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Conformal radiation therapy is being developed to increase cancer patient survivai by closely tailoring the 

radiation dose distribution to match the shape of the turnour. For conformal therapy to be effective, 

improved patient position verification through portal imaging is required. Existing portal imaging systems 

produce poor images. %y increasing the optical coupling, the x-ray quantum noise in a fluoroscopic portal 

imaging system was measured for the first time and compared to other sources of noise. It is shown that 

fluoroscopic systems are dorninated by noise in the vacuum tube camera and although significant 

improvements in the SNR cm be made by reducing this source of noise. practical clinical systems can 

only be made quantum noise Iirnited up to a spatial frequency which is too low to optimize the dose 

distribution. Hat panel imaging systems currently show promise for irnproving image quality beyond that 

possible for fluoroscopic systems. Some of these systems use a photoconductor known as amorphous 

selenium (a-Se) as the sensor. Thus the signal and noise propenies of a-Se for portal imaging are explored. 

Measurements of the charge signal produced by a-Se irradiated by x-rays showed that the x-ray sensitivity 

(charge produced per energy absorbed) increased somewhat with energy. This was interpreted as a linear 

energy transfer (LET) dependence. Two recombination models (geminate and columnar) were compared 

with the data but neither mechanism alone could explain the resuIts. It was concluded that both 

mechanisrns were occumng at high LET but only geminate was present at low LET. This was shown to 

be consistent with an existing microdosimetric model. Next. a Monte Car10 code that simulates photon- 

electron transport was used to model the signal-to-noise ratio (SNR) of a metal plate + a-Se layer. The 

model was verified by measunng the SNR of the a-Se target of a vidicon directly irradiated by MCo y- 

rays. The model a-Se detector was found to be capable of produciry images with better SNR than a 

fluoroscopic sj-stem or a metal plate t phosphor primary detector. Finally. the image quality of the latent 

image on a-Se is demonstrated by using a photoinduced discharge readout of an a-Se layer. 
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Chapter 1 

Introduction 

"X-rays. Their nioral is ihus - rliat a right way of looking ut things \vil1 see through almosr anything." 
- Samuel Butler 1835- 1902 
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Cancer is the second leading killer of Canadians' accounting for 55 000 deadis annually, a number 

which is expected to increase as the population ages over the next few decades. Although a variety 

of alternative therapies are actively being exp1ored."-" most cancers today are treated with some 

combination of surgery. chemotherapy and radiation. Approximately half of al1 cancer patients are 

treated with radiation at some point in the course of their overall carem6 The radiation may be 

administered using sealed sources in a catheter which is surgically inserted into the patient's body 

(brachytherapy), or rnost cornmonly using directed extemal bearns of x-rays or electrons. As shown 

in Fis. 1, radiation ueatment units for extemal bearn therapy typically consist of a radiation source 

which is mounted on a _oantry capable of rnoving in a 360" arc around the patient who lies on a 

treatment couch, The treatment volume is placed at the centre of rotation (called the isocentre) so that 

multiple beams from different directions will intersect at that point, maximiring the dose delivered to 

the tumour while minimizing the dose to healthy tissue surrounding it. As more radiation is delivered, 

the turnoiir conuol probability (TCP) increases. but because the radiation must usually pass through 

healthy tissue to reach the turnour. the normal tissue complication probability (NTCP) increases as 

well; thus, in most cases. the amount of radiation delivered. and hence the TCP is hmited by an 

acceptable NTCP. 

The process of radiation therapy consists of diagnosis. treatment planning and treatment delivery. 

Patients diagnosed with cancer may be referred to a radiation oncologist. who. through palpation. 

biopsies, and irnaging procedures (e.g. magnetic resonance imaging. MRI), determines the nature. 

location. and extent of the gross turnour volume (GTv).' The radiation oncologist adds two margins 
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Fïg. LPbotograph of an isocenûically mounted linear acctlcmtor. The acceleraîor and 
couch are capable of moving independentiy mmd the sanie point in space. 
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to the GTV. The GTV plus the margin added for microscopie disease forms the clinical treatment 

volume (CTV).' In addition. a margin is added for field placement errors (FPEs; see section 1II.A) of 

the daily treatments. The combination of the margin for FPEs and CTV fonn a fixed seomeuic 

volume in which the CTV is constrained to remain throughout the treatment. This volume is known 

as the planned treatment volume (PTV).' 

