on both parts of 
the L-shaped optics are focused in a very sharp spot. The two single reflected beams and the direct beam are  
surpressed by the alignment. The gaussian-like beam shape can be seen in figure 11.

Table 2 summarizes a few properties of the focusing Montel optics manufactured up to now. Different capturing 
angles, optics lengths and magnification ratios are already available.

capturing angle (µsr) length (mm) magnification divergence (deg)

E 17 (Cu) 296 100 2.1 0.44

E 23 (Cu) 1471 150 5.3 0.28

E 31 (Cu) 1945 150 3.0 0.69

E 33 (Mo) 417 150 3.0 0.27

E 38 (Cu) 316 150 2.1 0.44

Table 2: Different types of focusing Montel optics

Beneath focussing optics we developed also parallel optics for applications like SAXS with divergencies of 1 
mrad and lower (below 0.06 deg) and hybride optics, where one of the 2 pieces of the Montel optics focuses 
and the other collimates. Then in the focal distance the beam is line shaped. The hybride optics are well suited 
for applications like powder diffraction, especially f.e. for high-resolution XRD and micro-diffraction.

type length (mm) divergence (deg) beam size (mm)

P 06 (Cu) parallel 60 0.02 1.30

P 32 (Cu) parallel 60 0.06 1.00

P 42 (Cu) parallel 100 0.03 2.00

HY (Cu) hybride 60 0.24 x 0.06 0.65 x 0.18

Table 3: Different types of Montel optics for parallel and line focused beams
Figure 10: x-ray beam

above - single reflection

below - single reflection

left - direct beam

these three parts are shielded

right - double reflection, useable beam

Figure 11: beam profile

Different types of multilayer optics

Our flexible production process enables us to develop various types of multilayer optics of which more 
than 50 are available. The optics for 1D beam shaping are the so-called Göbel Mirrors and for 2D 
beam shaping Montel Optics. Table 4 summarizes the most common types of Göbel Mirrors. If the type 
you require is not included, please feel free 
to contact us. A customized development is 
feasible in most cases.

Figure 12: Multilayer Optics for 1D (Göbel mirrors, GM) 

and 2D (Montel Optics) beam shaping with different sizes up to 150 mm

Optics type wavelength beam shaping length (mm) substrate

GM 
2nd generation

Cu, Mo, Co, Cr, Fe, 
Ag

1D par or foc 40 - 60
Si,

slope error < 0.003° 
GM 
3rd generation

Cu, Mo, ... 1D par 40 - 60
Quartz, 

slope error < 0.001°

Powder GM Cu 1D div 40 - 60
Si,

slope error < 0.003°

Table 4: Different types of 1D multilayer optics for diffractometry


