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We present a dynamic implementation of the beam-tracking x-ray imaging method providing absorption,
phase, and ultrasmall angle scattering signals with microscopic resolution and high frame rate. We
demonstrate the method’s ability to capture dynamic processes with 22-ms time resolution by investigating
the melting of metals in laser additive manufacturing, which has so far been limited to single-modality
synchrotron radiography. The simultaneous availability of three contrast channels enables earlier
segmentation of droplets, tracking of powder dynamic, and estimation of unfused powder amounts,
demonstrating that the method can provide additional information on melting processes.
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X-ray multicontrast imaging is based on the retrieval of
phase changes and ultrasmall angle scattering (or dark
field) occurring when x rays pass through a sample, in
addition to conventional attenuation [1–3], providing new,
complementary information on the imaged samples. Phase
imaging provides superior contrast in low-attenuating
materials, which improves the visibility of small density
changes [4–6]. Dark field highlights the presence of
structures below the system’s resolution [7,8]. Optical
elements are used to retrieve these three imaging channels.
Multiple frames are acquired while the optical element is
displaced in different positions, which is at odds with the
requirements of dynamic imaging. Although single-shot
methods exist, they entail a reduction in resolution, either to
the period of the optical element when gratings or masks
are employed [9] or to the correlation window in speckle-
based methods [10]. Propagation-based methods are not
quantitative in single-shot mode unless the sample is
homogeneous [11]; only recently methods have emerged
that provide some degree of access to dark field [12]. To
overcome these limitations, we developed a method based
on a dynamic implementation of the beam tracking (BT)
approach [13]. As a single-shot method, BT’s spatial
resolution would also be limited to the optical elements
(an absorption grating, usually referred to as mask) period.
We addressed this by continuously translating the mask in
front of the sample during the acquisition of an image
sequence. The mask shapes the x-ray beam into beamlets
that are (dynamically) dampened, deflected, and broadened
by the sample [see Fig. 1(a)], the analysis of which yields
attenuation, differential phase, and dark-field images,

respectively [13,14]. Laser additive manufacturing
(LAM) enables the 3D printing of metallic components
with previously unattainable structural complexity [15,16]
and has the potential to transform manufacturing. Dynamic
x-ray imaging has provided insights into the physics behind
LAM by exploiting the high frame rate achievable at third-
generation synchrotron facilities [17–21]. However, these
studies were limited to conventional attenuation and in-line
phase contrast. Here, we present the first application of a
multicontrast x-ray dynamic imaging to the investigation of
LAM processes. We show that the new contrast channels
unlock additional insights into the melting and solidifica-
tion process. This is obtained simultaneously and with a
single setup, requiring minimum changes to existing in situ
synchrotron LAM setups and acquisition pipelines.
The experiment was performed at the I13 beamline of the

Diamond light source (United Kingdom), using a pink
beam spectrum to maximize the flux [23]. The energy of
the beam ranged approximately from 15 to 40 keV with a
maximum at about 21 keV. A schematic view of the setup is
shown in Fig. 1(a). The beam is split into a series of
beamlets by an absorption mask, producing 5 μm wide
beamlets, 20 μm apart from each other. The relatively low
duty cycle was chosen to keep the beamlets well separated,
making their identification and analysis viable (see
Supplemental Material [22], Fig. S1). To prevent spatial
resolution from being limited by the mask period, we
continuously moved the mask in front of the sample (see
Supplemental Material [22] Video 1). In previous imple-
mentations, this was addressed by laterally scanning the
sample in subperiod steps, referred to as “dithering” steps.
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This leads to a resolution determined by the size of the
apertures in the mask [24]. Although in this case we
scanned the mask instead of the sample and used a
continuous rather than a stepped movement, negligible
differences are expected between this and the previously
used dithered approach, so long as the mask is moved by
exactly one aperture during each exposure. The reduce in
resolution because of the continuous movement is given by
the quadrature sum of mask aperture and amount by which
the mask is moved during an exposure [25]. In this case
they are both about 5 μm; hence a reduction from 5 μm to
7 μm is expected, with minimal impact on the images.
Details are provided in the Supplemental Material [22],
Figs. S2 and S3. The need to move the mask by one
aperture during each exposure imposes a constraint on the
mask speed, which must be equal to the ratio between mask
aperture size and exposure time. This acquisition method
affects time resolution because multiple images are com-
bined to create the final one. In the present experiment, the
limiting factor was the maximum speed of the mask
scanning motor (0.9 mm=s), which imposed an exposure
time of 5.6 ms per image. Combined with an aperture size
(and therefore a resolution) of 5 μm and (the equivalent of)
four dithering steps, this limited the time resolution to
22 ms, which resulted in motion artefacts when fast
changes occur in the sample (see Supplemental Material
[22], Fig. S5). This can be improved in future experiments,
as the use of faster linear translators (100–1000 mm=s)
would increase the time resolution by 2–3 orders of
magnitude, achieving a flux-limited exposure time. The
mask was placed as close as possible to the sample, which
was an 800 μm thick Al [26] powder bed enclosed between
two plates of glassy carbon and placed inside a sealed
chamber fluxed with Ar [17,27]. Although a closer distance
would have been beneficial, this chamber imposed a
minimum mask-to-sample distance of 5 cm. A laser was
rastered above the surface of the powder bed [see Fig. 1(a)],
simulating the hatch-pattern build of an overhang structure.

