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Coded Aperture Imaging of Alpha Source Spatial Distribution 

Alireza Talebitaher, Paul M. E. Shutler, Stuart V. Springham, Rajdeep S. Rawat and Paul Lee 

 

Abstract: 

The Coded Aperture Imaging (CAI) technique has been applied with CR-39 nuclear track detectors to 

image alpha particle source spatial distributions. The experimental setup comprised: a 226Ra source of alpha 

particles, a laser-machined CAI mask, and CR-39 detectors, arranged inside a vacuum enclosure. Three 

different alpha particle source shapes were synthesized by using a linear translator to move the 226Ra source 

within the vacuum enclosure. The coded mask pattern used is based on a Singer Cyclic Difference Set, with 

400 pixels and 57 open square holes (representing 1 7⁄ 14.3% open fraction). After etching of the 

CR-39 detectors, the area, circularity, mean optical density and positions of all candidate tracks were 

measured by an automated scanning system. Appropriate criteria were used to select alpha particle tracks, 

and a decoding algorithm applied to the (x,y) data produced the de-coded image of the source. Signal to 

Noise Ratio (SNR) values obtained for alpha particle CAI images were found to be substantially better than 

those for corresponding pinhole images, although the CAI-SNR values were below the predictions of 

theoretical formulae. Monte Carlo simulations of CAI and pinhole imaging were performed in order to 

validate the theoretical SNR formulae and also our CAI decoding algorithm. There was found to be good 

agreement between the theoretical formulae and SNR values obtained from simulations. Possible reasons 

for the lower SNR obtained for the experimental CAI study are discussed. 
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1. Introduction 

The primary motivation for this work is the development of the CAI technique for imaging the fusion 

source in small plasma focus devices (Springham et al., 2002) using the ~3 MeV protons from the DD 

reaction, for individual plasma focus shots with typical proton yields of ~108. Theoretical formulae indicate 

that for such a source the best SNR should be obtained using masks based on Singer sets which have a 

lower open fraction (i.e. the ratio of open area to total mask area) than the more frequently used Hadamard 

sets. In this work we have employed Monte Carlo numerical simulations to confirm the validity of our 

decoding algorithm and SNR formulae. Experimentally, we have used a 226Ra alpha particle source (as a 

more controllable source than the plasma focus) to test our de-convolution program, SNR predictions and 

CR-39 track recognition algorithms. The charged-particle CAI technique developed here should be of value 
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for research on various types of fusion devices, and particle fields produced by accelerators and 

environmental radiation. 

The Coded Aperture Imaging technique was first introduced by Mertz and Young (1961) and was further 

refined by a number of researchers, notably: Dicke (1968), Ables (1968), Fenimore and Cannon (1987a), 

Fenimore (1987b), and Gottesman and Fenimore (1989). Since its invention, the most prominent 

applications of the CAI technique have been in x-ray and gamma-ray astronomy (Caroli et al., 1987; 

Skinner, 2003). However, in recent years the CAI technique has been investigated for a broader range of 

applications including: Coded Aperture Fast Neutron Analysis (CAFNA) (Zhang and Lanza, 1999; Accorsi 

and Lanza, 2001a) and Inertial Confinement Fusion (ICF) neutron and proton imaging (Chen et al., 1989; 

Barrera and Morse, 2006). Interesting online overviews of CAI can be found at the following websites cited 

in our References: Goddard-NASA and ProtoEXIST. 

In essence all CAI schemes are a form of multiplexed pinhole imaging. The two most essential 

components of a CAI camera are a position-sensitive detector and a patterned mask of alternately 

transparent and opaque pixels. The basic concept is to open multiple small pinholes, thereby maintaining 

good angular resolution, while achieving the high signal throughput of a large aperture. But for a detector 

of reasonable size, and a mask of useful open fraction, there will be considerable overlap of the multiple 

inverted pinhole images. Therefore a de-convolution step is required to extract the final image, known as 

the decoded image. The unprocessed image from the detector is referred to as the coded image. The first 

CAI schemes simply used arrays of randomly positioned pinholes, but it was soon realized that patterns 

based on Cyclic Difference Sets (CDS) gave superior signal to noise performance through having flat side-

lobes in their auto-correlation function. 

The important parameters for any CDS can be abbreviated to (p, h, λ) where p represents the total 

number of pixels in the mask, h is the number of open pixels (holes), and λ is the side-lobe value (= the 

number of hole alignments for any cyclic shift). Among Cyclic Difference Sets there are two subclasses 

which are particularly suitable for generating masks for CAI. These are:  

Hadamard sets (Hall 1967, Baumert and M. Hall 1965) for which  4 1, 2 1 and 

1 with t being a natural number. 

