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Simultaneous X-ray and Visible Light Quantitative Imaging for Multiphase Flow
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Abstract

Often features of a multiphase flow may be obscured in visible light or effectively transparent to X-ray light. However,
combining these two imaging techniques may offer a more complete description of the underlying dynamics. To
investigate the combination of these techniques, both X-ray and visible light high-speed camera systems with non-
overlapping fields-of-view recorded a flow field consisting of gases, particulates, and fragments travelling between
approximately 100 and 250 m/s that were generated from an explosive device. The fragments were first recorded by
a camera imaging a scintillator that was illuminated by an array of eight 150 kV flash X-ray sources firing sequentially.
Next, two high-speed cameras in a stereo configuration imaged the fragment motion with visible light approximately
one meter downstream. Camera calibration data was combined with the fragment motion video to calculate the frag-
ment geometries and three-dimensional positions as functions of time. Then the fragments were matched between the
X-ray and visible light data by performing a nearest-neighbor search of the parametric space consisting of the fragment
diameters, speeds, trajectories, and origin points. Matches were found with a high degree of confidence, successfully
demonstrating the ability to quantitatively image a multi-phase flow simultaneously with both X-ray and visible light
systems.
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Introduction

Characterizing the dynamics of the high-speed mo-
tion of metallic fragments is critical to many applications
including in the design of energetic devices, defining
safety requirements, and completing forensic analysis.
Previous work has used both visible light and x-ray im-
aging to record the fragment dynamics [1], [2], [3], [4],
however due to the limitations of both techniques, they
are typically record dynamics in different regions of the
flow-field. Additionally, some work has recorded exper-
imental data of energetic devices specifically to validate
simulations [5].

X-ray imaging is particularly suitable for imaging
the flow-field near energetic devices where the release of
energy in the form a fireball can saturate visible light
cameras and the high density of aerosolized particulates
obscures optical access to the ejected fragments. An X-
ray imaging system is not sensitive to the visible light
released by the fireball and the X-ray light can typically
pass through the particulates with little attenuation. Con-
versely, metallic fragments released during the detona-
tion tend to have a high absorption of X-rays and thus
can be recorded with relatively high contrast.

There are two primary limitations with X-ray imag-
ing of energetic devices. First, since the velocity of the
fragments tends to be relatively high — on the order of
hundreds of meters per second — using a continuous X-
ray source would result in significant blurring in the rec-
orded images due to the motion of the fragments. Thus,
high-speed flash X-ray sources must be used. These
sources can only be fired once per test shot, therefore the
number of recorded frames is limited to the number of
available sources. Second, the scintillators used in high-
speed applications such as this tend have very low spatial
resolution with low contrast, resulting in images with
low signal-to-noise ratios.

In contrast to this, images recorded using visible
light imaging tend to have both high spatial and temporal
resolution and the number of recorded frames is typically
only limited by the buffer of the high-speed camera.
This means that in the far-field region outside of the fire-
ball, visible light cameras are ideally suited for recording
the fragment dynamics since high-precision position
data can be recorded across a large number of time-re-
solved frames.

Since the regions that X-ray and visible light imag-
ing systems are optimally suited to work within tend to
be different, the fields of view of the imaging systems
generally do not overlap. For this reason, this work fo-
cuses on collecting measurements with both an X-ray
system and a visible light system and shows that these
measurements can produce consistent results. Specifi-
cally, an energetic device was used to generate a high-
speed fragmentation event in which both flash X-ray and

visible light image sequences were recorded and frag-
ments that were imaged by both systems were paramet-
rically matched.

Experimental Setup

The experimental setup imaging system was divided
into the X-ray camera system and the visible light stereo
camera system. The explosive device was placed near
the edge of the field-of-view of the X-ray imaging sys-
tem and oriented so that a ring of fragments would be
generated that expanded across the imaging system
fields-of-view. The ring first traversed the X-ray imag-
ing field-of-view and then later extended across the vis-
ible imaging system approximately 1 m downstream.
The X-ray and visible light cameras were synced to-
gether and recorded at a frame rate of 25 kHz.

