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1 Introduction 

The goal of this Masters of Science project is to create a mathematical model of the imaging chain 

of the Statscan slit scanning full body x-ray machine. The model will serve as a design aid for 

engineers wanting to optimise the image quality, dose delivered and cost of the x-ray machine. 

The model will also increase understanding of the image formation process in the Statscan x-ray 

machine and will allow for intelligent decision making on future technologies. This work is an 

extension of previous modeling work by the original Statscan design team [1,2,3,4]. 

1.1 Background and motivation 

The Statscan full body x-ray machine is a commercially available digital radiography system that 

has recently been approved by the Food and Drug Administration in the US and CE marked in 

Europe. The system utilizes a gridless linear slit scanning geometry in which a narrow fan beam is 

scanned linearly over the object in synchronism with a linear detector array (see Figure 1-1 and 

Focal Spot 

Pre-Collimator 

SC 
Main Collimator 

Scan SD 
Direction 

Stationary 
Object ,.----++-1+------" 

Post-
Collimator Detector 

Figure 1-1 Illustration of linear slit scanning Figure 1-2 Experimental version of the 
principle. The source, detector and collimator Statscan full body x-ray machine showing the 
seen from the side here are scanned across the reference axes used in this study. 
object. The narrow fan beam is detected by a 
screen and projected by fibre optic taper onto a 
linear array of CCD sensors operating in TDI 
mode. SC is the Source to Collimator distance, 
OD the Object to Detector distance and SD the 
Source to Detector distance. 
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Figure 1-3 Obese poly-trauma patient with Figure 1-4 Full spine lateral, medium sized 
tension pneumothorax and fracture of the patient. Procedure factors: 145 kV, 200 rnA, half 
pelvis. Procedure factors: 120 kV, 160 rnA, scan speed, 8x8 binning (420 urn pixel pitch), 
full scan speed (140 mm!s), 6x6 binning (360 large focal spot (1.2x1.2 mm), wide collimator 
um pixel pitch), large focal spot (1.2x1.2 mm), gap width (1 mm). 
narrow collimator gap width (0.4 mm). 
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Figure 1-5 Full body scan pediatric patient. 
Procedure factors: 80 k V, 100 rnA, full scan 
speed (140 mm!s), 4x4 birming (240 urn 
pixel pitch), small focal spot (0.6xO.6 nun), 
narrow collimator gap width (0.4 nun). 

Figure 1-6 Chest, medium sized patient. Procedure 
factors: 120 kV, 125 rnA, full scan speed (140 
mm!s), 2x2 binning (120 urn pixel pitch), small focal 
spot (0.6xO.6 nun), narrow collimator gap width (0.4 
nun). 

Figure 1-7 Skull, large patient - blast victIm. 
Procedure factors: 110 kV, 160 rnA, full scan speed 
(140 mm!s), 4x4 binning (240 urn pixel pitch), small 
focal spot (0.6xO.6 nun), narrow collimator gap 
width (0.4 nun). 
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Figure 1-9 Illustration of image acquisition by the TDI effect in the CCD. 
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Multiplicative structured noise due to spatial variation of sensitivity in the screen, FOT and CCD 

are compensated for by a gain and offset correction algorithm similar to that described by Samei 

[15]. The structured noise is less pronounced in the scan direction due to the TDI integration 

effect. 

In slit scanning systems, tube output fluctuations and scan speed variations introduce banding in 

the scan direction. These effects are lessened by designing the C-arm to dampen anode vibration 

and the linear drive induction motor was chosen to allow a high degree of scan speed accuracy. 

The TDI integration effect serves to further lessen image banding in the scan direction. The x-ray 

tube is mounted with the plane of the rotating anode in the slit direction. As a result, the Heel 

effect occurs in the scan direction and is of no consequence since the slit is open only to a narrow 

portion of the beam. Image post-processing includes log compensation, dynamic range' 

compression, geometric distortion correction, camera overlap unbutting and various noise 

reduction and filtering image processing algorithms. 
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3 Derivation of Cascaded Linear-systems Model 

A Cascaded Linear-Systems Model of the Statscan system was developed that includes stages 

identified in the detector as well as system level effects [13, 27] such as focal spot blurring, grid 

attenuation and scattered radiation incident. Table 3-1 shows the stages and parameters used in the 

Cascaded Linear-Systems model. The inclusion of stages before absorption in the screen is 

something of a departure from traditional cascaded linear models. An attempt was made to select 

stages that have the largest effect on system image quality metrics. Error due to omission of 

certain minor stages is discussed in the results and discussion section. 

Table 3-1: Stage parameters and descriptions for Cascaded Linear-Systems model. 

Stage # 

1 0 

i = 1 

i = 2 

i=3 

i 4 

i = 5 

i = 6 

7 

i = 8 

9 

10 

Stage Stage Type 
Parameters 

7io 
TJ(fJ Quantum scatter 

G2 Binary selection 

83 Additive noise 

g4 Binary selection 

g5, 85 Quantum gain 

gs 

Quantum scatter 

Quantum scatter 

Binary selection 

Deterministic blur 

Additive noise 
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Stage Description 

Initial primary flU!{ 

Focal spot and beam divergence blurring 

Grid attenuation of primary beam 

Scattered radiation incident on detector 

Quantum absorption efficiency of screen 

Screen conversion gain and Poisson 

excess 

Light spreading in screen 

"Image Smear" in the scan direction due 

to finite phosphor persistence 

Coupling efficiency between screen and 

CCD 

Pixel aperture 

Read Noise, dark noise, external circuit 

electronic noise and quantization noise. 
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Figure 4-1 Conversion factor 'P(Emax) (photons/rnm2 per IlGy) calculated as a function of peak: 

tube voltage setting in kVp and additional Aluminium filtration thickness. 

To calculate the mean primary incident fluence ifo a further conversion factor is required to 

compensate for the beam divergence over the distance between the ionisation chamber and the 

detector. In linear slit scanning system, the number of photons/rnm2 decreases only in the slit 

direction meaning that fluence decreases with a lIr dependency rather than a lI~ dependency ([9] 

and see Section 4.2.2). This is because the distance swept by the beam in the scan direction is 

independent of distance from the source. The mean fluence can then be calculated using: 

(4-3) 

where ifo is the mean number of photons/rnm2 incident on the detector, SD is the source to 

detector distance and SK is the source to ionisation chamber distance. 

The incident energy spectrum qoCE) was calculated using Boone's "Tungsten Anode Spectral 

model using interpolating polynomials" TASMIP [67] which is a computer routine that generates 
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tungsten target spectra based on empirical data. TASMIP takes the peak voltage setting and the 

percentage generator voltage ripple as an input. The generated spectrum was then modified to 

yield qo(E) using the Lambert-Beers law [68] for attenuation by the inherent tube filtration, the 

effective external filtration and a patient equivalent thickness of aluminum. Figure 4-2 shows the 

raw spectrum before and after attenuation by the inherent tube and external filtration. Mass 

attenuation coefficients for various materials used in the calculation were obtained from data 

published by Hubbel et al. [69]. Table 4-1 summarizes the parameters used to generate the raw x­

ray spectra and to calculate the conversion factor 'l'(Emax) for the DQE measurements and 

simulations in this study. The kVp and patient equivalent thicknesses were chosen to comply with 

the IEC recommendation for beam qualities in DQE measurement [11]. The discrepancies 

between the calculated values of 'l'(Emax) and the IEC recommended values can probably be 

attributed to differences in the spectrum used to calculate q (J (E) . 