To  aid in treatment planning, the patient is then imaged on either a simulator, a computed tomography 

(CT) scanner, or both. A simulator is a diagnostic x-ray unit designed to mimic the movements. 

alignment properties and _eeomeuy of an isocenuic treatment unit. It is used to take radiographs under 

the geomeuy in which the treatment is to occur. The CT scanner is a device capable of producing x- 

ray images of slices of the patient. In either case. the images are used by the radiation oncologist to 

outline and prescribe the radiation dose to the PTV. The physician also indicates the location of 

particularly radiosensitive structures (e.g. spinal cord) and the maximum dose permitted to them. The 

radiation prescription includes the size of the daily treatment dose or fraction (e-g. 200 cGy/day over 

6 weeks). 

At the simulator, measurements of the patient contour are also made to aid in the design of beam 

shaping devices (cg. attenuators. missing tissue compensators). Marks are made on the patient's skin 

which will be used to realign the patient on the treatment unit using the identically positioned field 

light and orthogonal waII lasers at the treatment unit. Other methods to help ensure proper patient 

positioning include casts moulded to the shape of the patient. pillows, bite blocks. nose bridges. and 

head rests.' The treatment is then planned by a dosimetrist or a physicist who calculates the radiation 

dose distribution within the patient. The number, energy and orientation of the beams is selected to 
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obtain a dose disuibution that meets the prescription. Finally. the patient is set up on the treatment 

unit and irradiated. 

One limit of curative' radiation therapy is that the tumour must be Iocalized to a region. i.e. radiation 

therapy cannot cure where there is large spread of the cancer (metastasis). It has been estimatedg that 

72% of cancer patients. when diagnosed. have localized disease. and thus are potential candidates for 

curative radiation therapy. However. the overall three year survival rate of cancer patients is only 

-5O%.' irnplying that current treatments including radiation therapy do not cure al1 localized tumours. 

Failure of radiation therapy to cure may resuit from either (i)  metastatic cancer which was undetected 

and therefore untreated. or ( i i )  the inability of radiation to cure the original tumour (Le. produce local 

control) due to either improper (e-g. geomevic misses) or inadequate delivery of radiation, which may 

lead to recurrence at the original site or metastatic disease from the original site. If the former is the 

case, then increasing the amount of radiation delivered to the target volume (dose escalation) will not 

improve local control and increase sumival. However. there is compelling evidence to indicate that 

the latter situation may be relevant hence, dose escalation could improve survival. In fact. metastatic 

disease appears to occur as a result of failure to locally control the turnour. For instance, Liebel er al.'' 

found that for head and neck turnours. local failure correlated with a 4-15 fold increase in likeiihood 

of metastatic disease. Studies of other sites inciuding breast." lung." rectum." prostate." soft tissue 

carcinomas." head and neck tumours.16 and utenne cancer" also suggest that the incidence of 

metastasis correlated with local failure. Since this can often lead to death. these studies suggest that 

increasing local control could potentiaily increase patient survival. One approach to delivering a hipher 

curative dose while retaining protection of surrounding normal tissues is known as conformal therapy : Y  

and is described in  the next section. 

'' Radiation therapy is often used for palliation as well. 
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A. Description 

Williams et 01.'' found by studyinp a variety of clinical sites. that the amount of additional radiation 

required for an increase in the tumour conuol probability (TCP) from 40% to 60% may be Iittle as 

3% (and as much as 35%). Thus. the success rate of curative radiation therapy can be increased if 

more radiation could be delivered to the tumour whiie sparing heaithy tissue. One approach is to 

reduce the amount of healthy tissue irradiated by reducing the rnargin. In particular. if the planned 

target volume could approach or equal the clinical target volume by reducing the field placement 

errors (FPE; see section fII.X), the tumour control probability could be increased without increasing 

the normal tissue complication probability." 

