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1. Introduction

Radiography has been employed as a valuable nondestructive analysis tool over a
broad range of fields spanning medical diagnosis' to mechanical kinematics and
material diffusion.>* Flash radiography® extends these capabilities to scientific
areas requiring submicrosecond temporal resolution. This technique has been
widely applied in ballistic and dynamic material response under shock loading and
explosive detonations.®’” Recent work specifically addressed how one can increase
spatial resolution of the recovered radiographic image through relatively
well-known image analysis deconvolution techniques.® Here we apply those
techniques to a shaped charge jet and test objects representative of jet dimensions.

To enhance the radiographic images, we focus on analysis methods to deblur
images that have been collected using an X-ray source of a finite size. We apply
our corrections assuming X-rays interact in an ideal fashion with a target object to
create a shadowgraph image at the detector plane, represented using a ray-diagram
approximation in Fig. 1. When a generation source is not an ideal spot, it creates an
inverted image at the detector that is blurred by a factor related to the finite
dimensions of the source spot and setup geometry. To correct for the finite X-ray
source size, we approximate the collection system as an optical system that incurs
a simplistic point-spread function (PSF). Any real X-radiographic image acquired
by a non-point-like object is a convolution of the PSF with the many scattering
points that make up the true object. Because of this convolution, the radiographic
image undergoes both broadening of spatial features and reduction of local
intensities in its raw form. However, the scattering function (image) can be
recovered by performing a deconvolution.

Simplistic Lensless Optical System

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

‘ Point Spread
Point Source at Function
Object Plane

X-ray Source
Scattering Object
(point wise)

Detector Image

Fig.1  Raydiagram of an X-ray collection system to a simplistic lensless optical system from
a finite source®



The convolution process is illustrated in Fig. 2, which shows the expected
radiograph profile from an ideal point source of a copper (Cu) tube of 4-mm outer
diameter (OD)/0.86-mm inner diameter (ID) (Fig. 2a), the approximate profile of
an actual X-ray source at the image plane (Fig. 2b)—that is, the PSF—and the
convolution of the two lineouts (Fig. 2¢). The transmissions are calculated using
the X-ray spectrum of a 450-keV source produced by L3 Applied Technologies.
The convolution is the raw signal that would be observed at the detector in an
experiment. In such a case, the 4-mm rod would appear to have a width of about 6
mm, and any features such as the small hollow region of the tube would be
completely obscured.
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Fig.2  Convolution process showing the predicted radiograph profile of a narrow-ID tube
with 450-keV broad spectrum point source (a), a finite source profile at the image plane (b),
and the convolution of the two profiles (c)

While details of the technique are outlined in Zellner and Uhlig®, a deconvolution
can be performed using the PSF and the output observed at the detection plane. The
deconvolution of an image or signal from another is usually performed by a
point-by-point division of the two images or signals in the Fourier domain, outlined
by Norbert Wiener in 1949.° In practice, many data analysis software packages
have deconvolution functions. Here we used the deconvolution functions available
in both MATLAB'? and Origin'' as well as an attempt at an iterative process that
used an initial guess for the object convolved with the PSF compared with the actual
X-ray output. One issue that arises with using deconvolution in Fourier space is the
addition of noise to the data. This is shown in Fig. 3a, where the ideal radiograph
of a 4-mm OD/2.4-mm ID Cu tube is convolved with a PSF and then a



deconvolution is performed with the Origin “deconv” function using the identical
PSF. While the shape is recovered well, significant noise is generated. The Wiener
deconvolution method includes a term related to the signal-to-noise levels to
counteract inherent output noise. This noise-to-signal ratio is included in the
MATLAB “deconvwnr” function, which we will simply refer to as the noise term
or noise level. Figure 3b includes deconvolutions for three different noise levels.
As the noise term is increased, the output is smoother but the effectiveness of
recovering the original signal decreases. For the convolution and deconvolution in
Fig. 3, the noise level is very low because the input data are generated from
calculations, thus the deconvwnr function recovers the original profile well with
limited output noise.
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Fig.3  Convolution and deconvolution of a Cu tube’s X-ray profile illustrating the inherent
noise