The accuracy of TASMIP in predicting the Statscan emitted energy spectrum was checked by 

comparing calculated half value layers (HVL's) with the measured HVL. The HVL at each kVp 

setting was measured by finding the thickness of Aluminium needed to reduce the beam Air 

Kerma by half. Care was taken to reduce measured scatter by placing the thickness of 

Aluminum above the collimator. The corresponding predicted HVL was calculated by attenuating 

Table 4-1: IEC 62220-1 recommended beam qualities used in this study 

RQA3 RQA5 RQA7 RQA9 

Peak tube voltage setting 50 70 90 120 

External 1 1 1 1 
filtration (mm AI) 
Inherent tube 0.9 0.9 0.9 0.9 
filtration (mm AI) 
Percentage voltage ripple 0 0 0 0 
on generator 
Patient equivalent 10 21 30 40 
Aluminium (mm) 
Calculated 'l' (Emax ) 22737 31375 33511 32307 

(photons/mm2 per JlGy) 
lEe [11] recommended 21759 30174 32362 31077 
conversion 
{~hotons/mm2 ~er I!GI} 
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Figure 4-6 Illustration of focal spot blurring in the slit direction. The PSF in the detector plane is 
a demagnified version of the focal spot. The MTF is the normalised magnitude of the Fourier 
transform of the PSF. 

4.1.2.2 Blurring in the scan direction due to beam divergence 

The geometrical blur in the scan direction is a result of beam divergence, finite focal spot size and 

the TDI effect. As the beam is scanned over a point, not all rays pass through the point and reach 

the CCD in the same direction. Rays that pass through a point in the object at an oblique angle 

cause image data to be registered a distance away from directly below the point in the object. The 

cumulative effect of this false image data is the PSF of geometrical blur in the scan direction. This 

blur is dependant on the collimator gap width, the focal spot intensity distribution, the object to 

detector distance and the source to collimator distance. The scan direction blur is independent of 

the source to detector distance. 
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Figure 4-7 (Large Spot) MTF in the slit direction due to large focal spot blurring. The MTF is 
referred to the detector plane and is calculated for OD's of 100mm, 200mm, 300mm, 400mm. 
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Figure 4-8 (Small Spot) MTF plane in the slit direction due to small focal spot blurring. The 
MTF is referred to the detector plane and is calculated for OD's of lOOmm, 200mm, 300mm, 
400mm_ 

Figure 4-9 and Figure 4-10 illustrate the blurring effect of beam divergence in the scan direction. 

It is necessary to integrate the effect of the angled rays on the PSF over the focal spot intensity 

distribution with the limits of integration being dependant on whether the focal spot is wider than 
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Figure 4-9 Illustration of geometric blur in the 
scan direction for the case with the focal spot 
narrower than the collimator gap width. 

) 
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OD 

Figure 4-10 Illustration of geometric blur in the 
scan direction for the case with the focal spot 
wider than the collimator gap width. 

It should be noted that T(J;,) is the MTF due to the beam divergence in the scan direction referred 

to the detector plane. Also, T(J;,) is independent of the source to detector distance but is dependant 

on the object to detector distance (OD) and source to collimator distance (SC). OD varies within 

the object so that points closer to the detector in the object are less blurred than points further 

away. For the calculation of T(J;,) in the results section, a point in the middle of an average 

thickness patient was used. For a detector to table top distance of 70 mm and an example average 

patient thickness of 200 mm, this gives an OD of +-170 mm. Figure 4-11 and Figure 4-12 show 

the scan direction geometric blur calculated for various collimator gap widths, object to detector 

distances and for the two available focal spot sizes. 
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Figure 4-11 MTF due to beam divergence in the scan direction. The MTF's are calculated for 
collimator widths of OAmm, O.8mm, 1.2mm and 2 mm and for large and small focal spot sizes. 
The source to collimator distance was set to SC=400mm and the object to detector distance was 
set to OD=70mm. 

LL 
I­
::?: 

-,..- ............... ----. 
- Large focal Spot 

Small focal spot 

°OL·----~1~~~2~~~~3~~~4~~~5 

f (cycles/mm) 

Figure 4-12 MTF due to beam divergence in the scan direction. The machine settings are the 
same as those in Figure 4-11 except for the object to detector distance that is changed to OD = 
170mm. 
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Table 4-2: Parameters for screens used in this study 

Parameter Rarex Rarex DRZ-Plus DRZ-High PI-200 

Medium Fast Back 

H 0.5 1.25 0.6 1.7 2.4 

Reflective Yes Yes Yes Yes Yes 

backing 

Mass 50 130 100 145 200 

thickness 

(mg/cmz) 

Phosphor GdzOzS:Tb Gd2OzS:Tb Gdz0 2S:Tb GdzOzS:Tb Gd20 2S:Tb 

, 
For a poly-energetic spectrum incident on the screen, the mean quantum absorption efficiency 

(QAE) is calculated as: 

- _~E=~O __________________ __ 
g4 = E=E""", 

(4-12) 

jqo(E)dE 
H=O 

where q 0 (E) is the energy spectrum of the primary flux incident on the detector. 

The QAE for each beam quality and screen thickness used in this study (see Table 4-2) was 

calculated for the four lEe 62220-1 [11] recommended beam qualities. The results are shown in 

Figure 4-14. 
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Figure 4-14 Quantum absorption efficiency for screens used in this study at lEe 62220-01 
recommended beam qualities. 

4.1.6 Conversion to optical quanta in the screen 

Once an x-ray quantum is absorbed, its energy is amongst other things converted to several visible 

light photons. The number of light photons released per absorbed x-ray photon at the image side 

of the screen is the conversion gain of the phosphor. Various effects cause random fluctuations in 

this gain such as K-fluorescence escape and re-absorption, light photon scattering and the variable 

incident x-ray energy. Thicker screens may have reduced K-escape, but increased self attenuation 

- competing effects that impact on the number of light photons emitted. 

Due to the complexity of these processes, modelling the generation and escape of photons in a 

screen appears to be more difficult than actually measuring the conversion gain and variance [77, 

79]. 

Ginzburg and Dick [79] have measured the energy dependant conversion gain for several different 

types of Lanex Gd20 2S:Th screens (Lanex Fast Back, Fast Front, Medium, Regular and Fine). 

The manufacturer of the Rarex Gd20 2S:Th screens used in the system under study were unable to 

provide conversion gain and variance data but claim that their Rarex Fast Back, Medium screens 

are similar to their Lanex counterparts. For the purposes of this study, the conversion gains 

measured by Ginzburg and Dick for the Lanex screen equivalents are used. 

The energy dependant mean conversion gains for x-ray photons absorbed in Rarex Fast Back and 

Medium screens are shown in Figure 4-15. 
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For a poly-energetic incident x-ray flux, the mean conversion gain is the weighted average of the 

conversions gains calculated over the energies of the absorbed energy spectrum. 

E=E 

JC(E)qo(E)dE 

(4-13) 

E=O 

where C(E) is the mean number of light photons emitted per absorbed x-ray photon of energy E. 

The mean conversion gains for Rarex Fast Back and Medium at various tube voltage settings were 

calculated using Equation 4-13 and are shown in Figure 4-16. For the three other screens used in 

this study (Figure 4-16) manufacturer data giving light output relative to the Lanex Fast Back 

screen was used to estimate the conversion gain. It should be noted that the . spectrum existing the 

tube was filtered by patient equivalent thicknesses of Aluminium (see Table 4-1) before the mean 

conversion gain was calculated. 

2200'---.---~----r---~---'--~ 

2000··· 

-g 1800 
;t;! 

~ 1600 
III 

2 1400. 
o 
.c: 
~ 1200 
.c: 
Cl 
::J 1000 ........ . 

800····· 

keV 

Figure 4-15: The energy dependent mean 
conversion gain of the LanexlRarex Fast 
Back and Medium screens. The sharp drop in 
conversion efficiency at 50.2 keY is due at 
the K-edge of the Gadolinium present in the 
screens. Taken from measurements by 
GinzBurg and Dick [79]. 
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Figure 4-16: Peak voltage setting dependant 
mean conversion gains for the screens used in this 
study. Note that gains for DRZ-Plus, DRZ-High 
and PI-200 are only rough estimates based on 
limited data. The spectrum used for calculation of 
the gains was been filtered by the thicknesses of 
Aluminium defmed in Table 4-1. 
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Table 4-3: Estimate of Swank factor for each screen type and beam quality. 