Singer sets (Singer 1938, Baumert 1971) for which   ,   and  with u 

being a natural number, and t being a prime number or a prime power. 

Considering these two sets, it can be seen that Hadamard masks have an open fraction of  H /

2 1 / 4 1  , and therefore very close to an open fraction of 0.5. Whereas those based on Singer sets 
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have a variable open fraction  S 1 / 1 1/ . Since t is a prime number, or prime power, 

the obtainable open fractions with Singer sets are S , , , , , , , … (open fractions of  and  are 

not obtainable). It is known in the literature (Fenimore, 1987b; Zand et al., 1994) that for maximum SNR, 

the optimum mask open fraction decreases as the spatial extent of the source increases. However, attempts 

to reduce the effective open fraction of Hadamard set masks have not been successful, e.g. Accorsi et al. 

(2001b). Hence for imaging extended sources, the wide range of open fractions attainable with Singer sets 

is an important advantage, enabling near optimum SNR to be attained. 

Fenimore (1987b) and Accorsi et al. (2001b) have compared the SNR for different Hadamard 

families for a series of simulated sources. Their definition of SNR corresponds to the variation in brightness 

of a given fixed pixel between hypothetically many exposures for a constant intensity source. We consider 

it more meaningful to define SNR in terms of the variation in brightness across different pixels within a 

single exposure, as follows: 

SNR
signal from given pixel

variance of signal across image
 (1) 

This definition of SNR has the advantage of being more readily comparable with experimental results, and 

we will show in a later paper that it leads to the following formulae: 

1
1 1

1 1   
 (2) 

where N is total number of particles incident on the mask, and n the number of particles incident on the 

mask which arrive from a direction associated with a particular object pixel. Also  and  

are the numbers of particles which pass through the mask and reach the detector, from the whole object and 

a particular object pixel respectively. 

A useful simplification is to consider that the object comprises m equally bright (illuminated) pixels, 

with the remaining  pixels being completely dark. This gives a bi-level image where ⁄ . 

Then differentiating the SNR function with respect to ρ gives the optimum open fraction in terms of the 

number of bright pixels: 

 
1

1 √
      and         ⁄ √    (3) 

Hence for a mask of fixed size and therefore constant  , both  and  decrease as the source 

becomes more extended and illuminates more pixels (m increases). Figure 1 shows a plot of SNR versus ρ 

for different numbers of bright pixels m. These plots are for a mask of the dimensions used for our 
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experimental study (8×8 mm2) and an isotropic source of 108 particles located at a distance of 45 mm from 

the centre of the mask, as anticipated for plasma focus experiments. The solid angle subtended by the mask 

is 0.0314 sr, and the number of particles hitting the mask is  2.5 10  (constant in Fig. 1). The vertical 

lines on the plot represent the values of S 1/t  attainable with Singer set masks, while the circle 

symbols represent values of  for each curve. By contrast, Hadamard masks are restricted to  H 0.5, 

are therefore best suited to situations with very few bright source pixels. In addition, for pinhole imaging, 

the SNR is simply: 

√
. (4) 

Experimentally it is usually the case (and certainly so for the plasma focus) that the precise number of 

bright pixels is not known prior to the exposure. It is probably best therefore to use a mask with ρ 

somewhat larger than  for the anticipated value of m. As can be seen from Fig. 1, the SNR penalty for 

using a moderately larger value of ρ is slight. Also, for experiments using CR-39 detectors, the signal 

independent noise is primarily due to flaws, scratches, alpha tracks from background radon, which are 

always present to some extent on the etched CR-39 surface. With proper handling of the material this 

background is relatively low and uniform across the detector surface, resulting in a slightly degraded SNR 

in the decoded image. 

 

2. Experimental Setup and Procedure 

For these experiments we used a coded aperture mask based on the Singer set , ,  (400, 57, 8) 

giving a 1 7⁄ 14.3% open fraction mask with 20×20 pixels. The mask pattern, as shown in Fig. 2(a), 

is based on a Singer CDS with 3 and 7. To fabricate the physical mask, 57 square holes (of 

400 μm side) were laser-machined in 50 μm thick Havar alloy. The mask of overall dimensions of 

8×8 mm2 is shown in Fig. 2(b). A 226Ra (half-life 1602 y) source of 185 kBq activity and 9 mm diameter 

(Fig. 3) was used as the alpha particle source to be imaged. The decay chain of 226Ra involves the emission 

of 5 alpha particles with energies in the range 4.6 MeV to 7.7 MeV. 