As was done in Zellner and Uhlig,® the PSF for the experimental work included
here was attained by imaging the 450-keV X-ray source using a pinhole in a lead
sheet at the object plane. Two pinholes of different sizes (1.2 + 0.1 mm and 0.4 +
0.1 mm) were used in attempting to obtain a good approximation of the actual PSF.
The resulting images and profiles across the center of the peak intensity of the
source are shown in Fig. 4. The X-ray tube head to shot line (object plane) distance
(x7) was 28.0 inches (711.2 mm), while the shot line to detector surface distance
(x2) was 17.5 inches (444.5 mm) yielding a magnification factor of 0.625 in the
pinhole camera configuration and 1.625 for the object radiograph configuration.
Based on the images of Fig. 4, the source spot size would be approximately 6.7 to
7.3 mm, whereas the source as measured in Zellner and Uhlig® was 6.5 to 6.7 mm,
thus fairly similar.
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Fig.4  Pinhole images acquired for determining the PSF of the 450-keV X-ray source used
for the radiographs

However, there is inherent blurring due to the finite size of the pinhole. If our source
is a disc of radius 77, then a projection through a true point-like pinhole would have
a radius of 72, where 72 / r1 = x2 / x1. Through a nonideal pinhole of diameter D, a
projection expanding to radius # would be observed as illustrated in Fig. 5. From
triangle ABC in the illustration, we get

h+r D/2+r1

X1 + Xy X1
Thus,
X X
h: —<1+—2>+T‘1—2,
X1 X1
D X X
2 Xy Xq
and

=h D<1+x2)
Ty, = 5 x)

The actual source dimension 7; can then be calculated from the observed image at
the detector with dimension /4, and the source image can be reduced to the true PSF
dimension by calculating 72. For our pinhole geometry, we calculate that the PSF
needs to be reduced by a factor of 1.22 and 1.08 from the pinhole images of Fig. 4a
and 4b, respectively.
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Fig.5  Ray diagram of pinhole camera setup illustrating inherent blur due to pinhole size

Uncertainty remains in how to best reduce the PSF. Is it better to shrink/narrow the
entire function uniformly, or is it more realistic to simply trim the edges? Figure 6
shows the projection profile from the 1.2-mm pinhole with an asymmetric double
Sigmoidal fit reducing the total width of the profile by 1.22 while maintaining the
width at 68% of max intensity. Figure 7a shows the convolution of the predicted
point source radiograph of the 4-mm OD/2.4-mm ID Cu tube with reduced width
fit of Fig. 6 as the PSF. This is directly compared to the profile of the actual
450-keV X-ray. The same comparison is made in Fig. 7b using the pinhole
projection reduced uniformly by 1.22 times as the PSF for convolution. The
edge-reduced method seems to have a better prediction of the convolution occurring
in the actual radiograph, while the uniform reduction yields too high of fidelity of
the object features. Likely, reducing the PSF uniformly narrows the peak intensity
too much, which leads to decreased convolution and thus is less effective for the
deconvolution of the actual radiographs. Additionally, since any blurring would
only add a minor intensity increase to the whole of the PSF, the blurring is most
noticeable where the value of the PSF is low (i.e., at the wings). So using the edge
reduction seems to be the most physically appropriate.

Pinhole Projection
----- Fit - reduced width

Pinhole Projection

0.2 |

0.0 |

8 6 4 2 0 2 4 6 8
Width (mm)

Fig. 6  Profile of the 1.2-mm pinhole projection and reduced edge fit
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Fig.7  Radiographic profile of a Cu tube compared with the predicted profile convolved
with PSFs as adjusted from the pinhole projections

2. Deconvolution of X-radiographs of Copper Tubes and Rods

Four PSFs derived from the small pinhole (0.4 mm) projections in addition to the
reduced edge fit from Fig. 6 were chosen to perform deconvolutions on the
radiograph profiles of Cu tubes and rods. This analysis provided a baseline
understanding of the limits of this experimental setup to extract data from a shaped
charge jet of similar dimensions. Because the small pinhole projection is closer to
the actual PSF, a multipeak fit of the entire projection without width reduction, as
shown in Fig. 8a, was chosen. Additionally, a direct uniform reduction in size of
the multipeak fit by a factor of 1.08 (or squished PSF), a double-peak fit with
reduced PSF edges (by 1.08 at the profile base), and a single-peak fit with reduced
PSF edges (by 1.08 at the profile base) were tested as potential PSFs and are shown
in Figs. 8b, 8c, and 8d, respectively. The squished multipeak fit of Fig. 8b is
compared to the original multipeak fit for direct comparison (instead of the
projection) and has a higher peak intensity because the PSFs need to be normalized
to unity (i.e., the sum across the entire PSF needs to be 1). The edge-reduced PSF
from the 1.2-mm pinhole projection is also shown in Fig. 8d to compare to the
edge-reduced single-peak fit of the 0.4-mm pinhole projection. In this case, the two
PSFs should be very similar (and, in fact, they are).
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Fig.8  Various PSFs based on the small pinhole projections of the 450-keV X-ray source

