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Abstract. Large area X-ray digital detector arrays (DDAs) are finding increased 
application in high energy (~1MeV – 16 MeV) medical imaging (portal therapy), 
security scanning (cargo screening), and nondestructive testing (additively 
manufactured component inspection) for fast radiography, laminography, and 
computed tomography modalities.  In this effort, commercial DDAs initially 
developed for medical applications and used in low energy industrial applications 
were updated to manage radiation damage of the electronic components;  improve x-
ray absorption for enhanced detection, speed, and image quality (SNR and CNR); 
and correct and remediate several sources of x-ray scatter that are prevalent in high 
energy imaging using large area devices.  The use of thicker, (up to 23mm thick) 
needle-based CsI:Tl scintillators were structured onto amorphous Si Thin Film 
Transistor (TFT) arrays to control light spread while improving x-ray absorption at 
these energies.  Corrections for internal detector x-ray scatter were also 
implemented to further manage the loss of spatial resolution.  Additionally, the 
DDAs were further modified to manage object/room scatter, and radiation damage.  
This presentation will address the physical alterations of a series of 20cm square 
DDAs for use in high energy digital radiography, laminography, and computed 
tomography.  
 This work has been supported by the US Department of Homeland Security, 
Domestic Nuclear Detection Office, under competitively awarded contracts 
HSHQDC-07-C-00036 and HSHQDC-08-C-00138.  This support does not 
constitute an express or implied endorsement on the part of the Government 

1. Introduction  

Large scale high energy (>1 MeV) non-destructive imaging systems typically used for 
rocket motor inspection [1], automotive inspection[2]  and other large asset inspections are 
typically formed using large linear detector arrays (LDAs).  These detection devices are 
optimized for high x-ray absorption, as high as 50% or higher, have discretized 
scintillator/diode modules, have limited sensitivity to x-ray scatter and have moderate 
spatial resolution.  Due to their linear nature though, additional time is needed to scan 
across large objects be it for radiography, laminography, or computed tomography (CT).   
In this effort, digital detector arrays (DDAs) were used in prototype cargo inspection 
systems to significantly decrease the time to scan pallets and containers while maintaining 
good image quality.   The DDAs were used to increase the height of the detector and move 
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from single (or double) pixel arrays, to many hundreds or thousands of pixels to improve 
the scan speed of imaging for the 3 modalities mentioned.  Coincident with increasing the 
height of the detectors, multiple DDAs were tiled to increase the width of these detectors.  
These large area detectors then enable improved high speed radiography using the time 
delay and integration method (TDI), referred herein as a shift and add methodology for 
increased SNR, while maintaining high spatial resolution.  Laminographic scanning of 
cargo containers is also facilitated by scanning across these large area devices, now 
configured to be 1m wide by 20 cm high.  These same detectors can also be used to 
complete cone beam (or slot beam) CT scans in a fraction of the time than a single line 
scanner can achieve.   

To manage some of the drawbacks of larger area devices under high energies, 
commercially available DDAs initially developed for medical applications and used in low 
energy industrial applications were updated to manage radiation damage of the electronic 
components; improve x-ray absorption for enhanced detection, speed, and image quality 
(SNR and CNR); and correct and remediate several sources of x-ray scatter that are 
prevalent in these energy ranges.   

Thicker, (up to 23mm thick) needle-based CsI:Tl scintillators were structured onto 
amorphous Si Thin Film Transistor (TFT) arrays to control light spread while improving x-
ray absorption at these energies.  Corrections for internal detector x-ray scatter were also 
implemented to further manage the loss of contrast/spatial resolution.  Additionally, the 
DDAs were further modified to manage object/room scatter, and radiation damage.  This 
paper will address the physical alterations of a series of 20cm square DDAs for use in high 
energy digital radiography, laminography, and computed tomography.  

2. Large Area Scintillator Development 

Selection of Needle-Based CsI:Tl Scintillator  

Several phosphor and scintillator materials were considered and coupled to the amorphous 
Si read-structure of a DDA.  These included segmented ceramic and crystal scintillators, 
such as those shown in Fig. 1.   
 