To exploit this possibility. conformal therapy,""" is being developed. Conformal therapy was first 

introduced by T&ahashi2' in 1965. Fig. 2 illusuates the general concept behind conformal therapy 

as it  first appeared. Imagine an arbiuariIy shaped turnour in the patient. surrounded by healthy tissue. 

Using conventional therapy. the tumour is irradiated by two rectangularly shaped fields. Because the 

shape of the turnour does not match that of the treatment volume, the healthy tissue in the box shaped 

treatment volume is irradiated to the same ueatment dose as the tumour volume. Conversely, in 

conformal therapy, the dose distribution formed by many more shaped bearns rotating in an arc about 

the tumour match its shape. thus minimizing the dose to healthy tissue. The evolution of conformal 

therapy from conventional radiation therapy requires improved immobilization, understanding of and 

ability to monitor and account for organ rn~t ion~"~."  (both inter- and intra-fractional), better 
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Fig. 2 Illustration of conformal therapy. This figure was taken from the early work of ~akahashi" 
who was among the fist to suggest the concept. (a) Conventional radiotherapy. in which a 
tumour and surrounding healthy tissue is irradiated to the prescribed (high) dose. (b) By 
introducing a multiieaf coilimator to shape the treatment field and rotating the beam about the 
patient (or by rotating the patient with respect to a stationary beam). the high dose region c m  
be shaped to more closely match that of the m o u r  as shown in (c). 
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knowledge about radiobiological effects3 (e.g. partial volume. fractionation), and improvements in the 

technology used to deliver the radiation. Clinical trials on conformal therapy are just beginnin$Q'03'-'t z 

and have in part resulted from the introduction of a variety of new technologies. Irnprovements in 

medical imaging" have led to better knowledge about the location and extent of the tumour. In 

addition. these  technologie^^^ (e.g. x-ray computerized tomography). give digital volurneuic 

information which may be used by three dimensional treatment planning systems3' that are also being 

developed. The growth of computer controlled accelerators with multileaf collirnator~"~' have made 

it practical to routinely shape multiple treatment fields to match that of the rnalipant tissue. Together, 

thess technologies should permit margins to be reduced as treatment plans become more sophisticated 

and aggressive to increase the tumour control probability. 

B. Potential Impact 

What sites would benefit from conformal therapy and how will this affect long term survivai ? There 

is insufficient data to cornpletely answer this question. However. several sites have been suggested 

for clinical research in conformal therapy based upon two critena: ( i )  hieh local failure with current 

radiotherapy doses and (ii) significant incidence of complications at current dose Ievels. These are 

summarized in Table 1. Ling et dJ8 calculated. using a mathematical mode1 of metastatic spread. the 

potential impact of conformal therapy on prostatic cancer survival. Their results. shown in Fig. 3, 

indicate that conforma1 therapy could enhance cure in prostatic cancer and is likely applicable to other 

sites in which metastases occur as a refatively late event. Early resdts from clinical trials using 

conformal therapy for prostate cancer have shown promise.2g30 
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Sire 

Brain 
Head and Neck 
Lung-NSCLC 
Esophagus 
Pmcnas 
Rectum 
Prosrruc 
Skull Basc 
Sarcornas 

High Local Failuric 

Glioblastoma Multifonnc 
T ,. T,. N, 
Ta. Ta. N+ 
Yes 
Yes 
B,, C 
Ta. T, 
D i f f e ~ n t  histopalhologics 

Complication 

Xcrostornia 
Lung. h e m  
Lung. h e m  
Small BoweI 
Small Bowei 
Rectum 
Brainstem. spinal cord 
Yes. in mmc. c.g. lyrnphedcma 

