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ABSTRACT 
 
We examined the spatial resolution of a columnar CsI(Tl), single-photon imaging system using an approach that 
estimates the interaction position to better than the spread of the light distribution. A columnar scintillator was directly 
coupled to a 512x512 electron multiplying CCD (EMCCD) camera (16 µm pixels) binned at 2x2 to sample at 32 µm 
pixels. Optical photons from gamma-ray/scintillator interactions are sampled over multiple pixels. Resultant images 
show clusters of signal at the original interaction site, clusters from Cs & I K x-rays up to several hundred microns 
away, and clusters from collimator K x-rays.  Also evident are depth-of-interaction effects which result in a broadening 
of the light distribution.  These effects result in a degradation of spatial and energy resolution. Cluster pixel data was 
processed to better estimate the interaction position within the initial interaction cluster.  Anger (centroid) estimation of 
individual gamma-ray events yielded spatial resolutions better than 100 µm; a result previously achievable only with 
pixellated semiconductor detector arrays.  After proper calibration, depth-of-interaction (DOI) effects are corrected by 
performing maximum-likelihood 3D position and energy estimation of individual gamma-ray interactions.   
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1. INTRODUCTION 

 
Recent advances in electron multiplying CCD (EMCCD) technology are receiving much attention for applications in 
SPECT and CT Imaging [1,6,7].  Electron multiplying charged coupled devices (EMCCDs) differ from conventional 
CCDs in that there is an electron multiplying or internal gain process prior to the charge-to-voltage conversion [1,2,5].  
This internal gain process improves the signal to noise ratio and is advantageous in low light applications.  The imaging 
system we used is an RMD – EMCCD detector with an e2V Technologies chip [8].  The EMCCD camera has an active 
imaging area of 8x8mm2 with 512x512, 16x16µm2 pixels.  The camera can be operated at high frame rates to function 
as a photon counting detector.   The prototype EMCCD detector is shown in Figure 1. 
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Figure 1. A photograph of the prototype EMCCD detector showing 
the permanently attached 1:1 fiberoptic window.  A detachable 3:1 
fiberoptic taper is shown on the left. 

 
 
A 1:1 fiberoptic window is permanently coupled to the EMCCD.  A microcolumnar CsI(Tl) scintillator can be coupled 
to the EMCCD camera via the fiber optic window.  We investigated CsI(Tl) films varying in thickness from a few 
hundred microns to ~3mm in thickness.  SEM micrographs of columnar CsI(Tl) films are shown in Figure 2 [10].  In 
this study we examined a 450µm thick columnar CsI(Tl) scintilllator. Crystallites in the scintillator act somewhat like 
optical fibers in that they direct light towards an exit surface which is then imaged onto the CCD.  Because the 
crystallites are not perfect optical fibers, emerging light is blurred by an amount related to the depth-of-interaction 
(DOI) of the gamma-ray.  Depth-of-interaction effects result in a degradation of both spatial resolution and energy 
resolution.    
 
 

  
Figure 2. SEM micrographs show the fiber optic like structure of columnar CsI(Tl) 
screens.  The left image is 350µm thick CsI(Tl) and the right image is 1500µm thick 
CsI(Tl) [10]. 

 
We implemented methods to improve the spatial resolution and energy resolution of the CsI(Tl)/EMCCD gamma-
camera.  We show that the spatial resolution of the detector, operating in photon-counting mode, is significantly 
improved by implementing an Anger (centroid) estimation of individual gamma-ray interactions.  Other groups have 
also investigated similar techniques [3,4,6].      
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Previous work at the Center for Gamma-ray Imaging (CGRI) examined pixellated CdZnTe semiconductors where 
similar DOI effects exist.  These effects were corrected for by implementing maximum-likelihood estimation (MLE) of 
3D spatial coordinates and energy of individual gamma-ray interactions [11].  The goal of this study was to implement 
similar MLE techniques with the motivation to improve spatial and energy resolution. 

 
2.  SPATIAL RESOLUTION ENHANCEMENT 

 
Operating the EMCCD in photon counting mode we are able to estimate the interaction position to better than the 
spread of the light distribution.  The 450µm thick columnar CsI(Tl) film was pressure bonded to the 1:1 fiberoptic 
window that is optically bonded to the EMCCD.  To test the resolution of the detector, a slab of tungsten with a ~25µm 
slit opening was placed on the detector.  The detector was illuminated with a point source of 140keV, 99mTc gamma-
rays.  In the gamma-ray/scintillator interaction, optical photons were generated and sampled over multiple pixels.    
Individual gamma-ray interactions were obtained with the camera operating in photon-counting mode.   Frames were 
binned at 2x2 to sample at 32x32µm2 pixels with an integration time of 0.1 seconds and an internal gain of 240.  As 
shown in Figure 3, individual gamma-rays differ from one another in light output and spatial variance due to depth-of- 
interaction in the crystal.  With the high resolution capabilities of the detector, K x-ray interactions are resolved.    . 
 

  
Figure 3. Two image frames showing interactions of 140 keV, 99mTc γ-rays.  Frame size is ~ 8 mm × 8 mm. With the high-resolution 
capabilities of the detector, K x-rays are resolved. 

