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X-ray Multiple-wave Diffraction
Anomalous Fine Structure

Multiple-wave Diffraction Anomalous Fine Structure (MDAFS), a new method combining the X-ray 

multiple-wave diffraction with diffraction anomalous fine structure (DAFS) technique, provides the long-range 

order structure information by measuring the multiple-wave diffraction profiles in the vicinity of an absorption 

edge. The real part of dispersion correction and fine structure function can be obtained directly by multiple 

diffraction analysis without using Kramers-Krong relations (KKR) and kinematical fitting of diffracted intensity. 

The useful X-ray phase information of the structure-factor multiplets, linking the image part with the real part of 

the structure factor, can easily substitute the Kramers-Kronig relations. Moreover, the constraint imposed by the 

additional reflection on the diffraction geometry makes the MDAFS a much more wavevector and site-sensitive 

technique than the two-ware DAFS for the measurements. Here we report a three-wave diffraction measurement 

of GaAs single crystal near the Ga K-edge and show how MDAFS analysis works.
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Many physical phenomena and related quantities are 

governed by causality. Under such circumstances, the spe-

ctral distribution of the imaginary part of a physical quantity 

is often linked to that of its real part via Kramers-Kronig 

relations. In the case of x-ray scattering, the real part  '

and imaginary part “ of the atomic scattering factor  are 

closely related to each other through the Kramers-Kronig 

relations [1]. The former governs X-ray scattering/diffraction 

amplitudes, the latter is closely related to X-ray absorption. 

In the literature, the cross link between the two has led to 

the development of the so-called Diffraction Anomalous 

Fine Structure (DAFS) from the well-established Extended 

X-ray Absorption Fine Structure (EXAFS). Recently DAFS has 

become a powerful method for both short- and long-range 

order structure analysis of single crystals, powders, thin 

films, multilayers and superlattices, compared to the short-

range order structural method EXAFS.

The conventional DAFS involves the measurement of 

Bragg diffraction intensity versus photon energy and the 

fitting of this DAFS intensity spectrum with the kinematical 

theory of x-ray diffraction. The accuracy of the analyzed 

results rely on the atomic scattering factors ' and “, 

where ' is obtained from the Hilbert transformation with 

the Kramers-Kronig relations for truncated measured ab-

sorption data. This may not be accurate enough to pro-

vide the required atomic resolution. For this reason, a new 

method called multiple-wave DAFS, abbreviated as MDAFS, 

has recently been proposed [2], where the useful phase 

information of the structure-factor multiplets, linking the 

imaginary part with the real part of the structure factors, 

involved in multiple diffraction is considered.
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Multiple diffraction occurs when more than two sets 

of atomic planes in a crystal are simultaneously brought 

into position to diffract an incident wave. To systematically 

generate a three-wave (O, G, L) diffraction, the crystal is 

first aligned for the primary reflection G and then rotated 

around the reciprocal lattice vector G of the G reflection, 

the so-called azimuth -scan, to bring the additional set of 

planes of the secondary reflection L to also satisfy Bragg's 

law. Here O stands for the incident wave and G the primary 

reflection. The interference between the primary G and 

secondary L reflection is via the coupling reflection G-L. 

The modified intensity of the G reflection is related to the 

structure-factor triplet F3 = FLFG-L / FG and the triplet phase  3

= L+ G-L - G , where G , L , and G-L are the individual phases 

of the primary G and secondary L and coupling reflections 

G-L, respectively. These phases connect the ' and “ via 

the structure factors. Using this phase relationship we 

are able to link ' and “ without invoking the Kramers-

Kronig relations. Following this idea, we propose to use 

the visibility, Rv , to replace the diffraction intensity as the 

parameter for the MDAFS spectrum.  Rv  is defined as               

where I2 is the two-wave intensity background and  Imax 

and Imin are the maximum and minimum intensities of the 

three-wave profile (Fig. 1(a)). The corresponding spectral 

distributions of ' (E) and “ (E) can be easily determined.

The experiment was per formed at the wiggler 

beamline BL17B, National Synchrotron Radiation Research 

Center, Taiwan, and at beamline 12B2, Spring-8, Japan. 

Consider the three-wave (000)(222)(33-1) diffraction of 

GaAs (111) cut crystal, with the Ga rich surface facing the 

x rays, where (222) is a symmetric Bragg and (33-1) an 

asymmetric Bragg reflection. Two scintillation counters 

are used to monitor the (222) diffracted intensity and the 

fluorescent yield. The former leads to the MDAFS data and 

the latter yields the EXAFS data. The experimental setup and 

conditions are the same as that for the resonance phase 

measurements described in the 2nd reference. The energy 

range used covers the Ga K-edge and the energy resolution 

is about 0.2 eV. Figure 1(a) shows the -scan for E= 10.413 

keV above the Ga K-edge, where the background is the 

two-wave intensity of (222). The asymmetric profile results 

from the resultant phase of F3. The intensities at maximum, 

minimum, and the two-wave background, which determine 

the visibility Rv of the asymmetry, are plotted against the 

photon energy in Fig. 1(b).

Figure 2(a) shows the measured intensity ratio Rv

versus photon energy.  And the Rv versus ' and “ can be 

calculated (Fig.2(b)). The phase-dependence of Rv linking '

and “ makes Rv a sensitive parameter for the determination 

of ' and “. Since “ can be directly obtained from the 

Fig.1: (a) The three-wave diffraction profile as a function of the 
azimuth angle, where Imax and Imin are the intensity maximum 
and minimum, and I2 the two-wave intensity background.  (b) 
The corresponding spectral distributions of Imax ,  Imin and I2 .

Fig. 2: (a) The measured intensity ratio Rv versus photon energy 

and (b) the calculated values of Rv versus ' and “.
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absorption spectrum derived from the fluorescence yield 

after proper corrections, the corresponding  can be estimated 

from the measured Rv ratio. The equi-intensity ratio Rv for 

various combinations of ' and “ are plotted in Fig. 2(b)

based on the dynamical calculations, where a smooth Rv

surface has been constructed with a numerical algorithm 

of interpolating two-dimensional cubic splines. The 

corresponding fine structure function of the real part of k   

is shown in the inset of Fig. 3. The Fourier transform of  ‘ k

gives the radial distribution function ‘ k  shown in Fig. 3, 

which gives the distances between the central Ga atom and 

other atom shells nearby.

  The average lattice parameter of GaAs is 5.6539 ̊ A and 

the path lengths to the first and second shells are 2.476 and 

4.062 ˚A , with the accuracies r =0.027˚A for the MDAFS. 

The R-factor is 0.025.  

Fig. 3: The Fourier transform of ‘ k  gives the radial distribution 

function ‘ k  . (Inset: The real part of the corresponding 

fine-structure function ‘ k  with respect to .)
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