Ciinicai 
Triais 

Table 1 List of possible sites for clinical trials in conformal therapy. The table was taken from 

reference 32. In the column for clinical trials. a "yes" indicates feasibility and/or an ongoing clinical 

study while a "?" indicates doubt of whether a sufficient nurnber of patients can be recruited in any 

single institution for such studies. 
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Fig. 3Calculation of potcntial kncfit of conformal therapy on prostatic cancer using a 
biornathcmaticai modcl adaptai h m  rcfcrenct 38. Ibt circlcs and squarcs arc clinical 
distant metastases free survivd (DMFS) for paitients with local control (LC) and local 
relapse (LR) nspcctively. The solid cuve rqresents the calcuiaîed DMFS if ail LR were 
converteci to LC, 
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Xttempts have been made to estimate the impact of 100% local conuol. A review of some of these 

data for three pelvic sites are provided by suit." Data collected from several large institutions 

indicated that salvage surgery" for radiotherapy faiIures results in L5-40% additional long term (5  

year) survival rates. Considering the incidence of cervical, colorectal. and ovarian cancers, Suit 

calculated that if there were complete (100%) local control, there would be an additional 21 000 

survivors/ year in the United States. For oral cavity and oropharynx cancers. there could be an 

additional 2000 survivors/year. Overall. for cancer of the head and neck region. - 1/3 of patients fail 

IocalIy impIying that there could be potentially an increase of up to 10 000 survivors/year of such 

patients. The values are by no means comprehensive since they only consider four types of cancer. 

DeVitau> estimated that 380 000 patients annually were treated with radiation therapy in the U.S.A. 

Of these, 180 000 were treated with intent to cure. however, he estimated that only 90 000 of these 

were in fact curable. However. of the other 90 000 who were not curable. 60 000 were expected to 

reIapse at the original site. If Iocal control could be improved, some fraction of chese 60 000 patients 

may survive. if one were to divide these numbers by a factor of 10, this should be approximately the 

number of curable patients in Canada if 100% local control were achieved through techniques such 

as conformal therapy. 

. - 
Salvage treatments result in proionged disease free survival and are considered proof that 

treatment of a tumour locally couId have resuited in cure. If the original treatment had been successful, 
secondary (salvage) treatments would not be necessary. 



Inbvducàon 

IIL PORTAL IMAGING 

Page 12 

A. field Placement Emrs  

For conforma1 therapy to be successful. with its tighter margins, it is important that the patient be 

positioned (set up) very accurately relative to the beam. This implies that field placement errors (FPE) 

must be detected, monitored, and minimized. FPEs rnay occur as a result of intemal and extemal 

changes in the patient due to weight loss and movement of intemal organs relative to the skin 

markings used to atign the patient. They may also be caused by set up errors such as the improper use 

of beam modifying devices ( e g  wedges. compensators) or errors in patient positioning. FPEs are of 

particular concern since they are the largest source of uncertainty in dose belivery" cornpared to other 

uncenainties such as variations in treatment unit output. gantry and couch stability and dosimetry. 

Both clinical and theoreticai studies indicate that the consequences of FPEs can be serious. Kinzie 

et ai." found that inadequate patient positioning (e-g. if a prescribed node were not included in the 

field or if tumour is partially shielded) resulted in an increase in relapse rate of Hodgkin's disease from 

149  to 54% and an increase in the infield or marginal recurrence rate from 7 8  to 33%. White et d." 

found that for oat celi carcinoma of the h g ,  those with major protocol violations, 80% of which were 

due to in part or completely to shielding errors. had statistically worse survival. Boyer and 

Sch~l the i ss .~  employing a radiobiolo,gicaI rnodel. found that increasing the precision of dose delivery 

by 1% would increase the cure rate by 2%. Daftari et aL4' found using dose volume histograms and 

a radiobiolo_oical model that patient positioning must be kept to within 2 mm to ensure a normal tissue 

complication probability (NTCP) of 1 %. McParlanda calculated the tumour control probability (TCP) 
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as a function of field placement error. the size of the penumbra. and the margin used for a fixed 

NTCP. For smailer penumbra (-3 mm) and margins of 0.5-1 cm. field placement errors greater than 

2 mm resulted in a significant loss of tumour control probability for a given normal tissue 

complication probability (e.g. increasing the FPE to 5 mm resulted in a TCP of 0.6 compared to 0.75 

for an FPE 2 mm). Similarly, Brahme et a[." found using a radiobiological mode1 that the tumour 

control piobabiii~ would decrease by between 3-7% (depending upon the slope of the dose response 

curve) for a 2 mm shift. Thus, these theoretical considerations suggest that the beam should be 

localized with respect to patient anatomy ro within 2 mm. 