Screen type, Beam As estimate 6 5 estimate Source of estimate 
thickness Quality 

Rarex Fast Back, RQA3 0.85 194 [77], 78, [79],[80] 
130 mg/cm2, 

" RQA5 0.75 417 [77],[79],[80] 
" RQA7 0.72 510 [40] 
" RQA9 0.7 625 [27] 

Rarex Medium, RQA3 0.73 420 [40] 
50mg/cm2 

DRZ-Plus,100 RQA5 0.75 566 [77], 78[79],80] 
mg/cm2 

DRZ High, 145 RQA7 0.72 690 [77],[79],[80] 
mg/cm2 

PI-200, 200 RQA9 0.7 790 [77], [78], [79], [80] 
mg/cmA2 

attempt to generalize the Swank factor for arbitrary phosphor mass-thickness and incident x-ray 

spectrum but rather to make estimates based on previously published values for specific cases [27, 

40, 78], and knowledge of the trends evident in the Swank factor over the diagnostic energy 

spectrum [77, 78, 79, 80]. The author realizes that this limits the degree that one can be confident 

of the accuracy of the values of 6 5 used in the model (see Table 4-3). 

4.1.7 Stochastic redistribution of quanta in the screen 

The MTF due to stochastic redistribution of quanta in the screen is affected by many factors such 

as the K-fluorescence escape and reabsorption, depth dependant blurring and light propagation 

and reflection. 

Swank [81] provides the following simple model for the MTF of a transparent phosphor with 

reflective backing (referred to as Type A in the text): 

T(f) = tanh(27ifd) 
27ifd 
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Where d is the thickness of the phosphor in mm. Swank's model is based on light diffusion 

modeling and the assumption of exponential depth x-ray absorption. K-fluorescence reabsorption 

effects are ignored. The model has the advantage that it allows one to specify an arbitrary 

phosphor thickness. Swank's model was however not used because of unexplained and large 

discrepancies with MTF data supplied for the screens used in this study. 

It was instead decided to follow the practice of other investigators [33, 40] and apply a Lorentzian 

fit to manufacturer supplied MTF data for the screens: 

(4-20) 

The manufacturers (MCIO) of Rarex screens were unable to provide MTF measurements for their 

Rarex Fast Back and Medium screens. However they were able to say that these screens are 

similar in resolution properties to the Lanex Fast Back and Medium screens from Kodak. The 

parameter H for the Rarex screens was therefore calculated from data for their Lanex counterparts 

[40]. For the DRZ and PI screens the manufacturer (Kasei Optonix) supplied MTF data was used 

to calculate the fitting parameter H [82]. The fitting parameters used for the screens in this study 

are summarized in Table 4-2 and the calculated MTF for each screen is shown in Figure 4-17. 

-+- Rarex Medium (50 mg/cm2) 

\\V \: ; -+- DRZ-1 00 (100 mg/cm2
) 

0.8 ---m-t-f--- -1:1- Rarex Fast Back (130 mg/cm2) 

~\AJ~: -(>- DRZ-145 (145 mg/cm2) 

0.6 ___ \<?L\\ -£i-, PI-200 ~200 mg~cm2) , 

~ ~:\~: : : : 
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\\~ *~~ 1 1 1 
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Figure 4-17 Lorenzian fit to manufacturer supplied MTF data for the screens used in this study. 
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Figure 4-18: The MTF in the scan direction due to finite phosphor persistence. The curves with v 
= 150, 75, 37.5 mm/s correspond to Full, Half and Quarter scan speeds respectively. The MTF's 
are calculated for a Gd20 2S:Tb type screen with exponential decay time constant set to T 850 Ils. 

4.1.9 Coupling of optical quanta to the CCD 

Light photons that escape the screen are coupled to the CCD via the fibre optic taper (FOT) and a 

fibre optic plate (FOP). There is light loss in transmission through the taper, at the FOT to FOP 

coupling, in transmission through the FOP and at the point where light is absorbed in the CCD 

silicon. 

The transmission efficiency of a fibre optic taper (FOT) for light from a Lambertian source 

pressed against the taper can be expressed as follows [86]: 

(4-23) 

where TT is the taper transmission, m is the demagnification ofthe fibre core, m, n2 and n3 are the 

refractive indices of the source medium, the fibre core and the cladding respectively. TF is the 

52 



transmission of the fibre core, LR is the loss at the FOT surface and Fe is the fill factor of the fibre 

core. 

For the untapered fibre optic that is drawn to create the FOT, the transmission efficiency for a 

Lambertian source is given by [86]: 

(4-24) 

where NA is the numerical aperture of the fibre core. 

Using the values in Table 4-4 and Equation 4-24, the value of TA(1- LR ) was calculated and 

substituted into equation 4-23 to give the FOT transmission efficiencyTr . Figure 4-19 shows the 

calculated values for Tr at various demagnifications. Some of the data in the table was supplied by 

Incom the FOT manufacturer. 

Table 4-4: FOT parameters used in the transmission efficiency calculation 

Parameter Value Description Data Source 

Fe 75:25 FOT Fill factor Incom 

NA 1 FOT Numerical aperture Incom 

nFO 0.61 Transmission ofuntapered FOT Incom 

M 2.3 FOT Demagnification Incom 

NJ 1 FOT Refractive index source medium estimated [32] 

N2 1.8 FOT Refractive index core Incom 

N3 1.49 FOT Refractive index cladding Incom 
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Figure 4-19: FOT transmission efficiency as a function of demagnification. 
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The FOT to FOP coupling efficiency and FOP transmission efficiency were estimated to be 0.5 

and 0.6 respectively [14] . 

The conversion efficiency of light photons to electron-hole pairs in the CCD depends on the 

wavelength distribution of the light incident on the CCD I(A) and the wavelength dependant 

quantum efficiency of the CCD QCCD().). The average number of electrons produced per light 

photon incident on the CCD silicon is given by: 

.1.=00 

fQccD(JL)I(A) 

Q -"'.1.==0--;;-__ _ 
CCD = .1.=00 (4-25) 

fI(A) 
.1.=0 

where QCCD(A) is the wavelength dependant absorption efficiency of the CCD silicon and I(A) is 

the incident light spectrum (see Figure 4-20). The coupling efficiency for the E2V CCD used in 

this study and the Gd202S:Tb screens used was calculated to be 0.29. Combining the component 

coupling efficiencies described in this section gives an overall coupling efficiency of: 

(4-26) 
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Figure 4-20 The spectral matching of a GdzOzS:Th screen to the CCD quantum efficiency. About 
0.28 electrons are on average produced per incident light photon. Values were taken from the E2V 
CCD data sheet and from Kandarakis. 

4.1.10 Integration of quanta in CCD pixel aperture 

The deterministic blur pixel aperture function due to integration of quanta in the CCD pixel 

elements is a reef function of width a. The pixel aperture MTF is the Fourier transform of the 

pixel aperture function referred to the detector plane. The transformation of pixel size from the 

CCD plane to the detector plane is simply a multiplication by m (the FOT magnification). For bxb 

binning, the apparent pixel size is again increased by the factor b. The MTF due to the CCD 

aperture function in the detector plane is therefore given by: 

1'r; (f) = .3{reef( :a) } = sinc(bma x j) (4-27) 

where a is the pixel width. 
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4.1.11 CCD and electronic additive noise 

At the final stage in the image forming process, noise is added in the CCD and external circuit 

from several sources [86]. Figure 4-25 summarizes conceptually the various noise sources that 

contribute to the total additive noise (see Table 4-5 for key). 