A straightforward arrangement of vacuum pipes, rotary pump and a linear translator, was used to 

perform imaging experiments for several simple source geometries. The 226Ra disc-source and CR-39 

detectors were located at opposite ends of a vacuum pipe, with the coded aperture positioned between 

them. The source-to-mask and mask-to-detector distances were d1 = 127 cm and d2 = 11 cm respectively 

(see Fig. 4). The de-magnified image of the 226Ra disc-source has a diameter of approximately 2 pixels in 
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the image plane, and this small feature will be referred to as a “spot”. The rotary pump maintained the 

pressure below 100 Pa during exposures, ensuring that the alpha particles have ranges  within 

the enclosure. 

A 1-spot image was obtained for an exposure of 6.5 h duration. Using the linear translator, we also 

synthesized a 2-spot image and an extended “ridge” image. For the 2-spot image, two 6.5 h exposures were 

performed, with the 226Ra source translated through 2.4 cm between the two exposures. The ridge-image 

comprised 13 individual exposures of 0.5 h duration, with 12 translations of 0.2 cm between exposures. 

Hence the brightest part of the ridge source is of length 2.4 cm, while its full length is 3.3 cm and its width 

is 0.9 cm. For the sake of comparison, 1-spot, 2-spot and ridge exposures were also performed with simple 

pinhole imaging, using a hole of the same size as one mask pixel (400 μm square), and the duration of each 

pinhole exposures was the same as the corresponding CAI exposure. 

The linear dimensions of mask and detector determine the CAI Field of View (FOV) which is the 

maximum object size that can be fully coded on the detector: 

 (5) 

where LD and LM are the lengths of the detector and mask sides respectively. The CR-39 detectors used 

were 2.5×3.5 cm2, while LM for the mask was 0.8 cm, giving a FOV in the source plane of 18.8×30.4 cm2. 

So our simulated sources (full length ~3.3 cm) were easily within the fully coded FOV. Also the FOV for 

the pinhole was still wider than that of the CAI camera. The resolution of a CAI or pinhole camera is 

effectively the magnified pixel size in the source plane. For the present geometry: Resolution M

5.0 mm, where PM is the mask pixel size of 400 μm.  

CR-39 (PM-355, Page Mouldings Ltd., UK) polymer nuclear track detectors registered the arrival 

positions of the 4.6 MeV to 7.7 MeV alpha particles passing through the mask. The detection efficiency of 

CR-39 for alpha particles of ~5 MeV energy, at near normal incidence, is effectively 100%. Suitable 

exposure times were calculated on the basis of obtaining a sufficiently high track count with minimal track 

overlap. Alpha particles are emitted isotropically from the 226Ra source at a rate of 5×5×3.7×104 s-1 

=9.25×105 s-1. With the mask having an open area of 9.12 mm2 and being positioned 1270 mm from the 

source, the expected rate of alpha particle transmittance by the mask is 0.42 s-1. So for an exposure of 6.5 h 

duration, the expected number of alpha particle tracks on the CR-39 is 9,740. Then for typical track 

densities of ~900 mm-2, the fraction of overlapped tracks was found to be below 3%. A small correction 

factor was applied in the analysis to take account of overlapped and unrecognized alpha particle tracks. For 
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the case of the pinhole the expected number of tracks (with the same exposure time) is simply 1 57⁄  of that 

for the mask; therefore about 140 tracks. Track overlap for the pinhole case was negligible.  

It is worth emphasizing that linearity of detector response and high spatial resolution (ideally sub-

pixel) are key factors for the successful application of the CAI technique. In both these respects CR-39 is 

an excellent detector: track-counting ensures very good linearity and the spatial resolution is of the order of 

microns. 