The X-ray imaging system was placed within a steel
camera box to protect the equipment from damage dur-
ing the tests. The system consisted of one Phantom
TMX 7510 camera imaging the X-ray scintillator using
a Zeiss Milvus 25 mm lens with the aperture set to f/1.4
at a focal distance of approximately 40 cm. The scintil-
lator was a Scintacor Rapidex Bright screen that was cut
to approximately 30 cm by 30 cm in size and clamped
into place over the viewing window of the camera box.
This screen decays to 10% of the initial intensity in about
7 ps, so there was little residual signal from previous
frames that were at least 40 ps before. A sheet of 0.25
inch thick polycarbonate was placed directly in front of
the scintillator to protect the screen from damage due to
the high-speed fragments. The resultant X-ray images
tended to be relatively noisy and have low resolution
compared to the visible light images.

The flash X-ray tubes were L3Harris Technologies
150 keV sources with 3 mm nominal anode spot sizes
mounted in two horizontal rows in an approximately
hexagonal grid with the top row containing five tubes
and the bottom containing four. During the experiments
the last tube on the top row ceased firing, so most data
was collected with only eight operational tubes. The
tubes were spaced approximately 10 cm apart center-to-
center and were angled slightly so that they were all
pointing towards the center of the scintillator screen.
The distance from the tubes to the screen was about 52
cm. A 0.5 inch thick sheet of polycarbonate was placed
8 cm in front of the X-ray tubes to protect them from
damage.

Two Phantom v2512 high-speed cameras were used
for the stereo visible imaging system. The cameras both
had Canon EF 24 to 70 mm zoom lenses attached that
were focused to a distance of 70 cm with the zoom focal
length set to 50 mm and with the aperture equal to f/11.0.
The first camera was centered approximately 80 cm from
the explosive device while the second camera was at a
distance of 100 cm. The two cameras were angled in-



ward by approximately 15 degrees between them to max-
imize the overlapping fields-of-view. A polycarbonate
box with 0.5 inch thick walls was placed over the cam-
eras to shield them from damage. The scene that the
cameras imaged was backlit with three high intensity
continuous LED lights that were diffused through a
0.125 inch polycarbonate sheet. The diffuser sheet was
placed approximately 0.9 m in front of the cameras.

The tests were conducted with an explosive bridge-
wire RP-80 detonator that was placed inside a 3D-printed
plastic case that was surrounded by a 1.37 inch diameter
aluminum ring. The device was mounted on an optical
breadboard using a set screw that connected an optical
post to the 3D-printed case. During the tests, the major-
ity of the imaged fragments consisted of portions of the
aluminum ring that were between approximately 0.5 and
2.0 cm in length. Some small steel fragments from the
detonator case are also apparent in the images. A total
of eight shots were completed in this preliminary exper-
iment.

Camera Calibration

Imaging systems used to record three-dimensional
tracking data are calibrated to relate the recorded image
coordinates to the world coordinates of the tracked ob-
jects. The calibration procedure produces a function that
relates the world coordinates to the image coordinates for
each imaging system. Then given the image coordinates
of an object that is seen by multiple cameras, the three-
dimensional coordinates can be determined by inverting
these calibration functions. For simple calibration func-
tions, this inversion can be calculated analytically. How-
ever, in real world systems the camera calibration is typ-
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Figure 1. This shows example calibration images
from the X-ray system (a) and the visible light system
(b). The post for accurately positioning the X-ray cal-
ibration grid can be seen in the bottom of the image
and is in contrast to the arbitrary placement of the grid
by the experimenter in the visible light image. Addi-
tionally, the relatively low quality of the X-ray images
in comparison to the visible light images can be seen
in these images.

ically too complex to be analytically inverted, so an op-
timum solution is typically calculated by minimizing
some residual error.