Vertical 
Binning 

CCD 

+ 

Read 
amp 

PGA 
amp 

Digitisation 

AID Converter 

Horizontal 
Binning 

D-+D2 

b 

Figure 4-25 Illustration of signal and additive noise propagation through the CCD and external 
electronic circuit 

Starting from the left of Figure 4-25: the TDI integrated signal (and associated noise) Sin (with 

units of electrons) is accumulated and clocked into the line register. The dark noise Nd that has 

accumulated during integration is added at this stage. The signal and noise is then binned 

vertically in hardware by clocking b times into the line register (for bxb binning). The dark noise 

is therefore blurred by the pixel aperture along with the signaL The signal is then amplified and 

converted to the voltage signal Vj by the CCD output amplifier and the amplifier read noise Nr is 

added. The read noise appears before the amplifier as it is quoted in electrons referred to the CCD 

amplifier input External circuit noise such as clocking noise and electromagnetic interference is 

then added. The AID converter has a PGA amplifier for setting the dynamic range which adds 

noise Na. Digitisation then takes place with gain Gd and quantization noise Nq with variance 1112 

is added as a consequence. Horizontal binning, which is simply the process of adding b (in bxb 

binning) neighbouring pixel values in software, takes place next. All the noise sources are 

assumed to be uncorrelated so the noise sources are simply multiplied by a factor b in the 

horizontal binning process. 
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Table 4-5: Key and values of symbols in Figure 4-25. Values for the various noise sources are 
expressed as a pixel variance referred to the CCD input in units of electrons. 

Symbol Definition and Units 

Sin Input signal to CCD. 

NT' 

Variance of dark noise 

in CCD ( electrons). 

Variance of the read 

nOIse m CCD 

(electrons ). 

CCD Output amplifier 

sensitivity 

(uV/electron). 

Variance of external 

circuit and clocking 

noise (uV). 

Variance of PGA and 

AID nOIse and 

crosstalk (uV). 

PGA amplifier gam 

(uV/uV). 

Digitisation gam 

(D/uV). 

Variance of 

quantization noise (D). 

Value 

109, 54.5, 27.25 

for quarter, half 

and full speed· 

respectively. 

5 

2 

5975 

4225 

1 

11244 

1240 

57 

Method of calculation 

Typical value from E2V CCD30-

11 data sheet. 

Nd = 250 e-/pixells x Line clock 

period (in seconds) 250 e­

Ipixells x 256 x 0.06 mm I Scan 

speed (mm/s). 

Typical value from E2V CCD30-

11 data sheet. 

Manufacturer supplied data 

(E2V). Equivalent to max. value 

on E2V CCD30-11 data sheet. 

Calculated as difference between 

all other dark noise sources and 

total measured dark noise. 

From Analog Devices AD9814 

data sheet. 

From Analog Devices AD9814 

data sheet. 

From Analog Devices AD9814 

data sheet. 

Calculated assummg uniform 

probability distribution function 

with variance 1112 at the output. 

Variance referred to input by 

propagation through the square 

of the gains. 



The dark noise was measured by taking a scan without x-ray flux incident on the detector. The 

same method described in Section 4.2.4 was used to calculate the NPS of the dark noise. The 

result was then passed through the squared inverse of the CCD and output circuit gains in order to 

refer the dark NPS to the CCD input. Figure 4-26 shows the result in the slit and scan direction for 

the dark NPS that was measured and added as the final stage in the Linear Cascaded Linear­

Systems ModeL Some low frequency artefacts are present probably due to structural and spatial 

non-unifonnities (these were not included in the model). Also, there appears to be blue noise 

(noise that increases with}) in the slit direction, the source of which is not yet clear. 

The dark NPS was measured at Ix! binning, but as mentioned in the second paragraph of this sub­

section, the result can be modified for other binnings by simply multiplying by the binning 

number b. The pixel variance at the CCD input is found by nonnalizing the dark NPS by the pixel 

area used in the measurement (0.06 x. 0.06 mm) giving a dark noise pixel variance of 

approximately 11500. This result was confinned by calculating the output variance of a dark 

image and referring it to the CCD input by multiplying by the squared inverse gains in the CCD 

and output circuit. In order to get an overview of the approximate contribution of each noise 

source to the total, values for the individual contributions were calculated or taken from data 

sheets where possible (see Table 4-5). The variance of the remaining dark noise source (external 

circuit noise Ne) was then calculated by the process of elimination. 

100m--'--'---'--'~~==~==~~~ 

I , 
-- Slit direction 
- - Scan Direction I : : 

80 j- -----1--------1.--.. -- ':' 
) ~ I ::: 

I I • I I • t I 

S 60 l __ -- ---:- _ .. ----- ~ _ ........... ~-- ---~ -.. ; .... -- --- .1 ...... -... --.. ~ -----,.- -~---,. - .... : .. 
~ I:::: :\rJv1I V' 
~ I 1 1 \I;;~: \/1\: 1 h ! '- V : I I:' : : :f.\ 

~ 40 --~" ~ -t\ r:\i'~:'-~ t'j\----~\r/- :;--y~·}·~,I/I~-,-~~:f\l\--'t 
: 'if: 'J ~ '-': \ : :J V :\ : 
, , , , , , , . , 

20 .... -.- ---:- ---- _ .. -~ .. _ .... -_ .. -~ -- -- .. ---:- --- .... --~ ...... _ .. -- .. r" --- . --:- -- ........ -i~ 
• 'I f I I I 

1 

I l I I I I 

I. I I I I 
I I I I 

, " , " , " , " 

2 345 
f (cycles/mm) 

6 7 8 

Figure 4-26 Measured Noise Power Spectrum of the dark noise (CCD and external circuit 
additive noise). The dark noise was measured at Ix! binning giving a 60 um pixel size and a 
Nyquist frequency of 833 lp/mm. 
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4.2 Measurement of DQE, MTF, NNPS 

In order to validate the model, several measurements of the detector MTF, NPS and DQE were 

made at various detector configurations, and exposure levels. The measurement method used is 

outlined in the IEC 62220-1 standard [11], is described in detail in the literature [21] and has been 

used in practice by other investigators [23]. A similar method was used to measure the DQE for 

an older version of the Statscan radiography machine [9]. The algorithm for calculating the DQE 

and intermediate results was implemented in C++. Corresponding theoretical values for the MTF, 

NNPS and DQE were calculated and compared to the measured values. 

The method outlined in IEC 62220-1 does not apply directly to linear slit scanning systems, but a 

simple modification to the dose calculation method makes it applicable to this purpose [9]. In 

linear slit scanning, the exposure area increases proportional to the distance from the source rather 

than with the square of the distance as with conventional geometry systems [9]. Therefore, the 

dose correction for ionisation chamber to detector distance follows a llr law rather than a l1r2 law. 

This fact is unique to linear slit scanning systems (the exposure area of radial slit scanning 

systems with a stationary tube increases by the square of the distance from the source). 

Figure 4-27. Acquisition conditions for dose, NNPS and MTF measurement. The IEC 62220-1 
defined patient equivalent thickness of Aluminium was placed behind the main collimator in order 
to minimise detected scatter. 
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Figure 5-1 Detector MTF for detector with Rarex 50 mg/cm2
, DRZ 100 mg/cm2

, Rarex 130 
mg/cm2

, DRZ 145 mg/cm2 and PI 200 mg/cm2 screens. Data is shown for three different 
exposures at RQA 7 and is a comparison of measured data and theoretical prediction. All 
measurements and predictions were made at half scan speed (70 mm/s). For clarity, the MTF is 
shown in the slit direction only. 
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Figure 5-2 NNPS for detector with Rarex 50 mg/cm2
, DRZ 100 mg/cm2

, Rarex 130 mg/cm2
, 

DRZ 145 mg/cm2 and PI 200 mg/cm2 screens. Data is shown for three different exposures at 
RQA 7 and is a comparison of measured data and theoretical prediction. All measurements and 
predictions were made at half scan speed (70 mmls). For clarity, the NNPS is shown in the slit 
direction only. 
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Figure 5-3 Detector DQE for detector with Rarex 50 mglcm2
, DRZ 100 mglcm2

, Rarex 130 
mglcm2

, DRZ 145 mglcm2 and PI 200 mglcm2 screens. Data is shown for three different 
exposures at RQA 7 and is a comparison of measured data and theoretical prediction. All 
measurements and predictions were made at half scan speed (70 mm1s). For clarity, the DQE is 
shown in the slit direction only. 
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(1) Deviation of the screen mass thickness from the quoted value (see Section 4.1.5). 