 

3. Track Analysis and Image Decoding 

After exposure, the CR-39 detectors were etched in an aqueous 6.25 N NaOH solution at 70°C for 

5 hours. The bulk etch rate under these conditions is 1.6 μm/h (Nikezic and Yu, 2004; Springham et al., 

2009). A magnified image of etched tracks on the detector surface is shown in Fig. 5. Etched track profiles 

(Fleischer, 1997; Durrani and Bull, 1987; Seguin et al., 2004) were calculated using a program developed 

by Nikezic and Yu, (2006). For 5.0 MeV alpha particles, the track diameter and depth were predicted to be 

~8 μm and ~7 μm respectively. This diameter value was found to be in good agreement with the 

experimentally measured average track diameter. An Olympus BX51 optical microscope was used to 

acquire images of the CR-39 surface, and with an MPlan×20 objective lens the 1.4 Mpx CCD field of view 

was a 528×378 μm2 rectangle. In addition to the microscope and CCD camera, the CR-39 detector scanning 

system also comprised a motorized microscope stage (PRIOR Scientific) controlled by Image Pro software 

(Media Cybernetics). The software auto-focus option was used to scan the entire exposed area on the CR-

39, storing contiguous images of the CR-39 surface to the computer hard disk. For CAI exposures an array 

of 36 48 1,728 microscope images were captured, while for pinhole case it was 4 6 24 images. 

An Image Pro macro was written to automatically analyze all the stored images, and write a data file 

containing five measured parameters for each recognized dark candidate track. These parameters are: area, 

average brightness, roundness and (x,y) position. To discriminate between genuine alpha particle tracks and 

spurious dark features, within-polygon criteria were applied to scatter plots of (i) brightness vs. area, 

(ii) roundness vs. area, and (iii) roundness vs. brightness, as shown in Fig. 6 (a-c). Genuine alpha particle 

tracks were selected by applying the logical AND of these three criteria, and the (x,y) positions of all 

selected tracks (representing the coded image) were written to a new file. The coded image was then 

processed by our convolution-based decoding algorithm. The first step in this algorithm is to pixelize the 

detector plane by two-dimensional binning of the track positions in a 39×39 histogram array. Standard CAI 

shifting and folding operations reduced this to a 20×20 fully-coded array. Cyclic convolution of this array 
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with the defined mask pattern, followed by side-lobe subtraction and re-scaling produced the final de-coded 

image. The CAI decoding program is written in Visual Basic. 

 

4. Result and Discussion  

Experiments with 1-spot, 2-spot and ridge sources were performed with both a CAI mask and a 

pinhole having the same angular resolution. Table 1 presents the number of recognized alpha particle tracks 

and SNR values for each exposure. For CAI decoded images, the SNR was calculated by application of 

Eqn. (1). Since every pixel in the image effectively has a different signal-to-noise ratio, the values given in 

column 5 of Table 1 are those for the brightest (or peak) pixel ( ) in the image. Then with σ being the 

calculated standard deviation of pixel values outside of the illuminated region(s): SNR  ⁄ . 

This formula represents contributions from self-noise and sidelobe noise. The theoretical SNR values given 

in column 6 of Table 1 are calculated from Eqn. (2) using the total number of tracks on the detector  in 

the reconstructed image and  the brightest pixel value. For pinhole images, only self-noise is present, and 

in accordance with Eqn. (4): SNR . 

For the 1-spot CAI mask exposure, the total number of alpha particle tracks was about 8,000 and the 

coded image (as a scatter plot of tracks on the detector surface) is shown in Fig. 6 (d). The de-coded image 

derived from this data is shown in Fig. 7 (a2). The corresponding pinhole image for 1-spot, as shown in 

Fig. 7 (a1), has 142 tracks. Both images show the disc shape of the source but the CAI image reproduces it 

more faithfully, and as shown in Table 1, the CAI image has a superior SNR of 26.6 by comparison with 

6.2 for the pinhole.  

For the 2-spot images, the detectors were exposed for 13 hours (twice the duration of the 1-spot 

exposures). Figure 7 (b1), for pinhole, shows two separated regions with no background; however the 

number of tracks in each spot differs significantly. With the same source, exposure times, and distances, the 

track counts per spot are 130 and 155. So they are respectively one standard deviation above and below 

their mean. This is a reflection of the large self-noise associated with the low-brightness pinhole image. By 

comparison, Fig. 7 (b2) shows the CAI reconstructed 2-spot image is much brighter and has a SNR value of 

18.8 (a factor of 2.5 higher than that for the pinhole image). Here the numbers of counts in each spot are 

5,656 and 5,759 respectively. 

Lastly, Figs. 7 (c1) and 7 (c2), show the pinhole/CAI comparison for the ridge source. Again the CAI 

system produces a much brighter and more faithful image of the source, as reflected in the considerably 
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larger SNR for the CAI vs. pinhole image: 13.3 and 3.9, respectively. However, the CAI experimental 

values are below the theoretical SNR values predicted by Eqn. (2). 