Wiener deconvolution was performed on the radiograph profile of the 4-mm OD/
2.4-mm ID Cu tube using all five of the PSFs. The resulting approximations for the
object via “deconvwnr’ with a noise factor of 0.005 are shown in Figs. 9a-9d along
with the original radiograph lineout for comparison. The deconvolutions utilize the
PSFs in Figs. 8a—8d, respectively.
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Fig.9  Deconvolutions of the Cu tube radiograph lineout from the PSFs in Fig. 8

Figure 9b shows the deconvolution for both the multipeak fit and the multipeak
fit-squished PSFs for a direct comparison in the effect of reducing the PSF total
width by the factor of 1.08.

Four facts are readily apparent:

« Recovery of the hollow feature (as is observed in an ideal radiograph of a
tube) is well above the baseline noise level (baseline defined as regions
away from the tube, nominally a relative transmission of 1).

« The baseline noise level is significantly increased during deconvolution,
particularly at a sharp edge feature/transition. The average standard
deviation of the baseline on the deconvolved lineouts is 0.022, while the
average hollow/tube feature has a peak-to-peak signal (as determined by the
local maxima at the center and the second minima) of 0.17 for the five
deconvolution test cases.

o The width of the Cu tube profile in the lineout narrows considerably as
expected.

« There is not a considerable difference in the results from the differing PSFs.



Defining the signal-to-noise ratio (SNR), which in this case is the feature-to-noise
ratio, as the peak-to-peak of the hollow feature divided by the standard deviation of
the baseline (o), we get values of 6.32, 7.03, 8.05, 8.25, and 8.39 using the PSFs
from the multipeak fit, multipeak fit-squished, double peak, single peak (0.4-mm
pinhole), and edge-reduced fit (1.2-mm pinhole), respectively. While ¢ of the
original radiograph is much lower, 0.005, the SNR is only 1.86, a factor of 4 lower
than the deconvolved SNR.

Concerning the measurement of the Cu tube’s diameter via the radiograph, the
width of the profile at 20 (average from the deconvolved baseline noise for
consistency in comparison) below baseline is 68.9 pixels (5.89 mm) for the original
radiograph, while the deconvolved profiles average a width of 56.25 pixels (4.81
mm). Of course, the ideal is 4 mm, and the deconvolution results are still too wide;
however, the deconvolution does eliminate 22.5% of the overestimate in width (and
50% by volume assuming a cylindrical geometry, which we have in this case)
relative to the original radiograph. That said, the ideal, the original, and the
deconvolved radiographs all merge at full-width-half-max at a value in the range of
just greater than 3.9 mm.

Figure 10 shows the deconvolution results compared to the lineout of the calculated
ideal point source radiograph from Fig. 7. The PSFs with significant asymmetry,
like the multipeak fit and double-peak fit, cause an asymmetry in the resulting
deconvolution. Based on a slight asymmetry in the hollow-feature region observed
in the original radiograph, there should exist some asymmetry in our source and
thus a resulting PSF. However, the asymmetry in the 0.4-mm pinhole image must
be excessive based on the deconvolution results (and is definitely more pronounced
than the asymmetry observed in the 1.2-mm pinhole projection). This may be due
to uncertainty in the feature size of the pinhole (a 0.4-mm drill bit into a 1-mm lead
sheet is the limit of our manufacturing capability and any flaws may have
exaggerated the asymmetry), or it may likely be shot-to-shot variation in the X-ray
formation at the source (the source cannot be measured simultaneous to the
acquisition of the radiograph, and there may have been less asymmetry in X-ray
generation for the flash used for the Cu tube’s radiograph). Regardless, slightly
lower asymmetry as in the two single-peak PSFs yields the best deconvolution
match to the ideal and the best SNRs.
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Fig. 10 Wiener deconvolutions of the Cu tube’s lineout compared with the calculated ideal
point-source radiograph