To monitor patient setup and as a final check that the patient has been set up properly, a film may be 

placed behind the patient and exposed using the treatment beam. The location of the bony landmarks 

on the resulting radiographs relative to the beam edges rnay be compared to those prescribed on the 

simulator radiographs to verify that the beam has passed through the patient in the desired orientation. 

This film also senes to provide a legal record of the treatment and is of particular importance because 

the skin marks may shift with respect to intemal patient anatomy," or be removed over the 4 to 8 

week treatment time. To properly monitor and prevent FPEs. fiIms should be taken frequently. 

Because the radiation beam used to produce the image exits through the treatment port of the 

accelerator, these films are often referred to as p o n d  images. Portal films exposed with the entire 

m.. 

Penumbra refers to the spread of the edges of the radiation field within tissue. In a dOCo beam. 
it is dominated by source size effects whereas in Iinear accelerator beams it is dominated by elecuon 
transport. Typical values of penumbra are 8 mm for 60Co and 2-1 mm for linac beams. based upon 
the 80-209 penumbra for at a 10 cm depth for a 10 cm x 10 cm fieId. 
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daily treatment fraction are known as verificarion images whereas those exposed with a portion of the 

daily treatment fraction are known as locafizarion images. 

Unlike diagnostic radiology, where x-rays are detected in a phosphor screen and convened into 

which is used to expose the film, in portal imaging, the film is exposed in a metal plate cassette. 

light 

. The 

plate serves to:" (i) increase the quantum efficiency above that of film aione because it provides 

electron equilibrium in the film. thus maxirnizing the signal from the x-ray beam. (ii) remove some 

lower energy scattered x-rays and al1 scattered electrons from the patient (which cary no image 

information but add noise and reduce contras)  and (iii) if it is high density, it minimizes the spread 

of electrons within it, producing good resolution. Because film is still the most common detector for 

portal imaging, rnany investigators have attempted to optimize the imaze quality by using different 

thicknesses and types of front and rear plates.*505' 

Despite these efforts, film still has two limitations: (i) poor image quality and (ii) inconvenience. Fig. 

q a )  shows a simulator radiograph and Fig. 4 b )  shows the portal film of the sarne patient. As 

sxplained in section C.2. noise and poor display limit the quality of ponaj films. The inconvenience 

of films arises from the time and effort necessary to position them. an interruption in the treatment 

fraction for retneval (of localization images) from the treatment room. and the additional time required 

to transport them to an often remote dark room for development. Thus portal films are usually viewed 

the day after they were exposed. precluding interactive positioning. As a result of these Iirnitations, 

portal films are taken only once a week (per patient) in Arnerican institutions and even l e s  frequently 

in Canadian ~nes .""~  
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4 a) micd diagnostic radiogmph h m  a simulator. @) 'Qpical portal radiograph (film) h m  lincar 
accelerator. The film was exposed in a Kodak therapy vdcation cassette using Kodak Ortho G 
film. It is a double exposure radiograph in which the collimator jaws of the tmtment unit arc 
opened wide and tht film is e x p o d  The jaws are then met a d  an additional eXp0at.e is given. 
The d t i n g  image has the treatment field supnimposcd on a larger background to detcrmine 
where the tmtment field is relative to thc patient. The use of double exposurc radiographs is a 
cansequence of the poor image Quality of the portal film and raqains that hcalthy tissue outside the 
treafment field ôe irradiated. 
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For conformal therapy to become a practical reality requires better portal image quality and more 

convenient image acquisition than film can provide. To address this need. a variety of electronic portal 

imaeing devices have been developed which detect the x-ray beam after it has passed through the 

patient and display a portal image on a video monitor located outside the treatment room within 

seconds. This permiis routine monitoring of the patient and in principle. correction of the patient-barn 

positioning without having to enter the ueatment room." A variety of detectors have been proposed 

and d~e loped . ' ~  two of which have become commercial systems, a liquid ionization charnber -y 

and a fluoroscopic system. The former. illustrated in Fig. 5(a) consists of two perpendicular sets of 

copper strips with an insulating liquid between them. The strips fonn 256x256 liquid filled ionization 

chambers and the detector spans an area of 32.5 cm x 32.5 cm. The high energy electrons resulting 

from incoherent x-ray scattering in the stainless steel buildup material above the copper stnps or in 

the liquid itself produce ions which are collected by applying a high voltage across one of the 

electrodes. The detector is read off by switching the high voltage on one row and collecting the 

charges dong each column. Then the next row is switched on and the detector is read off in a 

scanning fashion. Since the entire detector is being irradiated but only one row is actively coilecting 

charge. only a small fraction ( 11256) of the incident x-ray fluence is being completely collected. 