Given a set of image coordinates, these functions
yield a curve through world space whose points all map
to that set of image coordinates. This effectively gives
the line-of-sight for these image coordinates. Estimating
the three-dimensional coordinates of an object effec-
tively corresponds to a triangulation procedure in which
the approximate intersections of these lines-of-sight
curves is found.

The calibration process of the experimental system
was broken down into two separate procedures; one for
the X-ray system that is based upon a generalized cubic
polynomial model and another for the visible light cam-
eras that used the commercial VIC-3D software by Cor-
related Solutions [6] that uses a pinhole model with high-
order lens distortions included [7]. The two calibrations
were performed using grids optimized for each camera
system.

The X-ray camera system, which requires one cali-
bration for each X-ray flash tube, was calibrated by mov-
ing a grid of copper circles printed on a PCB board
through the imaging volume. The PCB board attenuated
the X-ray image intensity by approximately 4% while the
regions of the PCB board that included the copper clad-
ding attenuated the intensity by about 10%. This differ-
ence is sufficiently high for the position of the copper
circles could be accurately calculated in the images. The
circles had diameters of 15 mm and were spaced 30 mm
apart in a rectilinear pattern. The grid was translated in
1 inch increments by moving an optical post across an
optical breadboard. An example calibration image is
shown in Figure 1a in which the low resolution, low con-
trast nature of the X-ray imaging system is apparent.

The X-ray calibration images were first normalized
by brightfield images that were recorded without any im-
aged objects to ensure that the intensity was approxi-
mately uniform across the images. Then the sub-pixel
image coordinates (x,y) of the grid circles were calcu-
lated in each image using the built-in MATLAB function
‘imfindcircles’ that is based upon a Circular Hough
Transform algorithm [8] [9]. A different set of image
coordinates were calculated for each flash X-ray source.
The world coordinates of the grid points (X,Y,Z) were
defined by the relative locations of the circles on the PCB
board along with the position on the optical breadboard.
This then yielded a unique set of (x,y,X,Y, Z) calibra-
tion coordinates for each of the eight X-ray sources.

The coordinates were then fit to third order polyno-
mial calibration functions of the form
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using a least squares regression. A different calibration
function (corresponding to a different set of coefficients
@;jx and ;) was calculated for the data generated by
each flash X-ray source, producing eight different cali-
bration functions. The three-dimensional coordinates of
imaged objects were calculated by finding the set of
world coordinates that minimized the difference between
the evaluated calibration functions and the measured im-
age coordinates.

The visible light cameras were calibrated using a
rectilinear grid comprised of black circles printed onto a
white background that was translated and rotated into
various orientations in front the two cameras. The pin-
hole calibration procedure only requires that the grid of
points be planar in each frame, so the calibration grid
was manually moved throughout the imaging volume by
an experimenter. Several thousand frames of data were
recorded by each camera during the calibration proce-
dure. The grid points were 1.5 cm in diameter and
spaced 3.0 cm apart. An image demonstrating the man-
ual orientation of the calibration grid and the higher qual-
ity of the visible light images is shown in Figure 1b. The
calibration function calculation was performed using the
VIC-3D software and exported to MATLAB for the frag-
ment tracking.

Since the X-ray and visible light calibration proce-
dures yielded independent coordinate systems, a two-
step process was applied to the resultant calibration func-
tions to ensure that both camera systems were operating
in the same coordinate frame. The first step involved
defining a new coordinate system and calculating a trans-
lation offset from the original X-ray coordinate system.
Only a single point was used to define the new coordi-
nate system, therefore, the rotation with the original co-
ordinate system could not be uniquely defined and was
set equal to zero for simplicity. Then in the second step,
the coordinates of several grid points on the copper cali-
bration grid that were in view of the visible light camera
system were calculated in the new coordinate system.
These grid points were then used to transform the origi-
nal visible light coordinate system into new coordinate
system by defining both a translation and a rotation that
was then applied.