 
Figure 1.  Thick CsI:Tl needle-based scintillator (2mm thick)  versus segmented single crystal scintillators  
showing that the structure noise in the segmented scintillators  drastically reduced the visibility of important 
features in the image. These segmented devices have trouble imaging even a simple Pb letter (B). 

During this project, it was discovered that the needle quality of the grown CsI 
scintillator can be maintained up through several mm in height as shown in Fig. 2. 

2mm CsI:Tl 
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Figure 2.  Example of an ultra-thick needle-based CsI:Tl layer grown directly on a-Si read structures, and an 
image taken with a 10mm scintillator on a 10 cm x 20 cm a-Si panel of a tape measure and a level.  The 
windings of the tape measure are visible.  The ultra-thick needle-based scintillator is maintaining high spatial 
resolution even as a thick structure.   

Comparison of Different thicknesses of Needle-based CsI:Tl  

The performance of various thicknesses of CsI:Tl at 9 MeV is shown in Fig. 3. The 3 
thicknesses used are 0.4mm, 2mm, and 10mm.   

 
Figure 3.  Upper left:  signal response normalized for dose rate of the 3 scintillators as a function of steel filter 
thickness.  Upper right:  the Modulation Transfer Function of the same scintillators using a 2-in filter.  Lower 
right:  SNR levels VS filter thickness 

For these limited thickness changes at 9 MeV, the brightness versus thickness ratio 
is expected to be close to linear, and that is what is observed.  This indicates that the quality 
of the needle structure is high, for example the 10mm layer is almost 5X brighter than the 
2mm scintillator.  Similarly for the SNR values obtained on gain/offset corrected images, 
we see improvements close to the square root function anticipated.  For example, the 10mm 
scintillator has a 5X improvement in SNR for a 25X enhancement in thickness over the 
0.4mm scintillator.   
 The MTFs were also obtained at 9 MV of the 3 detectors (0.4-mm, 2-mm, and 10-
mm). Each detector was operated with a 200-micron pixel in the X and Y direction. A 
rolled edge was placed right on each detector at a 5 degree angle to measure the response.  
Note that the 3 scintillators roughly have the same response at this energy indicating that 
Compton scatter and pair production dominate the spatial resolution in this design. At 20% 
modulation, the spatial resolution is approximately 0.3-0.4 lp/mm (~1mm spatial 
resolution).  Remediation of some of this Intra-detector scatter will be discussed next.     
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Intra-detector Scatter Reduction  

Intra-detector scatter (IDS) was reduced in these scintillators by modelling the scatter using 
the Monte-Carlo program, MCNP-5.  An example of this scintillator scatter correction is 
shown in Fig. 4.   

 
Figure 4.  The point spread function in the scintillator was modelled and then convolved with the direct image 
to produce the scatter image.  The scatter image is then subtracted from the direct image to yield a 
significantly sharper image. This reduces edge flare and lowers pixel values across the detector as shown in 
profiles 1 and 2.   

Figure 5 shows an enlargement of the stepwedge segment in the upper right of Fig. 4. 
 
Figure 5.  Enlargement of stepwedge windowed for 2-in step.  Before 
(Top) and after IDS Correction (Bottom).  The central 1T hole is now 
visible in the 2% shim on the step in the corrected image.  Additionally 
the entire step is visible with substantially less shading on the step than in 
the uncorrected image  

In Fig. 5, the step shading in the IDS corrected image 
is significantly reduced, as is the underlying scatter field.  
This allows the 1T hole improved visibility through increased 
contrast to noise and modulation.   Note that the residual 
noise that was inherent in the scatter in the image is still 
present, and is not subtracted with this approach.  That grain 
structure is evident in the corrected image.   
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3. Scintillator-Metal Sandwiches  

Heavy metal plates such as Pb, Cu, and W have been successfully used as a means to 
intensify and filter industrial radiographic film [3], computed radiography plates, and 
DDAs at various x-ray energies.  For high x-ray energies, above 1 MeV, the use of these 
plates is critical to managing lower energy scatter, and to potentially offer intensification.  
Each of these benefits will be discussed. 