A power of 25 W was used. After each scan the sample was
manually removed, and a second acquisition was per-
formed with the same parameters to obtain the flat fields
(see Supplemental Material [22] for details about data
acquisition). This resulted in the formation of a beaded
track as seen in Supplemental Material [22] Video 1.
Despite the sharply cut apertures, the beamlets appear
Gaussian shaped because of diffraction from the apertures,
as visible in Fig. 1(b). With the sample in place, the
beamlets’ shape is drastically changed according to trans-
mission, refraction, and scattering [see Fig. 1(b) and
scheme in Fig. 1(a)]. Transmission changes the beamlets’
intensity, while refraction displaces their position [14].
Powder creates large refraction angles, because of the
multiple air-metal interfaces causing strong deformations
of the beamlets’ shape, as visible in Fig. 1(c). Small angle
scattering changes the beamlets’ width, which is difficult to
assess visually [14]. The quantitative assessment of the
changes in intensity, position, and width of each beamlet
allows quantitative recovery of the transmission, differ-
ential phase, and small-angle scattering signals (respec-
tively) from a single image [13]. This was performed by
extracting a line profile for each detector row over five
adjacent beamlets from images with and without the sample
and fitting a 5-Gaussian profile to each (see Supplemental
Material [22] and Ref. [28] for details). The differential
phase image can be integrated, yielding a phase map of the
sample [29]. Example images for each contrast channel are
presented in Fig. 1(d), showing the droplets formed toward
the end of the sequence (see Supplemental Material [22]
Videos 2–5 for the dynamic evolution of each contrast
channel). From Fig. 1(d), it is evident that phase exhibits a
stronger droplet contrast against the remaining, unfused
powder than transmission. Similarly, while a strong dark-
field signal originates from the powder, a very low signal is
observed within the formed droplet. Figure 1(d) and
especially Supplemental Material [22] Videos 2–5 demon-
strate that multicontrast imaging can be combined with

(a) (b) (c)

with sample

without sample
Intensity profile

Intensity profile

FIG. 1. (a) Schematic of the experimental setup. (b) The beamlets’ shape with and without sample. (c) An example of the
simultaneously obtained multicontrast images, including (clockwise from top left) transmission, differential phase, dark field, and phase.
The scale bar is 200 μm. See Supplemental Material [22] Videos 2–5 for the time evolution of each contrast channel.
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dynamic acquisitions, without the latter affecting the
retrieval of the various contrast channels. Moreover, the
results suggest that an aperture-driven resolution can be
maintained in dynamic acquisitions, which offers the
option to acquire multicontrast movies at a predetermined
resolution level (see Supplemental Material [22], Fig. S2).
Phase and dark-field maps with improved contrast allow

following the evolution of the droplet from very early
stages, well before it becomes visible in transmission, as
shown in Fig. 2. The sequences of Fig. 2(a) allow visually
following the formation and evolution of a droplet, starting
from the instant the laser hits the powder. After 22 ms, a
change in density becomes visible in the phase and dark
field (see red arrows and Supplemental Material [22],
Fig. S6), but not in transmission. The decrease in scatter
intensity caused by the powder-air interfaces indicates that
the powder is starting to melt. At the following time step
(44 ms), changes in both phase and dark-field images are
evident, while the droplet begins to become visible in