The center of the aluminum ring surrounding the
detonator was defined as the origin of the new coordinate
system since this was the physical origin of the frag-
ments and could be easily imaged by the X-ray camera
system. During the dynamic tests, the optical post sup-
porting the device was moved such that the device was
mostly outside the field-of-view of the X-ray system.
However, the post was translated 2.0 inches towards the

direction of the fragment motion for calibration, corre-
sponding to a positive X direction, and static X-ray im-
ages were collected. In this translated position, the de-
vice could be imaged by all eight of the X-ray flash im-
aging systems. The center of the aluminum ring was
found in each image using a similar circle finding algo-
rithm to that used for the calibration grids. These image
coordinates were then used to estimate the three-dimen-
sional world coordinate of the center of the ring. Then,
the origin of the new coordinate system was defined as
the location 2.0 inches in the negative X direction and the
X-ray calibration functions were translated such that this
new position now corresponded to the origin.

The copper calibration grid extended into the visible
camera imaging field-of-view, so the visible camera cal-
ibration functions could be adjusted by defining the new
three-dimensional coordinates of at least three non-
colinear visible grid points and then determining the
translations and rotations necessary to ensure the visible
camera calibration functions match these coordinates. In
practice, the world coordinates of the grid points were
calculated in the original coordinate system using the
calibration inversion triangulation procedure and then
the translation vector and rotation matrix were calculated
that transformed the original coordinates to the new co-
ordinates. These transformations were then applied to
the original visible light camera calibration functions to
yield the new calibration functions.

X-Ray Attenuation Calibration

Ideally, three-dimensional tracking algorithms yield
the center of mass of the tracked objects since this is the
ideal reference frame for calculating forces acting upon
the objects. In visible light imaging, the center of mass
is often approximated by the image centroid of the ob-
ject. However, the location of the center of mass can be
directly calculated for X-ray images to within the imag-
ing uncertainty. This is accomplished by calculating an
intensity attenuation curve and then inverting this func-
tion to generate images that directly give the pathlength
that the X-rays passed through of the imaged objects.
The centroids of the objects in these images will then
give the center of mass of the objects.

To calculate the attenuation curves, calibration im-
ages of objects with known thicknesses AZ are collected,
these images are normalized by brightfield images con-
taining no objects (so the intensity scales between zero
and one), and the normalized image intensity I, of the
scintillator that results from the different levels of atten-
uation are measured.

If the X-ray source emitted light at a single fre-
quency and the scintillator and camera responses where
perfectly linear, then the attenuation would be governed
by the Beer-Lambert law [10] and the image intensity
would decrease exponentially with material thickness.
However, due to the polychromatic X-ray sources used



and non-linearities in the response of the imaging sys-
tem, it was found that a double exponential of the form

I,(AZ) = aexp(—b AZ) + (1 — a) exp (—c AZ) 3)

represented the attenuation curves more closely. The co-
efficients a, b, and ¢ were calculated by performing a
least squares regression with the collected thickness and
normalized intensity data.

An example attenuation data set along with fit single
and double exponential curves is shown in Figure 2. The
single exponential curve can be seen to fit the data more
poorly than the double exponential curve represented by
Equation 3. Additionally, the single exponential curve
does not equal a value of one for zero thickness as is ex-
pected.

Since the attenuation function monotonically de-
creases with material thickness, the function may be in-
verted to yield the material thickness as a function of the
normalized image intensity. Equation 3 cannot be ana-
lytically inverted, however, monotonic functions can be
easily numerically inverted using root finding algorithms
such as Newton’s method. Using this method, the X-ray
images can be easily converted from the normalized in-
tensity values to pathlength values.