(2) Errors in estimation of the Swank factor (see Section 4.1.6). 

(3) Differences between the actual and modelled beam spectrum (see Section 4.1.1). 

(4) The dose measurement may introduce an error since the exposure levels measured are low. 

This could perhaps be remedied by using a larger volume ionisation chamber (see Section 4.2.2) 

or by averaging a large number of dose measurements. 

The predicted and measured value comparison of the slit and scan direction DQE for the Rarex 

130mg/cm2 screen in Figure 5-3 shows that, as predicted by theory, the scan direction DQE is 

slightly inferior due to finite phosphor persistence image smear. 

Figure 5-4 Comparison of measured detector 
MTF for detector with Rarex 130 mg/cm2

, Rarex 
50 mg/cm2

, DRZ 100 mg/cm2
, DRZ 145 mg/cm2 

and PI 200 mg/cm2 screens. For clarity, results 
are shown only in the slit direction. There 
appears to be a smooth variation of the curves 
with respect to screen mass thickness - except 
for the DRZ-1 00 screen which appears to have a 
comparatively good MTF given its mass 
thickness. 
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Figure 5-5 Measured and predicted DQE in the 
scan and slit direction for the Rarex Fast Back 
screen. The slightly inferior DQE in the scan 
direction at higher spatial frequencies was seen 
for all the five screens for which measurements 
were taken. The difference between the slit and 
scan direction DQE's can be attributed mainly to 
finite phosphor persistence and possibly also to 
the gap between the plate and screen causing a 
difference in geometry MTF contribution in the 
slit and scan direction. 
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Figure 5-6 Comparison of measured Detector Figure 5-7 Magnified view of the measured 
DQE for each screen type used in the study. Data Detector DQE in the slit direction for each 
is shown in the only slit direction for clarity_ The screen type between 1_5 Ip/mm and the Nyquist 
DQE curves follow the expected tend of thinner frequency. Data clearly shows the rank ordering 
screen having a lower high frequency DQE and of the different screen types at higher spatial 
vice-versa. frequencies with the DRZ-IOO performing the 

best and the thickest screen (PI-200) performing 
the worst at high frequencies_ 

A comparison of the measured slit direction Detector MTF and DQE for all five screens used in 

this study is shown in Figure 5-4, Figure 5-6 and Figure 5-7_ The DQE results follow the expected 

trend of thicker screens having higher low frequency DQE and lower high frequency DQE. The 

DRZ-IOO mg/cm2 screen seems to be an exception with a high frequency DQE higher than that of 

the next thinner screen. This can be explained by examining the MTF curves in Figure 5- I which 

suggest that the DRZ-l 00 mg/cm2 has a comparatively good MTF given its mass thickness. 

5.1.4 Detector DQE and MTF plotted as a function of stage number 

A useful method for visualizing the effect of each stage in the Cascaded Linear-Systems Model on 

the various frequencies of the DQE is to plot the DQE for each frequency at each stage [52] (in 

this case for f= 0, 1,2 lp/mm). Such a plot is shown in Figure 5-8 and can be used for example to 

find the origins of high frequency Quantum Sinks or to analyse the effect of electronic noise at 

given exposures. A major drop equal to the Quantum Absorption Efficiency of the screen occurs 

at the screen absorption stage. A further frequency independent drop occurs at the Conversion 

Gain Stage due to Swank Noise (see Section 4. I .6). The coupling efficiency stage is responsible 

for a significant drop in the higher frequency DQE and a lesser drop occurs at the Additive Noise 

Stage. The Deterministic Blur at the Pixel Aperture Stage has no effect on the Detector DQE. 
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Figure 5-12 System and Detector DQE calculated for RQA7, Rarex 1 mglcm2
, 120um pixel 

detector and two grid scatter combinations. Slit scan geometry performs 
than a conventional geometry with an identical det,ect()f 

Example applications of the model 

5.3.1 Possible detector upgrades - Cd, straight coupling 

The coupling introduces an high frequency (see 5-3, and 

[44]) An Detector by rF'TTl,n", 

coupling and replacing it with a non-demagnifying fibre optic plate that nrr..'Pl"'tc" 

the screen output directly onto a butted linear array of "''',.'''',~,." .. DQE could be further 

improved replacing current unstructured screen with a screen: allowing 

....... ".01-''' .. quantum absorption or resolution [87]. 5-13 shows 

the Detector calculated various combinations screen and coupling 

screen the two possible coupling combinations, the following were 

0.8; 1550; es ; 11 g8 = 0.014 (FOT g8 0.1 (FOP 87] : 

coupling) ; a 0.06 mm; b The results in Figure 3 show that a significant improvement in 

the Detector DQE is possible. Further investigation in form of a prototype detector for 

is recommended In will patient loading 

limitations Improve quality. 

74 



Gd202S:Tb 130 mg/cm2 with 
Gd202S:Tb 130 

0.3 

0.2 

0.1 

2 3 4 5 6 
f (cycleslmm) 

Figure 5-13 Predicted Detector at RQA7 for various configurations. Large In 
(especially at high frequencies) can be by removing coupling 

unstructured screen with a CsI:TI screen. 

Improved heat loading by using asymmetrical focal spot 

the spot size, is a trade between instantaneous power spatial 

have resolution. 

diminished 

focal spots 

resolution. 

improved instantaneous and are expenSIve 

is currently a motivation to use a larger focal spot in 

In to reduce cost Increase cycle. purpose of this "''''",L1V''' the effect 

of focal 

what shape 

resolution. 

focal 

For the current focal 

on spatial and to an <ll'u,r£\'v' ,-,v"-,,,,u"'''',,ALU,",,WoVU for 

can be used to improve heat ,~~~ .. " .... and cost a minimum m 

- collimator width ev 0.4 nun, 

source to collimator SC 400 nun, Object to detector 00 nun, 1300 nun and focal 

spot width Fw 0.6 nun - the component due to geometric blur and effects are 

shown Figure 5-14. shown is detector and System MTF (measured theory 

the system MTF was ralsmg tungsten the detector). It is clear that the 

geometric in the slit is superior to the ge()mern MTF in scan direction. The 

75 



result is that system resolution is inferior in the scan direction. This suggests that an asymmetrical 

focal spot with increased length in the slit direction may be optimal in tenns of the trade off 

between geometric resolution and instantaneous power/ tube heat loading. 

Figure 5-15 shows the component MTF's for a focal spot having dimension 1.2 mm in the slit 

direction and 0.6 mm in the scan direction. Even a doubling of the focal spot dimension in the slit 

direction does not degrade the slit direction geometrical resolution to the level seen in the scan 

direction. 

Although it is difficult to predict the visual effect of a slight reduction of resolution in one 

direction, it can be said that a doubling in focal spot area can be achieved for what appears to be a 

comparatively small loss in resolution. 
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Figure 5-14 Component MTF's, System MTF and Detector MTF measured and predicted for the 
case of a symmetrical focal spot 0.6 x 0.6 mm. Note that the geometrical MTF in the slit direction 
is far superior to the geometrical MTF in the scan direction 
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Figure 5-15 Component, System and Detector MTF's measured and predicted for the case of an 
asyrrunetrical focal spot with dimension 1.2 x 0.6 rrun. This corresponds to a doubling in the focal 
spot length in the slit direction. Note that the geometrical MTF in the slit direction is still superior 
to the geometrical MTF in the scan direction (but to a lesser extent). 
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Figure 1- Image ofOS-30711 Large Focal Spot that \yas analyzed. 
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Figure 2- Contour map of the intensity for the OS-30711 Large Focal Spot. The 
\vidrh is seen along tbe x-axis. The length is seen along the ,v-axis. 
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Large Focal Spot - Normalized Intensity 
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Figure- 3- Plot of the Line Spread FlUlctions for the GS-30711 Large Focal Spot. Both 
the vo"idth and the length are repre'3 ented. 
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Figure 5- Image ofGS-30711 Small Focal Spot that \vas analyzed. 
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Small FocaJ Spot - Normalized Intensity 
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Appendix B - FOT demagnification spatial distribution 
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Figure B-1 Spatial distribution of demagnification in a used in the 
detector - from measurements taken by Incom 
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Appendix C - GEANT4 Monte Carlo simulation 
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Figure B-1 Spatial distribution of primary 
photons incident on detector. Simulation with 
small focal spot (uniform distribution), 0.5 mm 
collimator width and 20 cm deep water phantom. 
Peak voltage ofTASMIP generated spectrum set 
to 140 kY. 
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Figure B-3 Scan direction cross section of 
spatial distribution of primary photons incident 
on detector. Simulation with small focal spot 
(uniform distribution), 0.5 mm collimator width 
and 20 cm deep water phantom. Peak voltage of 
TASMIP generated spectrum set to 140 kY. 

