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Abstract. Since the introduction of grating interferometers to imaging, in addition to attenuation 
contrast, differential phase and later also dark-field contrast imaging have been explored 
intensely. However, in particular with dark-field contrast imaging, imaging entered into a new 
domain, i.e. the scattering from sub-image-resolution structures. This has led to the need to 
expand the horizon of considered interactions into the reciprocal space domain of small angle 
scattering, not necessarily familiar in real space imaging. Correspondingly, description and 
interpretation and finally quantitative analyses lacked somewhat behind of on the other hand 
qualitatively invaluable results. Against this background all modalities measured in modulated 
beam imaging experiments, namely attenuation, differential phase and dark-field contrast, shall 
be given some additional attention. It will be undertaken to draw a clear picture of analogies, of 
contrast formation and consequences to interpretation and information content. 

Introduction 
In imaging with a spatially modulated beam, the beam modulation is superimposed to the image 
of the sample. Assuming a one-dimensional modulation, it can in general be described by a 
simple sinusoidal intensity modulation function with a period p superimposed to the 
conventional radiographic projection a(x) as  

I(x)=a(x)+b(x)sin(2πx/p+∆φ(x))    (1) 

Generally, three images of different contrast modalities are/can be deduced from such 
projection data. Attenuation contrast, manifested as the local average count over one period, or in 
other words the offset of the modulation a(x); differential phase contrast, the local relative phase 
of the modulation compared to the undisturbed phase of an empty beam measurement ∆φ(x); 
finally, dark field contrast, the relative local amplitude of the modulation b(x)/a(x). For 
simplicity it is considered here, that the modulation period is smaller than the spatial resolution 
of the detector, in which case it is conventionally measured by a scanning procedure and an 
analyser grating matching the modulation period. This provides a separate modulation in each 
pixel of an image recorded. Therefore, we can consider the principal spatial resolution limit for 
all three signals at best twice the pixel size. Note that therefore henceforth x shall be the 
transversal parameter on the length scale of the pixel resolution. Instead of describing the sub-
pixel modulation every pixel is assumed to have well defined parameters a(x), b(x) and ∆φ(x). 
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Sufficient coherence appears to be a prerequisite to exploit beam modulation through grating 
interferometry based on the Talbot Lau effect [1], because the interference pattern of waves 
induced by a grating establishes the spatial beam modulation. Hence, the period of that grating 
implies the coherence requirement. For geometries with insufficient coherence of the beam at the 
grating the requirement is efficiently circumvented or solved by creating a partially coherent 
beam with a source grating, i.e. several beams with a coherence satisfying the requirement and 
superimposing through geometrical alignment constructively at the detector, respectively the 
analyzer grating. Coherence is here interpreted as the spatial coherence width of a beam at the 
grating generating the modulation achieved through collimation by a slit (slit grating, i.e. source 
grating) at a significant distance upstream. Different realizations and details of the set-ups shall 
not be discussed here but can be found in literature. It has to be noted that meanwhile a great 
number of variations exists, but the principles generally stay the same for modulated beam 
techniques. Here we shall focus on the principles of the detected signals and their origins. 

Attenuation contrast  
Attenuation contrast is the most common and conventional as well as apparently best known 
contrast mechanism. It can in most cases be simply described by the Beer-Lambert law [2] 

𝑎(𝑥) = 𝑎0(𝑥)𝑒−∫𝜇(𝑥,𝑦,𝜆)𝑑𝑑  (2) 

Including the geometry of the beam and the sample as well as the energy, hence, also 
wavelength λ, dependent linear attenuation coefficient µ. Note, that the geometrical description 
is limited to the plane of the beam direction y and the transversal coordinate x, as for a beam 
assumed parallel this is sufficient, even for tomographic considerations. In addition, this will also 
suffice for the principle considerations on other grating based contrast signals, due to the grating 
symmetry.  It is useful to present the well-known Beer Lambert equation as it will be a point of 
reference and analogy for the other, one might refer to as novel, contrast mechanisms. For this 
reason we also look a bit closer at the attenuation coefficient and what it is constituted of. For 
neutrons the linear attenuation coefficient µ, a reciprocal length, can be expressed as the product 
of the neutron cross section σ(λ) and the particle density N 

µ=σN  (3) 