transmission only around 176 ms, when it has become
totally apparent with very strong contrast, in both the other
channels. The negligible dark-field signal within the
droplet when it is fully formed (t ∼ 1300 ms) indicates
that the molten material has aggregated homogeneously for
the beamlet size used. The improved sensitivity to density
changes provided by phase-based methods allows using
automatic segmentation [30] to quantitatively monitor the
growth of the droplet from the earliest stages, long before
this becomes possible with the attenuation-based images,
despite these containing a significant contribution of free-
space phase signal in our example (see Supplemental
Material [22], Fig. S11). The result, based also on the
assumption of a spheroidal shape of the droplet [31], is
shown in Fig. 2(b). Following segmentation, the binary
mask representing the droplet enables various quantitative
assessments, for example, of how the cross section of the
droplet evolves as a function of time [see Fig. 2(c)]. The
same binary masks have been used to estimate the contrast-
to-noise ratio (CNR) of the droplet in the various image
channels at different times [Fig. 2(d)]. This makes evident
how the CNR for both phase and dark field is much higher
than transmission at all the investigated times, confirming
the previous qualitative observations about earlier detection
and improved visibility (see Supplemental Material [22],
Figs. S4, S7 and related discussion).
The strong differential signal prior to integration can be

used to track the powder dynamic, by means of digital
image correlation techniques. The results obtained using a
tracking algorithm based on cross-correlation are shown in
Fig. 3 (see the Supplemental Material [22], which includes
Ref. [32], for details). The phase image, a map of the
modulus of the velocity and of the flux are shown at two
time steps, with the corresponding velocity vectorial field
superimposed. Immediately after the laser hits the powder
[see Fig. 3(a)], this is pushed downward with an average
speed of 0.3 mm=s. An accumulation point is formed just
beneath the surface, as shown in the flux map (red arrow),
with the consequent formation of a depletion layer on the
surface. At t ¼ 160 ms [Fig. 3(b)], two accumulation
points can be observed on top of the droplet (red arrows
in the flux map). The powder is moving with a maximum
speed of 0.44 mm=s and converging toward a central
region where almost no movement can be observed.
This may indicate the formation of a molten layer on
top of the droplet while the laser is moving in the direction
of the x-ray beam. Indeed, after an additional 60 ms, a
feature with a density similar to that of the main droplet
appears on top of it (yellow arrow in the inset of the phase
image), indicating the formation of a new solidified
volume, either connected to the droplet below or lying
on top of it. These findings suggest that velocity, and
especially flux maps, can enable identifying droplet for-
mation areas before the droplets actually form. It is
important to note that velocity and flux have been obtained

FIG. 2. (a) Image sequences (focused on one of the droplet
formation areas) for the three contrast channels (top to bottom:
transmission, phase, and dark-field), starting from the instant
when the laser hits the powder. Red arrows point at changes in the
powder, indicating the formation of the droplet in both phase and
dark field. (b) The result of droplet segmentation using the phase
signal. The graphs in (c) and (d) show the evolution of the cross
section and contrast-to-noise ratio (CNR) of the droplet. The
images have been blurred to have the same frequency content (see
Supplemental Material [22], Fig. S4).
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from 2D radiographic projections. Therefore, the velocity
field represents the projection of a 3D vector onto the plane
orthogonal to x-ray beam direction, and the corresponding
flux is integrated along the same line. This would become
more limiting with increasing sample thickness; indeed,
computed tomography (CT) acquisitions are needed to
obtain full 3D information.
Although BT is compatible with CT, the footprint of the

melting rig, alongside the high frame rate requirements
needed to achieve high time resolution in 3D, pose

significant obstacles to the application of multicontrast
CT to LAM. Here we propose a mechanism to extract some
degree of 3D information along the x-ray propagation
direction, providing an estimate of the amount of unfused
powder along the sample thickness, at least at the proof-of-
concept level. If a single material is imaged, the intensity of
the dark-field signal is linear with sample thickness [33].
Hence, the variation in dark-field intensity over time
provides an estimate of the amount of unfused powder
along the x-ray propagation direction, which can be made

FIG. 3. (a), (b) Results from the powder tracking algorithm at different time steps: for each time step, the phase image with the velocity
field overlapped, maps of the modulus of the velocity and of the flux are shown (left to right). The overlapped vectors are scaled
differently between the phase and the velocity and flux images for aesthetic purposes. Note that velocity is projected onto the plane of the
drawing, and the flux is integrated along the x-ray propagation direction. Times immediately after the laser hit the surface (a) and before
the formation of a new molten track (b) have been chosen. The inset in the phase image in (b) shows a later time instant, after a droplet
has completely formed.