Charge trapping in the liquid increases the total fraction of collected charge signal, and the overall 

efficiency of the system is dependent upon the electrode distance. applied potential. and some of the 

liquid charactenstics." Currently. due to the added noise in the readout. the best images are obtained 

when the detector is scanned slowly. resulting in a larger signal per pixel. Consequently. a relatively 

high dose (-50 cGy) is required to produce an image. Moreover. the relatively large pixels limit the 

resolution of the sysrem. One advantage of the system is that it is slim in profile making it relatively 

unobstructive when used clinically. The other commercially available device. the fluoroscopic portal 

imager. is shown schematically in Fie. 5(b). The use of a metal plate bonded to a phosphor to convert 
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--I - -  
Lens ' . ' -  

"'* '-' 
Video Camera 

m. 5 a) Schematic of liquid ion charnber array. Not shown is a stainless steel plate which is above 
the high voltage rails and acü as the buildup material. 
b) Schernatic of fluoroscopic portal imaging system. 
C) Typical portal image from a fluoroscopic system. This is a double exposure radiograph of 
the same patient as in Figs. 2(a) and (b). 
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the x-rays into light and a video carnera to view the image was introduced in the modern era by Baily 

et ai." Unfominately. as  will be descnbed in more detail in Chapter 2. to view the large fields (40 

cm square) used in radiation therapy, the carnera must be placed far away from the phosphor screen. 

Consequently, it coIIects only a small fraction of the light generated at the screen thereby d e p d i n g  

the image quality. Thus, although these devices have made it more convenient to take a portal image, 

image quality. as illustrated in Fig. 5(c) .  remains poor and in some cases clinically inadeq~ate.'"~~ 

Moreover. the design of the fluoroscopic system makes it bulky. thus increasing the likelihood of 

collisions between the patient. gantry and portal imager and lirniting its use in some dynamic 

ueatments. In addition. the bulkiness predudes the installation of the imager on units with a bearn 

stop. 

C. Image Quality in Portal Imaging 

Portal images are inferior to diagnostic radiographs for a variety of reasons. some specific to the 

problem of portal imaging and others dependent upon the individua1 detectors. 

I .  Fundmentd issues for portal image q d t y  

There are three reasons that portal images could be poorer than diagnostic images: (a) reduced 

contrat. (b) additional noise and (c) reduced resolution. The first two are reiated to each other by the 

signal-to-noise ratio (SNR). As show in Fig. 6(a). there are two types of signal. The first is called 

the c h e r  sisna1 and refers ro the size of the signal above the dark level and the second is called the 

differential signal which considers the difference in transmission beneatb an object with respect to its 
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I carrier 
j signal 

1 10 100 looo 

Photon Energy [keV] 

Fis. 6 (a) Illustration of carrier signal and differential signal. (b) Conuast of 1 cm of bone 
in tissue as a function of x-ray energy. The choice of bone thickness is arùitrw. 
(c) IIlustration of effect of added noise to the signal shown ir, (a). 
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background. If NT monoenergetic x-rays pass through tissue, and are incident on a detector which 

counts photons. the carrier signal is given by 

where A, is the quantum efficiency or the fraction of incident x-rays rhat are derected. Assuming the 

object is bone. then the differential signal is given by 

where the conuast. C. which is typicaliy small in portal irnaging and describes the difference between 

the signal beneath the bone and its background. is given by 

NB is the number of x-rays incident on the detector in the shadow bone, Ap is the difference between 

the linear attenuation coefficients of bone and tissue (water).j9 and t, is the thickness of bone. Fig. 