In general the linear attenuation coefficient is assumed orientation invariant, a density 
property. However, attenuation is constituted not only by absorption, as very often wrongly 
assumed or inconsiderately expressed, but also by scattering. Correspondingly σ = σs+σa features 
a scattering and absorption term, respectively. Scattering which does not exempt directions close 
to the forward direction can lead to significant bias in measured cross sections, depending on the 
measurement geometry, in particular the sample to detector distance [3-12]. More interestingly, 
for neutron wavelengths utilized in grating interferometric imaging the scattering term, or even 
the total cross section, for crystalline materials is in many cases dominated by coherent elastic 
scattering from the crystal lattice. This implies that depending on crystallite sizes and 
microstructural isotropy, the linear attenuation coefficient can become orientation dependent as 
the coherent elastic part of σs can then be written as 

𝜎𝑐𝑐ℎ,𝑒𝑒𝑒𝑒(𝜆,Ω) = ∑ �(2𝜋)3𝑁
2𝑘𝜏ℎ𝑘𝑘

∑ |𝐹ℎ𝑘𝑘|2𝛿𝐷(𝜏ℎ𝑘𝑘2 − 2𝑘𝜏ℎ𝑘𝑘𝑠𝑠𝑠𝑠𝑛,ℎ𝑘𝑘)ℎ𝑘𝑘 �𝑛  (4) 
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where k=2π/λ is the modulus of the wavevector and correspondingly τ=2π/d is the length of 
the reciprocal lattice vector. Ω symbolizes the sample orientation in space, n is the number of 
individual crystal grains, while Fhkl is the structure factor and δD is representing the Dirac Delta 
function in expressing the Bragg condition with θ being the Bragg angle. A fact that leads to 
anisotropic behavior of samples as attenuation of certain volumes will differ for different 
projection angles e.g. due to texture effects (Fig. 1). In particular for grain mapping with 
neutrons from the transmission data [13] but also other investigations of local crystalline 
structure [14], these orientation dependent attenuation effects can be exploited while they are 
ignored in most standard applications. For 3D phase mapping for example, but given the 
example in Fig. 1 below, even in conventional white beam tomography, such orientation 
dependent effects can lead to significant bias, which needs to be considered. 
 

 
Fig. 1 Significantly textured but otherwise homogeneous cylindrical steel sample exposed at two 
different projection angles (left) and wavelength dependent transmission profiles according to 

the highlighted areas in the field of view on the left hand side radiographies (right). 
 

Differential phase contrast  
The second contrast modality is referred to as differential phase contrast, sometimes also just 
phase contrast. In contrast to the transmitted intensity, the phase of the radiation is not accessible 
straightforwardly. It constitutes a fundamentally different feature of the applied radiation than 
the detected intensity. The measurement of phase relations is the domain of interferometry and in 
particular neutron Mach-Zehnder interferometers  [15] have been used for such purpose. In some 
cases such interferometers were also utilized for imaging based on phase shifts induced by 
samples with both x-rays [16] and neutrons [17]. However, due to the significant coherence and 
stability requirements of perfect crystal interferometers phase contrast became relevant for broad 
application, especially with x-rays, only later with the introduction of differential phase contrast 
[18,19] and propagation based techniques [20,21]. These techniques exploit the fact, that phase 
objects distort the wavefront and the respective locally induced angular deviations are measured 
directly with significant angular resolution or through the induced spatial intensity shift at 
different detector distances, respectively. The angular deviation induced, as described by 
refraction, corresponds to the induced local phase gradient ∇ϕ, lending the name differential 
phase to this contrast modality. The rather small angles (arcsec) were first resolved by the use of 
analyser crystals in monochromator/analyser arrangements (i.e. perfect crystal double crystal 
arrangements), and methods called Schlieren imaging, diffraction enhanced or refraction contrast 
imaging [18,19,22-26]. However, grating interferometers introduced around the millennium [27-
31] outperformed the other methods significantly due to relaxed coherence requirements, both in 
real and momentum space. The Talbot Lau grating interferometers resolve small angles due to 
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induced spatial beam modulation, for which meanwhile several methods are available. 
Interestingly in grating interferometers the differential phase translates into a phase shift of the 
real space modulation according to 

∇j= ∂j/∂x ∝ Df(x)   (5) 

The thus measured orientation dependent refraction, i.e. differential phase (Fig. 2 mid), can 
easily be transferred into the orientation independent phase contrast (Fig. 2 right) related to the 
real part of the refractive index δ by integration 

𝜑(𝑥) = ∫ 𝛿(𝑥,𝑦)𝑑𝑑 ∝ ∫ Δ𝜙(𝑥)𝑑𝑑𝑥
0   (6) 

Note that orientation dependence and independence here refers to the local interaction. The 
relation in eq. 6 provides a straightforward opportunity for tomographic reconstruction of the 
refractive index distribution δ(x,y), a scalar quantity. This constitutes an analogy to the linear 
attenuation coefficient µ or the imaginary part of the refractive index β retrieved in conventional 
attenuation or absorption contrast imaging, respectively (Fig. 2). The local orientation 
dependence of the measured refraction effects is neutralized through the integral which turns the 
differential phase into a phase contrast signal.  