Example normalized intensity and pathlength im-
ages from a fragmentation event are shown in Figure 3.
The pathlength was calculated assuming that the imaged
materials were all aluminum. This is correct for the large
fragments, however the small fragments on the outer
edge of the expanding ring are steel fragments from the
detonator case and due to the higher density, incorrectly
appear to have long pathlengths. The image coordinates
of the center of mass of the individual fragments can now
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Figure 2. This graph illustrates the necessity of
using a double exponential function to model the X-
ray attenuation curves. The black circles and solid
lines correspond to the measured attenuation data and
fit double exponential curves respectively. The dotted
line represents the same data fit to a Beer-Lambert sin-
gle exponential.
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Figure 3. These images show an example frag-
mentation event with both the normalized intensity
image (a) and the estimated pathlength image (b). In
the normalized intensity image, the intensity corre-
sponds to the X-ray irradiance and thus denser or
thicker objects appear darker. The intensity in the
pathlength image is proportional to the thickness of
the imaged objects and thus thicker objects appear
brighter.

be determined by calculating the centroids of the frag-
ments in the pathlength image. Note that the correct ma-
terial attenuation curve must be chosen for this calcula-
tion to be accurate.

Fragment Tracking

The three-dimensional world coordinates of the
fragments were determined by first calculating the image
coordinates of the fragments and then estimating the
world coordinates that these image coordinates corre-
sponded to using the triangulation procedure discussed
earlier. Since the visible light cameras recorded all
frames simultaneously, this process was relatively
straightforward as long as the same fragment could be
identified in both camera images. However, since the X-
ray images were all recorded at different time instances,
a different procedure was used that relied upon the mo-
tion of the fragments to estimate their position in each
frame.

Since only eight frames of X-ray data were rec-
orded in each shot, relatively few fragments were visible
in the X-ray images, and the X-ray images were low res-
olution and noisy, manually tracking the fragments was
found to be the most efficient method for segmenting the
images. This process consisted of four steps. First, the
approximate center of mass of each fragment in the im-
ages was selected with the cursor on a computer. Next,
the boundary around the fragments was manually drawn
with the cursor. Then, the boundary was computation-
ally refined by shifting the points defining the boundary
to the location of the maximum absolute value of the im-
age gradient. And finally, the centroid of the pathlength
image was calculated within the refined boundary. This
procedure was repeated to yield a series of between three
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Figure 4. This graph shows the projected lines-
of-sight of a tracked fragment from the scintillator to
each flash X-ray source (in black) along with the esti-
mated fragment trajectory (in blue). The fragment tra-
jectory can be seen to pass by the line-of-sights at
nearly equidistance positions. Note that this is the
original X-ray coordinate system and is not centered
on the detonator (which would be to the front-left of
the graph).

and eight frames of image coordinates for each of the
tracked fragments.

Since simultaneous images of the fragments from
multiple views were not recorded, it was assumed that
the fragment motion was approximately constant within
the eight recorded X-ray frames. A constant motion re-
sults in the three-dimensional world coordinates of the
fragments translating by the same distance and in the
same direction between each pair of frames. Then deter-
mining the world coordinates of the fragments in the X-
ray images corresponds to finding an initial position
(X0, Yy, Zy) and a constant velocity (vy, vy, v;) that re-
sults in image coordinates that most closely match those
that were measured for the fragments. Since the initial
position and velocity have six degrees of freedom total
and each frame of data f has two degrees of freedom
from the image coordinates (X, y), then this means that
at least T = 3 frames of data are required to yield a
unique solution. In cases where the fragment position
was measured for T > 3 frames, this becomes a minimi-
zation problem where the goal is to minimize the residual
of

Te Z \/ (v - fo(Xf'Y}'Zf))z + (v — 6, (x,, Yf,zf))z e
f=1

where fo(Xf, Yf,Zf) and ny(Xf, Yf,Zf) are the x and
y image coordinate calibration functions of frame f re-
spectively, the fragment world coordinates are given by

Xf=X0+'l7x'tf (5)
Y}=Y0+Uy'tf (6)
ZfZZO‘l‘Uz'tf (7)

and t; corresponds to the time of frame f. Geometri-
cally, this corresponds to finding a parametric line
through three-dimensional space that passes the pro-
jected calibration curve lines-of-sight from each frag-
ment image coordinate at approximately equidistant po-
sitions. An example fragment trajectory and the associ-
ated lines-of-sight is shown in Figure 4.