(b)

(a)

FIG. 4. (a),(b) For two time instants, dark-field and phase images alongside the corresponding powder thickness maps estimated from
the dark-field signal intensity. Average line profiles across features of interest extracted from the thickness images are also reported for
each panel with the corresponding interquartile prediction band. The shape of the droplet was obtained as the best ellipsoidal fit of the
segmented perimeter. In (b), the perimeter was split in two parts to fit two ellipses. Vertical colored bars indicate the droplet size as
determined from the fit.
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quantitative through calibration. Generally, the amount of
powder on the beam path depends on grain orientation and
packing, which are unknown. We estimated the initial
thickness using Paganin’s single-material phase retrieval
[11] on a region imaged both with and without the mask.
Representative images are reported in Fig. 4. The first time
step in Fig. 4(a) (t ¼ 320 ms) shows how the formation of a
droplet, clearly visible in the phase image, is accompanied
by a decrease in the dark-field signal. The corresponding
thickness map was obtained by inverting the linear relation-
ship between scattering intensity and thickness of the
powder bed, estimated independently, through Paganin’s
retrieval (see Supplemental Material [22], Fig. S13 and
related discussion, which includes Ref. [34]). The thickness
map and line profiles show that approximately ð400�
70Þ μm of unfused powder are still present in front of or
behind the droplet. This is in agreement with the droplet’s
maximum diameter (∼380 μm) estimated from the phase
image: assuming a spheroidal shape for the droplet, the sum
of the two numbers is compatible with the overall thickness
of the powder bed of about 800 μm. It should be noted,
however, that the relatively large grains used in this
experiment (20–45 μm; see Supplemental Material [22])
can contribute significantly to making profiles more irregu-
lar when a significant amount of unfused powder remains.
At t ¼ 704 ms [Fig. 4(b)] a second droplet is formed,
partially overlapping the previous one, as visible in the
phase image [note this is the same image previously shown
in the inset of Fig. 3(b)]. Although the scattering signal
highlights a difference between the two droplets (see
arrows), likely due to the reduction in the amount of
unfused powder, this is not appreciable in the phase image.
Remarkably, the powder tracking analysis highlighted the
formation of an accumulation point just above the first
droplet before the new one formed (Supplemental Material
[22], Fig. S12). The thickness map extracted from the dark-
field signal reveals that more powder has melted to form the
new droplet, while the previously formed one has not
expanded. The line profiles show that the powder thickness
across profile 1 remained unchanged (at about 400 μm),
while it has reduced to about ð100� 40Þ μm across profile
2, indicating the formation of a new droplet through the
melting of additional powder. Because of the low-pass
nature of the phase retrieval and some degree of uncertainty
in the choice of the retrieval parameters, especially when a
nonmonochromatic beam is used, this approach provides
an error-prone thickness value on a local basis, which can
be assumed to be true only on an average basis. However,
the retrieved thickness still provides an indication of the
amount of unfused powder along a path relative to the
initial quantity. If sufficient powder grain size and packing
are determined separately, for example, by micro-CT, then
the 2D dark-field intensity could be calibrated against
the real amount of powder in a given direction, and
provide quantitatively reliable pixelwise estimates (see
Supplemental Material [22], Fig. S14).
In summary, the proposed method can bring advantages in

the analysis of LAM processes. The higher CNR of phase

over conventional attenuation allows the visualization of
droplet formation from its earliest stages. The strong signal
provided by differential phase enables tracking the dynamics
of the unfused powder through digital image correlation,
which was shown to highlight droplet formation areas before
the droplets actually form. The dark-field signal can be
related to the average amount of powder traversed by x rays
along their path, which allows extracting the projected
thickness from a single 2D image. Following this demon-
stration in LAM, we expect the method to find additional uses
across the life and physical sciences. BT is relatively easy to
implement with higher energy x rays, necessary for the
scaling up to thicker samples, and robust against decreased
coherence conditions, making adaptations to laboratory
sources more straightforward.
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