Because descriptions appear ambiguous and misleading sometimes it shall be clarified that 
refraction, i.e. the differential phase effect does not require specific coherence, due to the 
differential nature, and can be described by geometrical optics. Independent of the fact that 
differential phase effects do not necessarily preserve coherence characteristics of the affected 
beam, refraction in general also causes loss of modulation visibility and hence a dark-field 
contrast signal. In general differential phase and dark-field contrast are very closely related and 
interlinked in parts, but not equivalent. Clear distinction and understanding of the measured 
nature of interaction is key for correct interpretations of results in this regime as shall be 
discussed in the following section on dark-field contrast.  
 

 
Fig. 2 This reprint with permission of AIP from Ref. [31] illustrates the analogy of attenuation 
and phase contrast (left and right), as well as the relation of differential phase contrast (mid) 

and phase contrast through transversal integration (right). 
Dark-field contrast 
The third contrast modality measured in a grating interferometer set-up for imaging has maybe 
caused the highest amount of ambiguity. It is based on the measure of the local modulation 
amplitude b(x), which needs to be normalized by the attenuation a(x) or simply expressed as the 
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visibility V=(Imax-Imin)/(Imax+Imin)=b(x)/a(x). Naturally, only the amplitude relative to the 
transmission constitutes a useful independent measure. Again, historically this kind of contrast 
has been utilized already long before grating interferometers were introduced in imaging with x-
rays and neutrons, but was referred to with different terminology. In fact first neutron examples 
can be found already in the 1980ties [17,32] for magnetic structures, which for neutrons still 
constitute one of the main applications. In x-ray imaging one could consider the first works to be 
described in Ref [33,34] while first tomography was reported with x-rays in [35] shortly after 
first neutron dark-field tomography, back then referred to as USANS tomography, was reported 
[36].  

While in summary the dark-field contrast measured always relates to an additional local 
angular spread of the incident beam, the contrast’s origin has so far been attributed to  (ultra) 
small angle scattering ((U)SAS)[34,36,37,38], Fresnel diffraction [17], refraction [37,39], 
incoherent scattering [40] and decoherence [41,42]. The term decoherence, which is generally in 
physics defined as the “process in which a system's behaviour changes from that which can be 
explained by quantum mechanics to that which can be explained by classical mechanics”[43], 
might intend to mean a certain loss of coherence, though e.g. small angle scattering and Fresnel 
diffraction are coherent scattering processes and refraction does e.g. in the differential phase 
contrast not necessarily alter the coherence significantly either.  

However, a loss of modulation visibility can have a number of reasons, not necessarily related 
to a loss of coherence. It is e.g. obvious that a slight alteration of a three grating set-up where 
multiple beams and hence interference patterns are superimposed constructively, could lead to a 
destructive superposition. In contrast to a loss of interference of wavefunctions (e.g. through a 
loss of coherence) this is, however, a classical superposition adding intensities, not phase 
dependent amplitudes of a wavefunction.  
 

Fig. 3 Differential phase, attenuation and dark-field contrast profiles of a number of cylindric 
samples (reprinted with permission from [62])  

 
Bearing such classical addition of interference patterns in mind, it is useful to reconsider the 