The visible light fragment images were higher con-
trast, higher resolution, and were recorded over a signif-
icantly longer time period than the X-ray images. This
allowed the fragment tracking process to be completely
automated. Approximate fragment image positions were
calculated by thresholding the images, applying a seg-
mentation algorithm, performing a local refinement of
the segmentation, and then calculating the centroids of
the segmented regions. This process is described more
fully in [11] and [12]. The fragments were then tracked
between frames by using a Regression-based Multiframe
Tracking algorithm [12] to yield refined image coordi-
nates and to ensure that fragments were properly
matched across the frames. Finally, the three-dimen-
sional world coordinates were calculated using a trian-
gulation algorithm within the Vic3D software [6].

Basic geometric information was also calculated
and recorded for the tracked fragments in both the X-ray
and visible light images. This information included es-
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Figure 5. The motion of the fragments tracked in
the X-ray system from one detonation case are shown
in this graph. The detonator is denoted by the grey
cylindrical ring while the colors represent the time in-
stance in which the fragment position was calculated
with blue showing the earliest times and red reflecting
the latest times. The diameter of colored circles de-
notes the major-axis dimensions of the fragments and
is plotted to scale. The smaller, faster moving frag-
ments are steal ejected from the detonator case while
the larger, slower moving fragments correspond to the
aluminum ring around the detonator.



timates of the distance across the fragments in the long-
est or major-axis direction, the width of the fragments in
the perpendicular minor-axis direction, and the areas of
the fragments that were seen by each imaging system. A
plot summarizing the tracking information for the X-ray
imaging system for one detonation is shown in Figure 5.

X-Ray and Visible Light Fragment Matching

Once the fragment positions and geometries were
determined for both the X-ray and visible light imaging
systems, fragments were matched between the two sys-
tems. Since there was no overlapping field of view be-
tween the systems, the matching process involved ex-
trapolating the trajectories of the fragments and match-
ing these estimated trajectories and the fragment geome-
tries.

Due to the small field of view and low resolution, on
the order of approximately ten fragments were typically
tracked in the X-ray images. However, the visible light
images generally allowed several hundred fragments to
be tracked. This meant that there were potentially thou-
sands of possible fragment matches. So, to narrow down
the number of possible matches, a parametric nearest
neighbor search was completed to match fragments be-
tween the X-ray and visible light images.

This matching process involved defining each frag-
ment by a set of eight parameters: the major-axis dimen-
sion of the fragment, the mean velocity of the fragment,
the three-component direction of the motion of the frag-
ment, and the three-component origin coordinate of the
fragment. All parameters were normalized to have zero
mean values and standard deviations of approximately
one so that the magnitude of the individual parameters
would not unduly weight particular parameters more
heavily than others. Finally, estimates of the uncertainty
on each of the parameters were used to provide weights
for each of the parameters. The mean velocity was typi-
cally known with a high degree of certainty while the
fragment length scale was typically less precisely known
due to tumbling for example.

The matching process was completed using a k-d
tree nearest neighbor search using the built-in MATLAB
function ‘knnsearch’ function [13]. Since there were
generally far more fragments in the visible light data than
the X-ray data, this meant that typically all X-ray data
fragments would be matched to one fragment in the vis-
ible light data.

Once potential matches were found using the near-
est neighbor parametric search, image sequences of the
specific fragments were visually analyzed to ensure that
the specific fragment geometries and potential tumbling
also matched since these parameters were not specifi-
cally accounted for in the parametric search. In some
cases, multiple potential fragment matches were visually
investigated until a likely match was confirmed.