One factor which degrades the SNR in the experimental situation is the background of spurious tracks 

due to microscopic flaws and scratches on the CR-39. This roughly uniform background is evident in the 1-

spot coded image in Fig. 6 (d). A second factor is the spread in emitted alpha particle energies, from 4.6 to 

7.7 MeV, from members of the 226Ra decay chain. This spread in alpha particle energies necessarily 

produces a spread in etched track diameters and average grey-values, which complicates track-recognition 

and discrimination between genuine alpha particle tracks and spurious tracks. As an indication of such 

problems: a total of 32,774 tracks (sum of column 3 in Table 1) were recognized and counted for the 

combined 26 hours of CAI exposure time, whereas the expected number (based on the activity calculation) 

is 4 9,740 38,960. Therefore the recognized number of tracks is about 16% lower than the expected 

value. Uncertainty in the 226Ra source activity calibration may account for part of this difference. Another 

reason may be a lower recognition rate for the most energetic alpha particles (7.7 MeV from 214Po), due to 

their smaller etched-track size and the algorithmic difficulty in discriminating between these small tracks 

and spurious track-like features. In this respect, it would be advantageous to perform these imaging 

experiments with a more nearly mono-energetic alpha source, such as 210Po (5.3 MeV). However, the only 
210Po source available to us had an activity of just 3.7 kBq, and the resulting exposure times would have 

been impractically long (i.e. many months). 

 

5. Monte Carlo Simulation  

In order to check the correctness of the theoretical analysis and the decoding algorithm, a Monte 

Carlo program was written to simulate the experimental geometries described in the preceding sections. For 

example, for the 1-spot exposure, source points were generated pseudo-randomly and uniformly across a 

disc of the same radius (4.5 mm) as the alpha source. The directions of emitted rays were then generated 

isotropically within a 1º cone, fully illuminating the CAI mask. Rays impinging on the mask plane at the 

position of an open hole were transmitted to detector plane and the (x,y) position written to a file, while 

rays encountering opaque regions of the mask were terminated. In this way a coded image file is produced 

which is the equivalent of the experimental coded image file. The image decoding was then performed with 

the same program as for the experimental data. The number of rays emitted from the simulated source is the 

equivalent of the experimental exposures (as determined by the detector track count). SNR values in these 

images were calculated in the same way as for the experimental images, and shown in Table 2. There is 
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reasonable agreement between the SNR values obtained from Monte Carlo simulation and the predicted 

values from Eqn. (2). 

In these simulations, the single pinhole and Singer set mask were compared for the three source 

geometries. In the absence of background noise, the pinhole image shows zero background but weak 

precision (Fig. 8-a1), whereas the coded aperture demonstrates better precision with a much higher particle 

number which is proportional to the number of holes (Fig. 8-b1). From the 1.38×106 radiated particles 

emitted within the 1º cone, about 143 particles will pass through the pinhole, whereas for the CAI mask 

about 8,150 (57 times more than the pinhole) particles reach the detector.  

For the 1-spot source, the SNR shows an improvement by factor of 6.8, from 7.0 for pinhole to 47.7 

for CAI (see Table 2). The 2-spot source, is simulated as two 1-spot sources separated by 24 mm distance 

(center to center). Figure 8-a2 and 8-b2 show the simulation results for the pinhole and mask, respectively. 

The SNR for pinhole and CAI are 7.1 and 44.8 respectively; a factor of 6.3 improvement. Finally for the 

ridge source, the centres of random uniform disc sources were distributed randomly along a line of 2.4 cm 

length. Figure 8-c1 shows the simulated pinhole image and it can be seen that the height and width of the 

imaged ridge varies irregularly along its length. By contrast the simulated CAI image shown in Fig. 8-c2 

reproduces the shape of the ridge far better. As the ridge source is the most extended of the three sources, 

the SNR for both pinhole and CAI mask are lower than the other two sources; being 4.7 for the pinhole and 

22.9 for CAI mask. In this case the SNR for CAI mask is a factor of 4.9 better than that of the pinhole. 

 

6. Conclusions 

In this study, a coded aperture mask based on a Singer Cyclic Difference Set has been used to image 

different alpha source shapes. A 20×20 pixel mask with 57 holes was fabricated and arranged within a 

vacuum enclosure to view a 226Ra source. The position of the source was adjusted using a linear translator, 

enabling us to experimentally synthesize different source shapes, such as: 1-spot, 2-spot and ridge sources. 