6(b) shows that for 1 cm of bone in tissue, the contrast decreases rapidly as the x-ray energy increases 

from the diagnostic to radiation therapy range. Hence one reason that portal images are poor is due 

to low contrast resulting from the use of high energy beams which are required to provide the 

prescribed dose distribution. Fig. 6(c)  shows that if noise is present, detection of the bone wilI depend 

upon the differential signal-to-noise ratio, 

where a refers to the standard deviation of the signal. To identify an object. Rose" indicated that the 

SNR, measured over the total area of the object must be greater than approximately five. Al1 x-ray 

images contain noise. some from the readout and recordinz of the image, and another part resuiting 

from the use of a limited number of x-rays. This latter form of noise is known as x-ray quantum noise 
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and results from the counting statistics associated with x-ray detection. The best SNR that can be 

obtained from an x-ray imaging detector occurs when al1 other sources of noise have been reduced 

to the point where the x-ray noise is the dominant source of noise. If this is achieved, the image 

quality can only be improved by increasing the number of x-rays used or by increasing the quantum 

efficiency of the detector. In such a situation, the system is said to be quantum noise limited. The ratio 

of the carrier signal to the noise. SNR,=SJo. of a quantum noise limited detector is equal to (A,NT)'e 

since o=(A,NT)" for Poisson distributed x-ray noise. 

Based upon the definitions above. Boyer et al." calculated the zero spatial frequency (large area) 

quantum noise limited SNR, for 1 cm of bone in tissue for a typical diagnostic radiograph and a 

typical portal film. Remarkably. they found them comparable because although both the contrast and 

quantum efficiency are lower for portal imaging, the carrier signal-to-noise ratio. SNR,, is higher since 

many more x-rays are used ciinically in therapy. 

Resolution will also affect the image quality. The eye is particularly sensitive to edges.6' hence 

blurring wiIl reduce the observer's ability to detect landmarks. Furthemore. blurring will increase the 

uncertainty of the location of an edge, and hence the ability to localize the bearn within the iI mm 

required to maximize the tumour conuol probability (section IIIA). However, since the resolution of 

a metal plate is superior to that of a diagnostic screen." and since the source size of modem linear 

accelerators cm be made as small as -0.5 mm. it is possible to make source size blur insignificant (e.g 

-7 mm'  at a magnification of 1.2)." Patient motion will also reduce image quality. but since most 

portal images are made uithin a few seconds and since patient motion is <1 mm over the course of 

a - 1 minute treatment." for many sites, this source of blurring is small. 
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Thus. although theoretically there is sufficient information detected by a metal plate in a megavoltage 

beam to produce a diagnostic quality image, existing portal imagers and film still produce poor 

images. Hence, they are not optimized from an SNR perspective (Le. nor quantum noise limited). 

Therefore. if a better detector system could be constnicted, image SNR,, and hence image quality 

could be improved. 

2. Portal image q d i t y  requirernents 

For portal imaging to be effective in either conventionai or conforma1 therapy. the images must be 

of sufficient quality to identify and locate (bony) landmarks relative to field edges. Since conforma1 

therapy will have multipte small fields, often with no or few bony landmarks, the role and 

requirements of portal imaging in conformal therapy may be greater than those in conventional 

radiation therapy. There have been a variety of possible approaches suggested, Among them: 

a. use a diagnostic x-ray tube io produce the background image.@ This technique produces good 

quality images but suffers from the possible errors associated with the fact that the source of the x-ray 

tube and the treatrnent unit are not in the same position. 

b. use an x-ray beam with both a megavoltage and diagnostic energy component and exuact the 

diagnostic part of the spectrum using a detector that preferentially absorbs low energy photons.65 

Unfortunately, with this approach. image quality becomes worse as the patient thickness increases due 

to beam hardening and scattered radiation.66 

c. superpose the treatment field on a background image which includes landmarks (double exposure 

image; see Fig. 4(b)). Unfortunately this requires that the healthy tissue outside the treatment volume 

be irradiated. With the increased number of fields in conformai therapy, the detector must use the 

radiation as efficiently as possible (Le. the detector sensitivity shoutd be increased). 
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d. add landmarks to the srnail field in the form of surgically implanted radio-opaque markers.17 To 

reduce the invasiveness of this technique. the markers should be as small as possible. which in turn 

requires that the detector have high resolution as well as sensitivity. 