X-ray Intensification of Scintillators with Heavy Metal Radiators 

To determine the degree of intensification on phosphor materials, the experiment shown in 
Fig. 6 was configured with various metals and thickness directly placed on a Lanex Fast-
Front Gd2O2S:Tb phosphor screen (Carestream). 

 
Figure 6.  Various metal screens placed directly onto Lanex Fast-Front phosphor screen imaged at 9 MeV.  
Here a mil = 0.001in. (~25 microns).  20 mils = 0.5mm.     

Note that in Fig. 6, the trend is for a brighter response as the thickness of the metal 
screen increases, with a slight bias toward the higher atomic number components.  These 
responses are quantified in Fig. 7.  

 
Figure 7.  Left chart:   Relative responses at 9 MeV of various metal thicknesses on the Lanex-Front phosphor 
in contact with an a-Si read structure.  Right chart:  MTFs of these combinations. 

Note that for this phosphor screen, the metal plates provide a boost of up to 25% without 
any significant degradation in MTF.  A thickness of 1mm of Cu was used in the production 
of CsI:Tl scintillators with similar results.  What is more important from these metal 
screens is their ability to capture room scatter and improve Contrast to Noise ratios of the 
resulting imagery as discussed next. 
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Scatter Rejection with Same Metal Filters 

It is important to know where to place a metal filter for management of object scatter.  An 
experiment was configured with 15-in of stainless steel to determine the best location for 
post object scatter management. Figure 8 provides a drawing of the set-up, while Fig. 9 
shows the re-positioning of the metal filter starting from just aft of the object, and ending 
right on the detector.   

 
Figure 8.  Highly collimated 9 MeV beam transmitting through 15-in of Stainless Steel with the goal to 
resolve a 1-in cube of Pb mounted on the x-ray side of the beam.   

 There are 3 x-ray regions that fall on the detector:  (1) Scatter (Sout) completely 
outside the object in a region of the detector that preferably has no signal; (2) Scatter (Sin) 
in the shadow of the steel, but outside the collimated beam where there is no primary 
signal, again to be minimized; and (3) Scatter (Sin) and Primary within the collimated x-ray 
beam.  
 Figure 9 then shows the positioning of the metal screen starting just outside the 
object and moving toward the detector. 
 

 
Figure 9.  Imaging of 1-in cube of Pb through 15-in of stainless steel.   a: no metal filter, b: 1 mm W filter 
directly in back of the steel, c: 1 mm W filter between the steel and the detector, and d:  1 mm W filter 
directly on the detector. 

Note from Fig. 9 that the 1-in cube of Pb through the 15-in of steel only becomes 
visible as the tungsten filter is moved toward the detector.  Also note that since this is a 
very thick object, the scatter dominates the detector signals as shown with the very high 
pixel values in areas where there should be no signal.  The heavy, high thickness of the 
stainless steel produces a very large scatter field in the room, and the metal screen manages 
some of this to at least increase the CNR by a factor of 4X.  Imaging with large area 
devices and with thick heavy objects cannot be effectively completed without the use of at 
least 1mm of a heavy metal either directly on the scintillator or just outside the detector 

1in cube 
of Pb 
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body.  Performing the former offers some additional benefit of electron intensification from 
the metal, and is what has been competed on the CsI:Tl scintillators in this work. 

Going to thicker layers of a heavy metal such as tungsten has not shown 
significantly greater reductions in scatter, presumably because there is still a very high 
energy component of scattered radiation in the room due to scatter off the object.  The 
tungsten thickness used herein removes the prominently lower energy scattered x-rays, 
something that the detector is very good at detecting. Adding too thick a metal filter begins 
to cut down on the primary signal, and thus reduces SNR.   

4. Prototype Large Area X-ray Detector (LAXD) 

A large area imaging device was manufactured by combining several 20cm detectors with 
the CsI/metal sandwich approach on an amorphous Si backplane, using GE Healthcare 
technology.  The design for this large area array is shown in Fig. 10.  

 
Figure 10.  Starting from an amorphous Si panel, ultra-thick CsI:Tl (10mm thick) is grown on the panel, 
control electronics are added, the mother board is removed and shielded from the direct x-ray beam, and 
multiple detectors are overlapped to provide a 1m long x 20 cm high array.  This is assembled in a light tight 
box, with ports for incoming/outgoing signals.   