 
To improve the detector spatial resolution, individual gamma-ray clusters are extracted and then a centroid calculation is 
performed on the cluster data to better approximate the interaction location.  Previous techniques [1,3,4,6] first 
smoothed the data to reduce the noise variance and then thresholded individual frame data to find contiguous regions of 
pixels above the threshold. These regions are identified as separate scintillation events and the centroid position is 
calculated for each event.  A different approach takes the highest pixel value within the cluster to represent the 
interaction position.   
 
 
We have found that it is not necessary to smooth the data, but that we can use the original pixel data to calculate the 
gamma-ray interaction to sub-pixel estimation.  To estimate the interaction position, a background image is first 
subtracted and then the image is then thresholded slightly above the noise.  Each frame is searched for contiguous 
regions of signal above the threshold, which are then identified as individual events.  The centroid estimation is 
calculated on a window (e.g. 15x15 or 21x21) around the identified event to better estimate the interaction position.  
After centroid estimations are calculated, an image is generated containing the centroid position of each of the extracted 
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gamma-ray interactions.  This approach also allows for sub-pixel estimation which results in even greater improvements 
in spatial resolution.  Results from the slit experiment are shown in Figure 4.   
 

 
(a) 

 
(b) 

 
(c) 

Figure 4.  CsI(Tl) / EMCCD detector with 25µm Tungsten slit (a) operating in an ‘integrating’ mode with 256x256, 32x32µm2  
pixels,(b) slit image with centroid position estimation, (c) 512x512 pixels slit image with sub-pixel (16x16µm2 pixels ) centroid position 
estimation. 

   
To evaluate the spatial resolution improvement using centroid estimation, MTFs and LSFs were generated for each of 
the slit images.  There is significant improvement in spatial resolution using centroid estimation compared to operating 
in charge integration mode.  As shown from the line spread function (LSF) in Figure 5, a spatial resolution of about 
78µm (FWHM) is obtained using centroid estimation compared to 162µm (FWHM) for the integrated image.  With sub-
pixel estimation, there is an improvement in the spatial resolution to 64µm (FWHM).  It should be noted that the 25µm 
Tungsten slit is of order of the 2x2 binned pixel size (32µm).  Therefore, we expect that by acquiring data with a 
narrower slit (<16µm) and using un-binned data, there will be even greater improvement in spatial resolution using sub-
pixel estimation.  These improvements are significant as studies have shown that small enhancements in spatial 
resolution can result in large improvements in objective performance measures [9].   
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Figure 5.  MTF and LSF plots of charge integration, centroid estimation, and sub-pixel estimation slit images. 

 
 
 

3. MAXIMUM-LIKELIHOOD ESTIMATION - CALIBRATION 
 
We have shown that by using a centroid estimation of the gamma-ray interaction we can correct for the DOI effects to 
significantly improve spatial resolution.  Depth-of-interaction effects also result in a degradation of energy resolution.  
Previous research by Marks et al. [11] at the Center for Gamma-ray Imaging (CGRI) examined DOI effects in 
pixellated CdZnTe semiconductors.  Depth of interaction effects were corrected for by implementing the maximum-
likelihood estimation (MLE) of the position and energy that maximized the likelihood [11].  Results showed an 
improvement in energy resolution.  We applied similar techniques to the columnar CsI(Tl)/EMCCD gamma-camera to 
improve energy resolution.  The maximum-likelihood mathematical model and implementation details will be given in a 
future publication.  
 
In our model we assume that the CCD pixels are small compared to the width of the gamma-ray cluster, that the 
columnar CsI(Tl) scintillator properties are independent of lateral direction (x and y), that the width or spatial variance  
of the cluster varies with depth-of-interaction, that the light output varies with depth (z), and that the mean signal is 
Gaussian. 
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Maximum-likelihood estimation of 3D position and energy (x, y, z ,E) of individual gamma-ray interactions first 
involves a calibration step where the different depths of the crystal are sampled.  In our experiment, the 450µm thick 
CsI(Tl) film was illuminated by a thin collimated beam of 140keV, 99mTc gamma-rays. Individual gamma-ray 
interactions were extracted as a 21x21 sub-array window of CCD pixels.  Various depths of the crystal were sampled 
using a geometry where the thin collimated beam was oriented approximately 45 degrees with respect to the normal.  In 
this geometry the DOI distance (z) is proportional to the lateral distance (x) along the crystal.  The experimental setup is 
shown in Figure 6 and an EMCCD centroid image of the slanted beam is shown in Figure 7.  Gamma-rays which 
interact further from the EMCCD are expected to have a lower signal amplitude and a larger spatial variance while 
gamma-rays which interact closer to the EMCCD should have a larger signal amplitude and a lower spatial variance.    
 

 
Figure 6.  Depth of interaction (DOI) slant beam experiment using 99mTC. 

 
Figure 7.  EMCCD centroid image of the MLE calibration data.  A thin beam 
of 140keV, 99mTc gamma-rays oriented ~36 degrees with respect to the normal 
of a 450µm thick columnar CsI(Tl) scintillator.  Individual gamma-rays were 
extracted for MLE calibration.  
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