CR-39 polymer nuclear track detectors were used to register the 4.6 to 7.7 MeV alpha particles passing 

through the coded mask. The detectors were then etched and scanned; and the acquired images were 

processed to select genuine alpha particle tracks and produce a list of track positions – representing the 

coded image. A convolution procedure was then applied to obtain the final decoded images. For the 

purpose of comparison, exposures were also performed for each of the three source shapes, and for the 

same duration, using a pinhole of the same angular resolution as the CAI mask. 

It is evident from the final images that the CAI system has superior SNR and fidelity by comparison 

with pinhole images. The SNR values obtained for the CAI images are, however, below the values 
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predicted from Eqn. (2). This reduction in SNR may partly be due to the difficulty (in terms of automated 

image processing) in discriminating between spurious track-like features and the small tracks formed by the 

most energetic 214Po alpha particles from the source. Furthermore, Monte Carlo simulations of CAI 

imaging were performed in order to validate the theoretical formulae and our decoding algorithm/program. 

The SNR values obtained for these simulation images are in good agreement with the predictions of 

Eqn. (2).  

For imaging of single shots in pulsed fusion devices such as the plasma focus, the SNR enhancement 

obtainable with the CAI technique should permit definite structures to be observed and quantitative 

comparisons to be made with other diagnostic signals, which would barely be possible for the much 

dimmer pinhole images. 
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Figure 1: SNR vs. open fraction (ρ) for objects (of the same total brightness: the number of particles hitting 
the mask is  2.5 10 ) which illuminate different numbers of pixels:  8, 16, 32, and 64. Open 
circles represent values of  for each curve. Vertical lines represent open fractions:  , , , , , , , . 
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Figure 2: (a) The CAI mask pattern, and (b) a photograph of the fabricated mask. 
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Figure 3: Photograph of the front surface of the 226Ra alpha source. 
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Figure 4: Experimental arrangement of CR-39 detector, CAI mask and 226Ra source within the vacuum 
enclosure. 
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Figure 5: Optical micrograph of etched alpha particle tracks on CR-39 surface. The overall dimensions of 
the image are 262×152 µm2. 
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Figure 6: Scatter plots of measured parameters of dark features on CR-39 detector surface: (a) grey-value 
vs. area, (b) roundness vs. area, and (c) roundness vs. grey-value, with user-defined polygon for each. 
(d) Positions (x,y) of genuine alpha particle tracks (for 1-spot source) selected by applying the logical AND 
of within-polygon criteria shown in a-c. This (x,y) data represents the coded image. 
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Figure 7: Reconstructed image from experimental track data for different source shapes with pinhole (top 
row) and 20×20 CAI mask (bottom row). All images are of 10 cm side (in the source plane). Values on the 
sidebars indicate the particle density (alpha particles/pixel) in the reconstructed images. 

1-point source for pinhole (a1) and mask (a2); 2-point source for pinhole (b1) and mask (b2); ridge source 
for pinhole (c1) and mask (c2) 
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Figure 8: Reconstructed images from Monte Carlo generated data for different source shapes with pinhole 
(top row) and 20×20 CAI mask (bottom row). All images are of 10 cm side (in the source plane). Values on 
the sidebars indicate the particle density (alpha particles/pixel) in the reconstructed images. 

1-point source for pinhole (a1) and mask (a2); 2-point source for pinhole (b1) and mask (b2); ridge source 
for pinhole (c1) and mask (c2) 
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Table 1: Track number and SNR for CAI and pinhole system from Experimental results. 

Experiment No. of tracks 
(pinhole) 

No. of tracks 
(CAI) 

Exp. SNR 
(pinhole) 

Exp. SNR 
(CAI) 

Theory SNR 
(CAI) 

1-point circular source 142 8,086 6.2 26.6 38.0 

2-point circular source 317 16,648 7.4 18.8 33.5 

Ridge source 129 8,040 3.9 13.3 19.3 
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Table 2: Track number and SNR for CAI and pinhole system from Monte Carlo simulation. 

Simulation No. of tracks 
(pinhole) 

No. of tracks 
(CAI) 

Sim. SNR 
(pinhole) 

Sim. SNR 
(CAI) 

Theory SNR 
(CAI) 

1-point circular source 149 8,127 7.0 47.7 44.9 

2-point circular source 292 16,299 7.1 44.8 40.9 

Ridge source 144 8,051 4.7 22.9 21.1 


	RM-47-10-992_cover
	RM-47-10-992


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