An attempt to deconvolve the radiograph lineout via an iterative process was also
made to investigate the potential to reduce the noise. An initial guess or
approximation of the radiographed object was made (this can be the radiograph to
begin with), which is then convolved with one of our measured PSFs. The resulting
approximate output image is compared to the radiograph, and a new guess is made
for the object. The process is repeated until the output image matches the
radiograph. This is illustrated in Fig. 11. The results using the single-peak fit PSF
are shown in Fig. 12. The final approximate image is a very nice representation of
the radiograph, and the final approximate object does look quite similar to the other
deconvolutions. Nevertheless, the SNR is 7.74 and is not an improvement over the
Wiener deconvolution using Fourier analysis. The deconvwnr function result is
shown for a direct comparison, which has an SNR of 8.25.
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3. PSF Choice for Image Deconvolution

Because less asymmetry in the PSF proved beneficial for the lineout comparisons,
2-D symmetric PSFs were generated to approximate the small pinhole image. A
PSF composed of discrete discs of varying intensity was generated as shown in Fig.
13a. Smoothing was performed on the discs to generate a second PSF (Fig. 13b) to
compare more qualitatively with the 0.4-mm pinhole image PSF shown in Fig. 13c.
Lineouts of the pixel intensity across the images horizontally are shown directly
below the PSFs in the figure. The dimensions of the pinhole image were reduced
by a factor of 1.08 uniformly across the image to generate the PSF.

Fig. 13  2-D PSFs used for image deconvolution: discs of varying intensity (a) and the same
discs smoothed (b) were used to represent the pinhole image (c); lineouts are shown directly
below the images to assess the image profile

Wiener image deconvolution was performed using the PSFs on the Cu tube and rod
fiducials, as well as a Cu step wedge and an optical slit fiducial using a noise factor
of 0.005. The original radiograph is shown in Fig. 14a with the diameter of each
rod or tube component labeled in millimeters. Only the farthest-right set of
cylindrical objects are composed of interconnecting tubes; the others are stepped
cylinders or rods. The ID of each tube is matched to the next smallest tube step,
with the final tube (1.6-mm OD) having an ID of 0.8 mm. The optical fiducial has
slits 0 10.0, 2.0, 1.0, 0.75, 0.50, 0.40, 0.33, 0.25, and 0.17 mm. The images in Figs.
14b and 14c result from the deconvolution using the multidisc PSF (Fig. 13a) and
the pinhole image PSF (Fig. 13c¢), respectively. There was no significant differences
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observed between the multidisc PSF and the smoothed disc version. Therefore, the
images compared in the remainder of the report will only show the multidisc and
pinhole PSF results. Both deconvolutions significantly sharpen the radiograph.
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Fig. 14 Original radiograph of the fiducials (a) compared with deconvolution results using
the multidisc PSF (b) and the pinhole image PSF (c)

Figure 15 shows a magnified view of the optical slit fiducial of the original
radiograph (Fig. 15a), multidisc PSF result (Fig. 15b), and pinhole image PSF result
(Fig. 15¢). From the 1-mm slit set to the 0.17-mm slit set, a total of five slits per set
should be observable in an ideal point-source radiograph. The smallest slits with a
1.625 magnification should cover 0.28 mm or 2 pixels on our detector. For the
original radiograph, only four of the 0.75- and 0.50-mm slits are observable, and
conclusive distinction of slits at widths below 0.50 mm is not tenable. Slits in the
multidisc PSF deconvolution are detectable down to 0.33 mm (approximately 4
pixels), where all five slits are distinguishable. While the pinhole PSF creates a
much sharper image with more distinct and higher contrast transitions at 0.50-mm
slits than the multidisc PSF, not all five of the 0.33-mm slits are distinguishable.
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Fig. 15 Zoomed-in view of radiographs of the optical sensor, which has slits of 10.0, 2.0, 1.0,
0.75, 0.50, 0.40, 0.33, 0.25, and 0.17 mm, including the original radiograph (a), the multidisc
PSF adjusted image (b), and the pinhole PSF adjusted image (c)