conditions of differential phase contrast, where within the spatial detector resolution a phase shift 
of modulation pattern is expected in one defined direction and magnitude. However, within a 
pixel there are or might be a number of modulation periods and a structure below this resolution 
limit might refract the beam to different directions, causing one part of the modulations within a 
pixel to shift significantly different to the other(s). The integrated measurement of the 
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modulation within a pixel, however, will cause a loss of modulation amplitude, which in the 
actual pattern might not even exist. (It will indeed always exist in a certain region, where 
affected and non-affected or differently affected parts of the modulation overlap as well as due to 
divergence and intrinsic spatial resolution limitations). However, the actual coherence 
characteristics cannot depend on the pixel size, and hitherto a simple loss of coherence or even 
decoherence argument can obviously not apply to explain the measured result in general.  
With this refraction argument it already becomes clear that, similar to attenuation contrast which 
can consist of scattering and/or absorption, the measured loss of amplitude referred to as dark-
field contrast, does not yet allow a unique interpretation of the physical process measured. 
Correspondingly, it has been expressed already in the initial neutron grating dark-field 
publication [37] that “In the region of sharp edges refracted and non-refracted contributions are 
superimposed and hence decrease the fringe visibility. This accounts for enhanced contrast in the 
reconstruction at corners and curves, i.e., wherever an edge is not well defined due to limited 
resolution”, and in  Ref [44] it is stated, that “measurements show that due to the limited spatial 
resolution, refraction, i.e., differential phase contrast, also always affects the dark-field 
image”(compare Fig. 3).  And therefore :”Different origins of the dark-field signal have to be 
taken into account, namely, ultra-small-angle scattering and refraction, which might complicate a 
straightforward interpretation of specific results with respect to the quantification of the size of 
inhomogeneities and defects.” In X-ray dark-field imaging consciousness is raised only recently 
by a dedicated work [38] which similarly reads “Results of numerical calculations for 
monochromatic X-rays show that an unresolvable sharp edge generates not only differential-
phase contrast but also visibility contrast.”  

To some extent, hence, the dark-field contrast measured due to resolution limits can be 
compared to attenuation values biased by resolution, either at interfaces or when structures are 
significantly below resolution and hence affect the measured density, where one cannot 
distinguish whether the overall density changes in this area or whether the very same material 
with the same density includes distinct structural features like e.g. pores, that are not resolved. 
(In fact a differentiation of the attenuation contrast could provide a contrast similar to differential 
phase contrast at edges, including the orientation dependence – a differential attenuation contrast 
so to speak (compare Fig. 2). However, when assuming refraction (i.e. differential phase 
contrast) and small angle scattering, referred to in most cases, to be the main sources of dark-
field contrast, it is required to take a deeper look into these and how they are distinguished.  

In general, small angle scattering is described by scattering theory [45] and in accordance to 
the used kinematic or first Born approximation [46] phase effects are neglected. This means in 
small angle scattering it is assumed that phase shifts between scattering centers are negligible, 
due to the small size and weak phase interaction. In ultra-small angle scattering, where structures 
can have sizes in the micrometer range, this assumption does not necessarily hold anymore, and 
interestingly refraction effects are measured in the very same angular range [47]. While in small 
angle scattering, described by a coherent superposition of waves scattered at different locations 
within an object, the subsequent angular distribution of the emerging interference, i.e. scattering 
pattern, is strongly size and shape dependent, the angular pattern of refraction is only shape 
dependent. Generally it is assumed, that when the approximation of negligible phase shifts does 
not hold anymore the SAS description breaks down and refraction dominates. Correspondingly it 
is to be expected, that a different quantification in terms of phase objects is required in this case. 
As this is not a problem only to dark-field imaging but also scattering experiments in this regime 
a number of works and investigations exist. Earlier works include N. F. Berk and K. A. 
Hardman-Rhyn [48], who come to the conclusion “that strong multiple scattering, as in very 
thick samples, tends to render beam broadening insensitive to the cross over from diffractive to 
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refractive single-particle scattering.” But “On the other hand, (…), say for scattering from large 
particles dilutely dispersed in thin samples, departures from the diffractive limit should be 
important.” More recent considerations in particular for neutron refraction measured in USAS 
can be found e.g. in Ref  [49,50]. 

Based on this discussion some caution is required characterizing dark-field contrast based on 
a “material constant” ε referred to as “linear diffusion coefficient” [51,52]. However, it is clear 
that the visibility due to convolution of the resulting angular profile with the modulation function 
[37] can be described by an exponential contrast behavior based on a path integral accounting for 
subsequent (multiple) interactions approximated by Gaussian angular distributions [36,53].  In 
analogy to attenuation and Beer Lamberts law this can hence be written as  

𝑉(𝑥) = 𝑉0(𝑥)𝑒∫𝜀(𝑥,𝑦,𝜆)𝑑𝑑 (7) 

and consequently enables tomographic reconstruction analogue to attenuation contrast 
tomography [35,36,37,51]. 
For small angle scattering the coefficient ε could be specified as [54] 

ε(r) = ΣSAS(G(r)-1) (8) 

where ΣSAS is the total small angle scattering cross section, dependent on characteristic 
structure sizes, volume fractions and scattering contrast (for neutrons scattering length density 
contrast, for X-rays electron density contrast) and G(r) is the projected real space correlation 
function of the scattering structure [54-56]. The microscopic real space parameter r probed in a 
measurement is equivalent to the autocorrelation length parameter  

  ξ = λLS/p (9) 

of the applied modulated beam measurement [54], where LS is the sample to modulation 
detection distance.  