X-Ray Visible
Diameter [mm]: 17.80 14.78
Velocity [m/s]: 260.66 252.39

Trajectory [N/A]: (0.97,0.05,0.22)

(0.43,-1.79, -0.05 )

(0.98,0.05, 0.20)

Origin [mm]: (39.17,3.10, -0.86 )
Table 1. This table shows the measured non-nor-

malized parameters of one potential fragment match be-

tween the X-ray and visible light imaging systems.

Results

While this was a preliminary experiment with only
a small number of shots completed, the data confirmed
that tracking dynamic events between X-ray and visible
light imaging is successful. All test shots yielded likely
fragment matches, with several shots producing multiple
potential matches. The non-normalized parameters of
one potential match are shown in Table 1. The large dif-
ferences in the magnitudes of these parameters demon-
strates the necessity of normalizing the parameters prior
to matching since if this step was not completed, the ve-
locity would likely dominate all potential matches due to
its much larger magnitude.

Image sequences from both the X-ray and visible
light camera systems for the fragment described in Table
1 are shown in Figure 6. While some fragments rapidly
rotate, these image sequences show that this fragment
only changes orientation by a small amount from one
frame to the next lending support to the conclusion that
this is a correct fragment match. Additionally, the size
and overall shape of the fragment appear to closely
match between the X-ray and visible light sequences.
Most fragments that were successfully matched had very
similar parameters and visual appearances, however,

HOODRRE
reree e
Frrreeee

Figure 6. This figure shows a time series of the
same matched fragment that is described in Table 1.
Images from the X-ray system are shown on the top
row, the first stereo visible light camera in the middle
row, and the second stereo visible light camera in the
bottom row. The X-ray images correspond to frames
3,5,7,9,11, 13, 15, and 17 while the two visible im-
age sequences correspond to frames 67 to 74. All
three image sequences are shown at approximately the
same magnification.
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Figure 7. This figure shows the image sequences
of a successful fragment match that bounced between
the X-ray and visible light imaging times. The X-ray
images correspond to frames 3, 7, 11, 15, 19, 23, 27,
and 31 while the two visible image sequences corre-
spond to frames 146 to 153.

several unexpected matches were also found.

It was generally assumed that any fragment matches
found between the X-ray and visible light imaging sys-
tems would require the fragments to only pass through
free space between the two systems since any fragments
that bounced from a surface between the two imaging
systems would have fundamentally different parameters.
However, one fragment was successfully matched that
appeared to bounce off the front surface of the camera
box between being imaged by the X-ray and visible light
systems. The parameters describing this fragment were
very different, however the fragment motion remained in
a roughly horizontal plane between the X-ray and visible
light measurements. Additionally, the velocity magni-
tude of the fragment dropped from 208.4 m/s to 109.0
m/s between the measurements suggesting that when the
fragment impacted the camera box, a large portion of the
fragment’s kinetic energy was absorbed. Due to the
large number of fragments involved, this would gener-
ally not be sufficient evidence to confirm that this was a
correct fragment match, however the fragment had a
unique geometry that is shown in the image in Figure 7
that gives significant evidence that the bouncing theory
is likely correct. This suggests that more thoroughly
characterizing the fragment geometry and rotational mo-
tion would likely result in more potential matches.

Conclusions

This work demonstrated a methodology for tracking
dynamic objects between X-ray and visible light imaging
systems with non-overlapping fields of view. It was
found that the low resolution, low contrast nature of flash
X-ray imaging required a relatively higher magnification
than an equivalent visible light system to perform com-
parable levels of tracking. Additionally, it was found
that measuring multiple parameters that characterize the
tracked objects significantly improved the likelihood of
finding successful matches between the X-ray and visi-
ble light systems.