97 

I Scatter beam x scat 
EniliH 1856 

.------- -----------1 Mean x 0.7505 

. '. 

j : 
-. t, 

' .... . 

·60 -60 -40 ·20 0 

Mean y -0.007136 
RMS )( 58.81 
RMS Y 1.149 

, ' . .. " 
. . 

20 40 60 80 100 
x (mm) 

Figure B-2 Spatial distribution of scattered 
photons incident on detector (data only 
displayed for a 8 mm wide strip). Simulation 
with small focal spot (uniform distribution), 0.5 
mm collimator width and 20 cm deep water 
phantom. Peak voltage of T ASMIP generated 
spectrum set to 140 kY. 
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Figure B-4 Cross section of spatial distribution 
of scattered photons incident on detector. 
Simulation with small focal spot (uniform 
distribution), 0.5 mm collimator width and 20 
cm deep water phantom. Peak voltage of 
TASMIP generated spectrum set to 140 kY. 
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Figure B-5 Energy distribution of primary 
photons incident on detector. Simulation with 
small focal spot, 0.5 nun collimator width and 
20 cm deep water phantom. Peak voltage of 
TASMIP generated spectrum set to 140 kV. 
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Figure B-7 Energy distribution of primary 
photons incident on detector. Simulation with 
small focal spot, 0.5 nun collimator width and 
40 cm deep water phantom. Peak voltage of 
TASMIP generated spectrum set to 140 kV. 

98 

I Scattered energy spectrum I 
.. 
c: 

~250 
.c 
c. 
'E 
~200 .., 
E 
" z 

150 

100 

50 

Figure B-6 Energy distribution of scattered 
photons incident on detector. Simulation with 
small focal spot, 0.5 nun collimator width and 
20 cm deep water phantom. Peak voltage of 
TASMIP generated spectrum set to 140 kV. 
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Figure B-8 Energy distribution of scattered 
photons incident on detector. Simulation with 
small focal spot, 0.5 nun collimator width and 
40 cm deep water phantom. Peak voltage of 
TASMIP generated spectrum set to 140 kV. 
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Figure B-9 Energy distribution of scattered photons incident 
on detector for a monoergetic 140 kV generated beam. Peak 
at 140 keY is as a result of singly Rayleigh (Coherent) 
scattered photons. 
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cba 
radiograpby macbine: 

1. 

x-ray machine is a available digital system that has recently been 
<lI'",,.,,,,,p,, by the Food and Administration and CE marked. The system utilizes a grid less linear slit scanning 
op,"Tnph,,; in which a narrow fan beam is scanned over the object in synchronism with a linear detector array. 

is a well known 2.3 to reduce the scatter to primary ratio (SPR) without 
to noise ratio (SNR) for a given dose. Entrance doses measured during 

Full Body) for the ST ATSCAN system are approximately 10 
entrance doses for a conventional geometry (wide system4

, 5 for equivalent 
uU"'5'IU5 the slit dose reduction is less marked (at 70 percent) since the low 

a proportionally lower SPR. A fhrther advantage of the linear 
up to 1.8 m x 0.68 m in the case of STATSCAN) f()r a given 

vn''''',H'' of a full image of an obese poly-trauma patient taken with the 

is that the low tlux usage efficiency results in tube heat load Lng 
and cycle. This problem has been overcome due to the 

increases in detector sensitivity and optimization of the slit 

has been measured for an earlier version of the ST A TSCAN systemO, Since that study, detector noise 
have been and this presents new NNPS, MTF and DQE measurements for 

an expression was developed for these quaiity metrics 
purpose of this study is to a comparison and analysis of the 

+2772081 i 179; fax +27 11 2620085. 
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Figure 1. STATSCAN image of obese poly­
trauma patient with tension pneumothorax and 
fracture of the ribs and pelvis. Vertical stripes 
due to stretcher. 

predicted and measured detector MTF and OQE. 
Although the detector OQE is a commonly used metric8 for the rating 
of x-ray detectors, it does not include system level effects such as 
scatter, grid attenuation and focal spot geometric blurring. At the 
present time no standard method is available for comparing the imaging 
efficiency of entire x-ray systems. A metric for imaging system 
evaluation that includes system level effects has been suggested and 
variably named the "System OQE,,9, "Generalized OQE"IO or 
"Effective OQE,,3 - in this study the metric is referred to as "System 
OQE" or SOQE. The second purpose of this study is to present an 
extended cascaded linear systems model that includes system level 
effects and to analyze the effect of various system parameter values on 
the SOQE. Of specific interest is to use the SOQE concept to compare 
two systems with identical detectors but different geometries: slit 
scanning geometry or conventional geometry. 

1.1. Principle of operation 

A narrow and vertical fan beam 3-6 nun in width and 700 mm long (at 
detector) is scanned linearly over the patient and detected by a 
radiographic screen of similar shape as the fan beam. The beam shape is 
set by two slits or "collimators" as shown in Figure 2. A post-collimator 
at the detector removes any scattered radiation outside of the primary 
main beam area. The entire primary beam is detected - no radiation is 
"lost" outside the sensitive area of the detector. The source and detector 
are mounted on a C-arm (see Figure 3) that can rotate up to 90 degrees­
allowing lateral scans to be taken without repositioning of the patient. 
Three scans speeds can be selected: 35, 70 and 140 mrnIs. 
The detector consists of a screen (Gd20 2S:Tb, 130 mg/cm2

) optically 
coupled by fiber optic taper (FOT) to twelve scientific grade CCO's 
operated in Tor mode. The CCO pixel pitch is 27 ~m and the basic 
image pixel pitch is 60 11m due to the FOT demagnification of 2.3. For 
each image acquisition, pixels can be binned at the CCO line register 
level to allow selection of an image pixel pitch of for example 60, 120 
,240, 360 or 480 ~m. The FOT butts are arranged diagonally so that 
neighbouring CCO's receive overlapping data. This allows an 
"unbutting" software algorithm to completely remove butting artifacts. 
Multiplicative structured noise due to spatial variation of sensitivity in 
the screen, FOT and CCO are compensated for by a gain and offset 
correction algorithm similar to that described by Samei". The 
structured noise is less pronounced in the scan direction due to the TDI 
integration. In slit scanning systems, tube output fluctuations and scan 
speed variations introduce banding in the scan direction. These effects 
are lessened by designing the C-arm to dampen anode vibration and the 
linear drive induction motor was chosen to allow a high degree of scan 
speed accuracy. The TO! integration effect serves to further lessen 
image banding in the scan direction. 
The x-ray tube is mounted with the plane of the rotating anode in the 
slit direction. As a result, the Heel effect occurs in the scan direction 
and is of no consequence as the slit is open only to a very narrow 
portion of the beam. 
Image post-processing includes log compensation, dynamic range 
compression, geometric distortion correction, camera overlap unbutting 
and various noise reduction and filtering algorithms. 
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Figure 2. Illustration of linear slit scanning principle. The source, 
detector and collimator seen from the side here are scanned across 
the object. The narrow fan beam is detected by a screen and 
projected by fiber optic taper onto a linear array of CCD sensors 
operating in TDI mode. 