It is worth noting, that the measured effects are described by simple superpositions of 
intensities and hence by geometric optics. While the interference pattern created by the 
respective grating and the small angle scattering have to be based on coherent wave optics, the 
grating and the scattering sample are not in any coherent correlation, and hence the results from 
both interference effects can be considered separately and combined through geometrical optics 
i.e. through intensity superposition [37,54]. Hence, coherence and decoherence considerations 
appear apart from the separated local coherent processes obsolete in this context.  

However, there is a contribution to dark-field contrast from incoherent scattering indeed. Like 
in SAS incoherent scattering has to be assumed to generate a background signal, for neutrons in 
particular when hydrogen is involved, e.g. for particles in aqueous solution. The fraction of 
incoherently scattered neutrons will not contribute to the interference modulation on the detector, 
but such way forward scattered neutrons will contribute to the transmission a(x), while the rest 
will contribute to the attenuation (1-a(x))/a0(x). Corresponding corrections required for the 
quantification of the coherent SAS signal have been taken into account for various quantitative 
neutron works [40,57]. 

For refraction contributions to the dark-field contrast no general model is available and so far 
it is treated phenomenologically and qualitatively, i.e. as indicator for irregularities beyond 
spatial resolution that are not further analyzed. However, in analogous (U)SAS methods without 
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spatial resolution some considerations for regular structures exist [49,50], which can directly be 
transferred. For example for aligned cylindrical shapes with axis parallel to the modulation 

 V(r)/V0(r)= 2δr K1(λr) /πλ (10) 

has been found [50], where K1 is the first order modified Bessel function of second kind. 
Nevertheless, in most cases so far, where only the identification, but not the quantification and 
characterization, of defects beyond direct spatial resolution is in the center of attention, this will 
not play a major role. Whether equ.(7) applies in such cases, and how reliable tomographic 
reconstructions from such kind of artifacts is, requires to be clarified yet as well. However, a 
significant difference between refraction and SAS has to be considered carefully in all 
assumptions of detected effects and contributions. In particular it has to be regarded, that while 
SAS only concerns a small fraction of incident radiation and hence requires a certain volume 
(fraction) to be measureable in particular in transmission, phase shift and hence refraction at 
inclined interfaces affect all passing radiation. Hence, differential phase effects enable detection 
of single individual structures (of sizes competitive with, i.e. of significant fraction of the 
resolution limit), while SAS requires a large number and density of similar structures, hence 
significantly beyond the resolution limit to provide an effective signal. A straightforward 
distinction from the measurement does not appear obvious and hence attempts for quantitative 
structure determination through dark field imaging still require a priori knowledge and/or 
additional means of characterization. An orientation dependence is possible for both signals, 
depending on the geometry of the structures, but is not necessarily given, like e.g. in the cases of 
dark-field signal from refraction at macroscopic edges. A careful consideration of expected 
structure sizes and corresponding phase shifts induced appears absolutely necessary. 

For neutrons in particular the refractive nature of dark-field contrast has another dimension 
and plays a central role for the maybe most exploited dark-field imaging application, namely of 
magnetic structures [17,41,58-60]. The magnetic field contributes to the real part of the refractive 
index for neutrons due to their magnetic moment µn coupled to the neutron spin. The neutron 
spin aligns parallel and antiparallel to an external magnetic field and the neutron correspondingly 
gains or looses momentum in the field. At interfaces with a strong magnetic field gradient, where 
the spin cannot adiabatically follow the magnetic field thus refraction takes place according to 
the refractive index contribution 

δB=±2µnmBλ2/h2 

where m is the mass of the neutron and h the Planck constant. Due to the fact that for an 
unpolarised beam this implies symmetric refraction from the same local structure to opposite 
directions for the two spin eigenstates, this will in such case always lead to dark-field contrast 
through the superposition of opposite differential phase contrast signals from the same location. 
This has already been measured in interferometers and analyser based set-ups [17,58] visualizing 
domain walls. With a polarized beam however, the undisturbed local differential phase contrast 
can be measured and has been demonstrated to be usable for the reconstruction of strong 
magnetic fields through the magnetic refractive index in full analogy to differential phase 
contrast tomography [61].  
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