Further experiments will be completed with a larger
number of shots so that statistical data can be drawn from
the experiments. Additionally, more advanced methods
to characterize the fragment parameters will be devel-
oped. Specifically, measuring the full three-dimensional
geometry of the fragment as well as estimating the rate
and direction of rotation will likely improve matching
rates.

Acknowledgements

This paper describes objective technical results and
analysis. Any subjective views or opinions that might be
expressed in the paper do not necessarily represent the
views of the U.S. Department of Energy or the United
States Government. Sandia National Laboratories is a
multimission laboratory managed and operated by Na-
tional Technology & Engineering Solutions of Sandia,
LLC, a wholly owned subsidiary of Honeywell Interna-
tional Inc., for the U.S. Department of Energy’s National
Nuclear Security Administration under contract DE-
NA0003525.

References

[1] G. Huang and S. Feng, "Axial
distribution of Fragment Velocities from
cylindrical casing under explosive loading,"
International Journal of Impact Engineering,
vol. 76, pp. 20-27, 2015.

[2] Z. Guo, G. Huang, C. Liu and S. Feng,
"Velocity axial distribution of fragments from
non-cylindrical symmetry explosive-filled
casing," [International Journal of Impact
Engineering, vol. 118, pp. 1-10, 2018.

[3] T. Hiroe, K. Fujiwara, H. Hata and H.
Takahashi, "Deformation and fragmentation
behaviour of exploded metal cylinders and the
effects of wall materials, configuration,
explosive energy and initiated locations,"
International Journal of Impact Engineering,
vol. 35, no. 12, pp. 1578-1586, 2008.

[4] D. Bors, J. Cummins and J. Goodpaster,
"Anatomy of a Pipe Bomb Explosion:
Measuring the Mass and  Velocity
Distributions of Container Fragments,"
Journal of Forensic Sciences, vol. 59, no. 1,
pp- 42-51,2014.

[5] D. Guildenbecher, E. Jones, E. Hall, P.
Reu, T. Miller, F. Perez, A. Thompson and J.
Ball, "3D optical diagnostics for explosively
driven deformation," International Journal of
Impact Engineering, vol. 162, 2021.

[6] "VIC-3D," Correlated Solutions, 2024.
[Online]. Available:



https://www.correlatedsolutions.com/vic-3d.
[Accessed 19 March 2024].

[7] A. Zisserman and R. Hartley, Multiple
View Geometry in Computer Vision,
Cambridge University Press, 2004.

[8] T. Atherton and D. Kerbyson, "Size
invariant circle detection," Image and Vision
Computing, vol. 17, no. 11, pp. 795-803,
1999.

[9] H. Yuen, J. Princen, J. [llingworth and J.
Kittler, "Comparative study of Hough
Transform methods for circle finding," Image
and Vision Computing, vol. 8, no. 1, pp. 71-
77, 1990.

[10] S. Carmignato, W. Dewulf and R. Leach,
Industrial X-Ray Computed Tomography,
Springer, 2018.

[11] J. Yeager, P. Bowden and D.
Guildenbecher, "Characterization of
hypervelocity metal fragments for explosive
initiation," Journal of Applied Physics, vol.
122, 2017.

[12] D. Guildenbecher, M. Cooper and P.
Sojka, "High-speed (20 kHz) digital in-line
holography for transient particle tracking and
sizing in multiphase flows," Applied Optics,
vol. 55, no. 11, pp. 2892-2903, 2016.

[13] J. Friedman, J. Bentley and R. Finkel,
"An Algorithm for Finding Best Matches in
Logarithm  Expected Time," ACM

Transactions on Mathematical Software, vol.
3, no. 2, pp. 209-226, 1977.



	Simultaneous X-ray and Visible Light Quantitative Imaging for Multiphase Flow
	Abstract

	Introduction
	Experimental Setup
	Camera Calibration
	X-Ray Attenuation Calibration
	Fragment Tracking
	X-Ray and Visible Light Fragment Matching
	Results
	Conclusions
	Acknowledgements
	References