Figure 3. Experimental version of the ST ATSCAN full body 
x-ray machine showing the reference axes used in this study. 

2. THEORY 

2.1. Theoretical DQE, NNPS, MTF and "System DQE" 

Cascaded linear systems modeling? of detectors in radiography 
is a well established method for analyzing detector performance 
in terms of physical parameters. Investigators J2

• 13 have used the 
method to predict detector DQE, and MTF to a high degree of 
accuracy. Cascaded linear systems analysis relies heavily on 
frequency domain analysis and requires that the system be 
linear, shift invariant, ergodic, and should have wide sense 
cyclo- stationary noise properties. The system is assumed to 
approximately meet the last two requirements and has been 
shown to be approximately linear and shift invariant6

. 

A cascaded model of the system was developed that includes 
stages identified in the detector as well as system level effects 10. 

\3 such as focal spot blurring, grid attenuation and scattered 
radiation incident. Table 1. shows the stages and parameters 
used in the cascaded linear model. The inclusion of stages before 
absorption in the screen is something of a departure from 
traditional cascaded linear models. An attempt was made to 
select stages that have the largest effect on system image quality 
metrics. Error introduced due to omission of certain minor stages 
is discussed in section 4. 
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Table 1. System atages of the linear cascaded 
model. System level effects are included. 

Parameter Description 

T. Geometric blurring 
I 

Grid Attenuation 

Scattered fluence 

Screen absorption 
efficiency 
Screen conversion 
gain 
Screen MTF 

Scan direction 
smear due to 
phosphor 
persistence 
Coupling 
efficiency 
Pixel aperture blur 

CCD and electronic 

Stage type 
Quantum scatter 

Binary selection 

Additive noise 

Binary selection 

Quantum gain 

Quantum scatter 

Quantum scatter 

Binary selection 

Deterministic blur 

Additive noise 



The component MTF's can be combined multiplicatively so the System MTF (SMTF) in the slit direction can be written 
as 

(I) 

and as 

(2) 

in the scan direction. 
/y andfx are the one dimensional spatial frequency variables in the scan and slit direction respectively. The detector MTF 
is fOlllld by setting the geometric blur term T, to Wlity in equations I. and 2. 

In a similar fashion to the analysis of Siewerdsen et al. l3
, it is assumed that the difference in spectral distribution 

between the primary and scattered radiation fields is small. As a consequence both the scatter and primary fluence 
distributions are transferred identically through the system from absorption in the screen onwards. Based on that and on 
cascaded systems transfer theory, an expression for System DQE in the scan direction was derived as 

(3) 

where a is the binned pixel aperture width. 

The System DQE in the slit direction SDQE(fJ has the same form as SDQE(fy) except that the image smear term T7(fy) 
is omitted. 
The geometric blur term T, is radialy asymmetric and is a second cause of differences between the scan and slit 
direction SDQE. In the slit direction T,(fJ is similar to focal spot blur and in the scan direction T,(fy) is related to beam 
divergence. A detailed geometry dependent expression for T, in the scan and slit direction has been developed, but is 
beyond the scope of this study. 
The detector DQE is found by setting TJ and g2 to Wlity and S3 to zero in equation 3. This is equivalent to the case with 
ideal scatter suppression, no grid and no focal spot blurring effects. Hence, one can by inspection of equation 3. see that 
for the quantum limited case (S/O = 0), the following relationship between the system DQE and detector DQE holds: 

SDQE(f) = g2~ (f)2 DQE(f) 
(1+SPR) 

(4) 

where SP R = S3 / q og 2 is the scatter to primary ratio of the radiation incident on the detector. This result is consistent 

with the fmdings of other investigators3
• 10. l3. 

Magnification effects were ignored (the SDQE is referred to the detector plane) in this study since the magnification in 
the scan direction is Wlity for linear slit scannin~ and the magnification in the slot direction is small in this case. Also, 
effects of signal and noise aliasing were ignored 1 • 
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3. METHOD 

The detector MTF, NPS and OQE were measured for five different screen types (Rarex Fast Back 130 mg/cm2 and 
Medium 50 mg/cm 2 from MCIO; ORZ-Plus 100 mg/cm2

, DRZ-High 145 mg/cm2 and Pl-200 mg/cm2 from Kasei­
Optonix) at RQA9 with various detector configurations, and exposure levels . Corresponding theoretical values were 
calculated. The measurement method used is outlined in the lEC 62220-1 standard8

, is described in detail in the 
literature l4

, IS, 16 and has been used in practice by other investigators I I, 14. 

The method outlined in lEC 62220-1 does not apply directly to linear slit scanning systems, but a simple modification to 
the dose calculation method makes it applicable to this purpose6

. In linear slit scanning, the exposure area increases 
proportional to the distance from the source rather than with the square of the distance as with conventional geometry 
systems5

. Therefore, the dose correction for ionization chamber to detector distance follows a IIr law rather than a IIr 
law. This fact is unique to linear slit scanning systems (the exposure area of radial slit scanning systems with a 
stationary tube increases by the square of the distance from the source). 

3.1. Acq uisition conditions 

Flat field images for the analysis of NPS and MTF were acquired at four exposure levels for screen type and detector 
configuration. The additional thickness of aluminium required for each beam quality defmed in lEC 62220-1 was placed 
behind the collimator to minimize scatter. For the MTF measurement, a tungsten plate was placed in the beam. Log 
compensation was turned off so that pixel values were proportional to the charge accumulated in the CCO line register 
during scans. Camera unbutting, flat-field gain correction and offset correction were turned on. The beam was 
collimated to expose only the four central cameras of the detector and the resulting images were about 2000 x 2000 
pixels in size (for 2x2 birming). Figure 4 illustrates the setup. 

Figure 4. Acquisition conditions for dose, NNPS and MTF measurement. The IEC 62220-1 defined patient equivalent thickness of 
Aluminium was placed behind the main collimator in order to minimize detected scatter. 

3.2. Dose measurement 

A relatively large (60 cm3
) dosimeter chamber (Radcal 10X5-60E with Radcal 9010 dosimeter) was used to retain 

sensitivity at the low dose levels typical of the machine under study. The ionization chamber was placed about 300 mm 
from the detector to minimize backscatter effects. For each scan, the flux density qo was calculated at the detector plane 
using the method described in lEC 62220-0 I and at the begirming of Section 3. 

3.3. Detector MTF 
The MTF was measured using the angled edge method as described in Samei et al. 16 and de Yilliers et a1. 6

. {mages ofa 
milled rectangular tungsten plate which had edges angled at approximately 2 degrees from the scan and slit direction 
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were obtained, 'The 

to the onlo an 
was t~Hmd a numerical difference rnethod and the nl""_"'''l''nn 

was obtaiJ'led as the Fourier transform of the LSF, 
'fhe was as close as to the detector about 7 mm from the screen due to limitations 

and scn~en on the measured MTF is discussed 'fhe eOcct of the distance between 
in the results and discussions section, Care was taken to make sure the was as level as 

3.4. NNPS 

Sevel'111 128xl28 from the central I OOOx 1 000 area of each flat 
w(:n:: used filr the calculation ofthe Noise Power 'fhe two dimensional NPS was calculated as the mean of the 

Fast Fourier "I"ransfimn of each ROJ's, The result was then normalized the overall mean value of the ROt's 
the two d.imensional Norrnalised Noise Power -':"""'l·1I",.,,,, One dimensional cuts in each axis 

direction were obtained the central 7 lines T'he values were transfi;)rmed to 

the central axis scale in the scan direction and in the slit direction, 

No Hat field or offset correction was as these corrections are built into the software and were not turned 
off under 
A of interest is that in initial an offset added in software went unnoticed and had the eflect of 
,'""",,,,'''''' the NNPS, This in turn caused overestimation of the at low exposures, This otl'set error was 

corrected, 

~l5. Detector 

The detector Detective was calculated from the above results as 

_ ..................... , .................................. .. 