The marked improvement in image resolution is highlighted by a lineout shown in
Fig. 16, which directly compares the original radiograph with the deconvolved
image using the pinhole PSF. The lineout covers the region crossing the 2.0-mm
slits down to the 0.17-mm slits, with a zoomed-in section (blue box) emphasizing
the 0.75-, 0.50-, and 0.40-mm slits. All five 0.50-mm slits from the deconvolved
image’s lineout are clearly distinct, with much greater intensity contrast than
available in the original radiograph. The average relative intensity in the region of
the 0.5-mm slits is 0.672 and 0.676 for the original and pinhole PSF deconvolved
images, respectively, with average intensity fluctuations across the slits of 0.026
and 0.141 (thus, contrast changes of only 4% in the original radiograph, and nearly
21% for the pinhole PSF deconvolved image).
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Fig. 16 Lineouts of the original radiograph and pinhole PSF deconvolved image of the
optical slit fiducial

Figure 17 shows a magnified view of the Cu rod and tube fiducials of the original
radiograph (Fig. 17a), multidisc PSF result (Fig. 17b), and pinhole image PSF result
(Fig. 17¢c). The “hollow” feature of the tubes is visible in the deconvolved images
down to the 3.2-mm OD/1.6-mm ID section of the fiducial. This feature is only
detectable in the 4.0-mm-diameter sections of the tubes in the original radiograph.
Lineouts were taken across the rods and tubes at the locations labeled 1 (crossing
the 4.0-mm-diameter solid rod, 3.2-mm-diameter solid rod, and the 4.0-mm OD/
2.4-mm ID tube) and 2 (crossing the 6.2-mm-diameter solid rod, 0.8-mm-diameter
solid rod, and the 2.4-mm OD/1.6-mm ID tube) in green in Fig. 17a. Because our
source-spot size is similar in dimension to the rod diameter, the noise generated by
the deconvolution process has a periodicity similar to the rod diameter. Thus, a
feature that is similar to that of the hollowness of a tube is generated in the rod data.
This feature is on the same order in magnitude of the noise at the edge transitions
of the material. This is clearly observable in Fig. 18a for the lineout associated with
Location 1, particularly for the 4-mm-diameter rod.

15



i

Fig. 17 Zoomed-in view of radiographs of the rod and tube fiducials, including the original
radiograph (a), multidisc PSF adjusted image (b), and pinhole PSF adjusted image (c)
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Fig. 18 Lineouts from fiducial images at Locations 1 and 2 as indicated in Fig. 17

For the multidisc PSF deconvolved image, the SNR is 5.3 for the 4.0-mm tube and
2.7 for the 4.0-mm solid rod (assuming the same analysis as the tubes in Section 2
of this report) in the lineouts of Fig. 18 (Part 1). The peak-to-peak signal (from the
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center of the rod or tube)/peak-to-peak noise at the material edge is 2.14 for the
tube and 1.05 for the rod. Essentially, this confirms that the hollow tube feature
observed for the actual tube is outside the noise, while the similar artifact on the
rod is within the noise. This is more clearly illustrated visually with the wider rod.
Figure 18 (Part 2), which contains the lineout from Location 2, shows that the rod
with a diameter of 6.2 mm has multiple noise ripples and not hollow-type features.

The lineouts also allow quantification of the smaller features. The 0.8-mm-diameter
rod appears to have a full width of 3.0 mm. With deconvolution, the width is
reduced to 2.2 mm. A significant reduction, but still well above the actual size (even
full-width-at-half-max on the deconvoluted image is 1.2 mm). Alternatively, the
deconvolved radiograph of the 6.2-mm-diameter rod has a full-width-at-half-max
of 70.2 pixels or 6.0 mm. In Fig. 18 (Part 2) the 2.4-mm OD/1.6-mm ID tube has a
full-width-at-half-max of 2.5 mm. Thus, features at this scale begin to be reliably
measured. It also appears to have some noticeable features associated with the
hollow region when utilizing the deconvolution. Figure 19 is a more detailed look
at the lineout for the 2.4-mm tube. While we know the hollow region exists, it is
impossible to determine the feature with any certainty because it is within the
background noise (SNR 1.1). However, the 3.2-mm OD/1.6-mm ID tube had an
SNR of 4.4, which is above the type of signals observed in the solid rod. Thus, the
smallest hollow feature actually detected is 1.6 mm but is not repeatable for all OD

tube sizes.
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Fig. 19 Lineout of the 2.4-mm OD/1.6-mm ID Cu tube
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4. Shaped Charge Jet