Note that the scintillator is made light tight and is hermetically sealed.  A 1mm 
sheet of copper is placed across all 5 detectors (only 4 shown here).  All 5 detectors are 
read-out simultaneously and are treated as a single detector unit.  The pixel architecture is 
natively 5120 x 1024 with 200 micron pixels and can be read-out as fast as 30 frames/sec.  
In a binning mode of up to 3 x 3 pixels, the detector can be read-out up to 100 frames/sec.  
This is important for detecting features in fast moving objects, such as scanned cargo.   
 The detector controls the number of pulses the source fires prior to detector read-
out.  If the source runs without the external trigger, there are severe line artefacts in the 
image due to adjacent line coupling (capacitive coupling artefacts).  Therefore, the source is 
always pulsed, and the detector can send from 1 pulse per read-out up to 16 pulses per read, 
and therefore the number of total pulses/sec is dependent on the frame time of the detector, 
and the number of pulses requested by the operator.    
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 A prototype cargo inspection system built around this detector array is shown in 
Fig. 11.  An image acquired with this system is shown in Fig. 12.   

  
Figure 11. Different configurations of the LAXD system where vertical and horizontal scanning of surrogate 
cargo is achieved.  The detector can also be rotated to be in a horizontal or vertical configuration.  The system 
is capable of large scans where the detector can be moved horizontally on a track 6m long.  This also enables 
laminographic and large area radiographic scans.  The rotation stage provides a CT capability.   

 

Figure 12.  Lateral scan across the 5-detector module in its vertical configuration.  Running at 200mm/sec, the 
SNR is improved by combining subsequent frames through temporal averaging (TDI mode), or shift and add 
image processing.  This image is obtained in about 5 sec.  The system has been demonstrated up to 1.5m/sec. 

Figure 13 provides an example of a laminographic scan of two layers of automotive 
alternators and a box of laptops, with solid cubes and spheres in and among the cargo. 
Following the laminographic reconstruction to the right, each layer of material is easily 
separated resulting in much higher contrast rendition while demonstrating the high 
resolution of the detector panels.  The laminograms reveal all objects, including the 
metallic balls, cubes, laptops that are well cluttered in the radiographic views to the left.  
Also note that each layer of alternators is isolated, one with objects coplanar, and the other 
without marking objects.  Lastly a tooling ball is in focus in the deepest level (farthest from 
the source) of the cargo.  The laminograms indicate where in the depth each object sits.         
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Figure 13.  Laminographic scan of two 
layers of automotive alternators and a box of 
laptops, with hidden objects in and among 
the cargo.  The scan was completed with the 
detector in the horizontal configuration 
across a +,- 19 deg span.  In the left image 
five different projections are shown.  The 
scan rate was 200mm/sec, and the detector 
frame time was 50 ms (20 frames/sec), with 
4 pulses per frame.  Following the 
laminographic reconstruction to the right, 
each layer of material is easily separated 
revealing all important objects. 

5. Summary  

Figures 12 and 13 provide a summary of the capability of this approach.  Temporal and 
scatter artefacts have been reduced and very high speed imaging is possible from this 
approach over large areas.  When the detector is in the horizontal configuration, this same 
detector can perform high speed shift-and-add laminography due to the large angles 
transited across the object, and by selection of the shift geometry.  This enables positioning 
of certain features in the depth of the cargo as well as its in-plane positioning.   When 
combined with the rotation stage, CT has also been completed on several industrial 
components as well as pallets, but now significantly faster than line arrays. 

6. Conclusions 

Digital detector arrays originally developed for medical applications are finding new 
application in x-ray (and potentially neutron) inspection of large, dense objects ranging 
from heavy cargo, to additively manufactured components.  Many of the risks associated 
with these devices for use in high energy megavolt beams have been addressed by 
developing ultra-thick high resolution CsI needle based scintillators, reducing the 
sensitivity to scatter, and protecting the backbone electronics of the array.  Tiling of these 
arrays has been shown to be successful in that arrays larger than 1m have recently been 
manufactured with few to manageable artefacts.       
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