3.6. Calculation of 
The SPR for the ST ATSCAN at the detector and hence S3 was calculated 19 Monte Carlo 
simulation for various slit widths and water of two different thickness 
gelomletty and source energy was used in the simulation with the 
400 mm, focal width = 0.6 mm, 90 kV and air gap 130 mm, Screen "'lr'''TrI",t",rc 

The ~ was calculated as the incident energy over the 
"n,,",rr."">nY"" for and CSI:TI. The conversion and noise g5 and ej were calculated from 

. The screen MTF T6 was modeled to manufacturer 
and data and data in the smear in the scan direction was modeled 

time constant 1: = 850 g8 was calculated from the 
of the FOP and FOT and the to the CCO 

MTF T9 was modeled as 
The additive noise was calculated from the measured noise power <O""('h'1ln1 

was referred to units of electrons at the CCO the square of the AiD converter 
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4. RESULTS AND DISCUSSION 

4.1. Detector resu Its 

Figure 5, 6 and 7 show the measured and predicted MTF, DQE and NNPS for Rarex 130 mglcm2 and 50 mglcm2
. 

Detector parameter values for the two screens were calculated as g4 = 0.6; g5 = 1390; e5 = 510; H = 1.25; L = 850 ms; g8 
= 0.015 ; a = 0.06 nun; b = 2 for the former and g4 = 0.31; g5 = 1200; e5 = 420; H= 0.5; L = 850 ms; gs = 0.015; a = 0.06 
mm; b = 2 for the Iatter. 

4.1.1. MTF discussion 

Figure 5 shows that there is good agreement at lower spatial frequencies between theory and experiment, however the 
agreement is not as good at higher spatial frequencies. The predicted MTF is consistently higher than the measured 
quantity. The measured and predicted MTF in the scan direction is slightly inferior to the slit direction MTF - an 
expected effect of image smear. Image smear has a more pronounced effect in the case of the Rarex 50 mglnun2 screen 
since L remains constant but the remaining MTF components are better. Reasons for the differences between measured 
and predicted MTF values could be (I) The gap between the tungsten plate and detector (7 nun) introduces an error 
which reduces the measured MTF. (2) A possible misalignment between scan direction and TOr columns would reduce 
the measured MTF.26 (3). The effect of charge transfer inefficiency reduces the measured MTF? 8 (4) A possible scan 
speed-charge transfer mismatch would also reduce the measured MTF.27 (5) Backscatter from the tapers may cause a 
small degradation of the measured MTF. 

4.1.2. NNPS discussion 

Figure 6 shows good agreement at low spatial frequencies but less agreement is shown at higher spatial frequencies. This 
can be explained by the squared dependence of the predicted NNPS on the predicted MTF which is overestimated (see 
Section 4.1.1). 

4.1.3. DQE discussion 

In Figure 7 reasonable agreement is shown between the predicted and measured results, particularly in the case of the 
Rarex 50 mglcm2 screen. For both screens, greater exposure dependence is seen in the predicted results than in the 
measured results. This could be due to two possibilities (1) The gain correction algorithm does not completely remove 
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Figure 5. MTF for Rarex 130 mglcm2 and Rarex 50 mglcm2 at RQA9 - comparison of measured data and theoretical prediction. All 
measurements taken at half scan speed (70 mmls). For clarity, the MTF is shown in the slit direction only. 
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Figure 6. NNPS for Rarex 130 mglcm2 and Rarex 50 mglcm2 at RQA9 - comparison of measured data and theoretical prediction. 
All measurements taken at half scan speed (70 mmJs). For clarity, the NNPS is shown in the slit direction only. 

multiplicative noise causing increased structured noise at higher exposures and hence a decrease in measured exposure 
dependence of the OQE. (2) The CCO and AID converter gains were underestimated causing an overestimation of the 
additive noise S/O. Systemic differences between predicted and measured values at low frequency could be due to 
deviation of the screen mass thickness from the quoted value. Figure 8 shows a predicted and measured value 
comparison of the slit and scan direction OQE for the Rarex 130 mglcm 2 screen. As predicted by theory the scan 
direction OQE is slightly inferior due to fmite phosphor persistence image smear. 
For the three remaining screens (PI-200, ORZ-High, ORZ-Plus), results showed similar exposure dependence and 
agreement between experiment and theory (results omitted for brevity). Similar differences in the slit and scan direction 
quantities were also found . A comparison of the slit direction MTF and OQE for the five screens used in this study is 
shown in Figure 9. The OQE results follow the expected trend of thicker screens having higher low frequecy OQE and 
lower high frequency OQE. The ORZ-I 00 mglcm2 screen seems to be an exception with a high frequency OQE higher 
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Figure 7. DQE for Rarex 130 mglcm2 and Rarex 50 mglcm2 at RQA9 - comparison of measured data and theoretical prediction. All 
measurements taken at half scan speed (70 mmJs). For clarity, the DQE is shown in the slit direction only. 
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Figure 8. Measured and predicted DQE in the scan and slit 
direction for the Rarex Fast Back screen. The slightly inferior 
DQE in the scan direction at higher spatial frequencies was seen 
for all the five screens for which measurements were taken. 
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Figure 9. Predicted detector DQE at RQA9 for various detector 
configurations. Large gains in the detector DQE can be made by 
removing the coupling tapers and by replacing the unstructured 
screen with a structured CSI:TI scintillator. 

than that of the next thinner screen. This can be explained by examining the MTF curves in Figure 10 which suggest that 
the DRZ-l 00 mglcm2 has a particularly good MTF for its mass thickness . 

4.2. Possible detector upgrades: Predicted DQE 

The FOT coupling introduces an undesirable high frequency drop? in the detector DQE (see Figure 7). An improvement 
in the detector DQE could be made by removing the FOT coupling and replacing it with a non-demagnifying fiber optic 
plate (FOP) that projects the screen output onto a butted linear array of CCD's. The DQE could be further improved by 
replacing the screen with a structured CSI:Tl scintillator: allowing greater quantum absorption efficiency for similar or 
superior resolution23

. Figure 9 shows the detector DQE calculated for various combinations of screen and coupling type. 
For the CSI:TI scintillator, the following parameters values were calculated 13. 23 : g4 = 0.8; g5 = 1550; es = 273 ; H = 0.49; 
ga = 0.014 (FOT coupling), g8 = 0.1 (FOP coupling) ; a = 0.06 mm; b = 2. These results suggest that a significant 
increase in the detector DQE is possible, but this matter should be investigated further. 
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Figure 12. System and detector DQE calculated for RQA9, 
Rarex 130 mg/cm2

, 120um pixel detector and two different grid 
and scatter combinations. The Slit scan geometry perfonns 
significantly better than a conventional geometry system with an 
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Figure 13. Stage dependent SDQE 
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detectors (RQA9, Rarex 130 
mg/cm2
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scanning geometry has no grid and 
a scatter to primary ratio (SPR) of 
0.08 whereas the conventional 
geometry system has a grid with a 
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4.3. wilh conventional 

Calculation of the of the SPR and attenuation for the under 
II shows SPR results for STA TSCAN as calculated Monte Carlo simulation. For the air gap 

and beam widths used in this to beam width. The values are in 
orppm"nl with the results of l·"'nnn"r~,.., simulations in the 1",29. A value for the SPR was taken as 

0.08 fIx the slit and was taken as 0.7 for a conventional geometry with a this 
on the A beam attenuation value fix a iu a 

0.5. 

is shown on the same 
'I'he results show that the 

attenuation. 

5. 

of the conventi.onal UPI',rr>P'n"l 
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is 

'rhls is 
can be 

sometimes seen as an "intuitive system ",n'"",e'i 

13. 'T'his that x-my 
an evaluation of their attenuation as well 
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