A 65-mm-diameter Cu shaped charge was detonated such that the jet was formed
on the same shot line as the Cu tube and rod fiducials (724-mm standoff from
warhead to jet tip at X-ray flash). The jet forms a tip with a nominal diameter of 4
to 5 mm and length of 15 to 20 mm. Behind the tip, a typical diameter of 2 to 3 mm
is expected at this standoff. Figure 20a shows the unmodified radiograph of the jet.
Details of the jet including separation as the jet particulates, small particles
surrounding the jet, and a melted leading rod protruding from the front of the tip,
which are typical of this round, are quite blurred. Figures 20b and 20c compare
deconvolution-processed images. Because there is very little difference between
the results of the differing PSFs, images obtained using two different noise term
settings in the deconvolution are compared in Fig. 20 for the multidisc PSF and not
two different PSFs. Qualitatively, the contrast is enhanced (as in the fiducial
X-rays), revealing some features as noted previously. More importantly, particle
size is more distinct. For instance, a lineout of the diameter of the seventh particle
exhibits a difference of 3.2 mm in the original radiograph versus 2.6 mm for the
deconvolved image, revealing a 50% overestimate in particle mass. (This is within
the feature size reliably measured with the deconvolution process for the fiducials
in Section 3.) For the lead particle the difference is 5.5 mm versus 5.0 mm, closer
but still nearly 20% mass difference. These lineouts are shown in Fig. 21.

Additionally, particle separation becomes more distinct. A lineout along the length
of the jet illustrates this in Fig. 21, with lineouts for the original, deconvoluted with
noise term 0.0025, and deconvoluted with noise term 0.01. The location the lineouts
were obtained are shown on the included image (which is the original radiograph).
This gives some insight to the necking down during particulation. The gap between
particles or the second peak in the horizontal line scan for the original is 2.6 mm,
while the deconvolved image has a gap of 2.4 mm. The overall transmission is also
significantly lower along the jet in the deconvoluted images, signifying the
potential of more material in the necked-down regions than what would be
concluded from the original radiograph.

Analysis analog to that of the tube and rod in Section 3 reveals an SNR of 4.4 on
the lineout of the jet tip (from the deconvolution with the noise term set to 0.01).
The peak-to-peak signal (or inflection from the center of the jet)/average peak-to-
peak noise at the material edge is 1.17 for the same lineout. While the SNR is on
par with our smallest detected hollow regions in the tube, the peak-to-peak signal
is only slightly larger than the rod (1.09). Inspection of the data shows large noise
inflections at one edge and very moderate at the other. Thus, it is difficult to draw
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any conclusions concerning the jet composition and potential voids based on the

radiograph obtained in this setup.

!

a) b) c)

Fig. 20 Radiograph of a Cu shaped charge jet (a) compared with a multidisc PSF adjusted
image with the deconvolution noise term set to 0.005 (b) and 0.01 (¢)
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Fig. 21 Lineouts of jet diameter at two particle locations as well as along the length of the
jet to determine particle separation

5. Conclusions

PSFs were ascertained for a 450-kV X-ray setup and tested on fiducials indicative
of dimensions and features of a shaped charge jet. Hollow features in tubes were
characterized, and limitations to the deconvolution process were determined.
Hollow features on the order of 1.6 mm were detectable for this system. The
frequency of the noise induced by the deconvolution happened to be at about half
the thickness of the rod diameters of interest for shaped-charge-jet study, causing
inflections in the data, which would otherwise be indicative of a hollow feature.
Thus, careful comparison to induced noise and feature size is required.

A shaped charge jet was imaged with the 450-kV radiograph setup and analyzed
using the information developed from the fiducial image processing. Significant
contrast enhancement and detection of particle features were enabled using the
deconvolution process. This showed a significant overestimate in mass of some of
the particles if the original radiograph alone was used for analysis.
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List of Symbols, Abbreviations, and Acronyms

2-D
Cu
ID
OD
PSF
SNR

2-dimensional
copper

inner diameter

outer diameter

point spread function

signal-to-noise ratio
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