The latter two results suggest that as many x-rays should be detected as possible. Moreover, since 

detection of small landmarks or edges requires high resolution, the resoiution should be as high as 

possible. Indeed. the required uncertainty for field placement has been estimated to be submillimeter."' 

requiring better than I mm resolution. Thus the resolution of a portal imager should at least meet. and 

ideally surpass the 2 mm required by radiobiological considerations (see section A). 

Noise and poor display contrat limit the quality of ponal films. Shown in Fig. 7 is a characteristic 

curve (also known as a H and D curve") of film. plotted as the optical density as a function of the 

logarithm of the incident exposure. The slope of the straight line part of the curve (y) relates the 

difference in contrast between bone and tissue to the optical density (darkness) of the film. One 

approach to increase the difference in brightness and darkness between bone and tissue. is to increase 

y? but this reduces the latitude and requires irnproved accuracy in exposing the film. A second 

approach to improve display contrast is to digitize the film using a video caneram or scanning array7' 

and store the image in a computer. The digital image can then be processedr-." to improve the display 

contrast thus pemitting the viewer to extract the information in the image. The results of such 

approaches have been mixed. In some cases. if sufficient time is allotted to view the images. observer 

performance of digitized and non-digitized films is the same." but in other cases7' digitization has 

been shown to improve observer performance slightfy. The reason for these different 
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log relative exposure 

Fig. 7 Characteristic cuve of film. The slope of the curve in the straight line region is known as the 
gamma (y) of the film. The opticai density is defmed as log&/I) where 1 is the ligbt intensity 
uansmined by the film and I, is the light intensity incident upon the film. If NB represents the 
number of x-rays incident on the film under bone and NT represents the number of x-rays 
incident on the film under tissue. then the differences in optical density will Vary linearly with 
y and the differences between log(N,) and log(?!,). 
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results may be due to different film and processing conditions. and different display and digitization 

methods. Regardless of the utility of image processing on portal films. digitization of the film cannot 

produce a quantum noise limited image since film granularity is the dominant source of noise.'' Thus. 

film digitization cannot produce an optimal portal image. 

The poor image quality produced by fluoroscopic portal imaging systems has been presumed to be 

limited by the poor optical coupling between the Iens and ph~sphor'~-" resulting in a loss of 

information between the primary detection of the x-ray at the phosphor screen and the final displayed 

image. This explanation is consistent with the observation that fluoroscopic imagers are not quantum 

noise limited." Expenmental rnea~urernents'~-~~ to date only indicate that the systems are not quantum 

noise limited, do not indicate how far the system is from the quantum noise limit. Thus in Chapter 

2, we sought to determine the potential for improvement in fluoroscopic portal imagers by rneasuring 

the x-ray quantum noise in a test fluoroscopic system and comparing it ro other sources of noise. We 

found that these systems fail to be quantum noise limited due to poor optical coupling and the added 

noise of the video camera. We also found that the resolution of the system is limited by blur in the 

camera. lens and phosphor. Theoretically. with si,onificant modifications. fluoroscopic systems could 

be made quantum noise limited over the spatial frequency range 0-0.2 mmsi. but this is insufficient 

to rneet the resoIution requirements to maximize the tumour control probability and optimize the 

image quality (see sections 1II.A and III.C.2. of this chapter). 

To summarize, the liquid ion chamber system suffers from the inability to store the image before it 

is read off (section 1II.B) and the fluoroscopic systems suffer from poor optical coupling. Both 

approaches suffer from poor resolution. A better approach rnight be to produce a detector that is 

directIy bonded to the buildup plate to avoid the optical coupling problem and with the ability to store 
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the image until it was read off. Ideally, this detector should also provide high resolution. We 

hypothesized that using a photoconductor as the image sensor could overcome both weaknesses of the 

existing systems, thus Chapters 3 and 1 of this thesis explore the possible use of amorphous selenium 

for portal imaging. 

Xrnorphous selenium (a-Se) is a photoconductor. a semiconductor that conducts electricity if 

illurninated by Iight or irradiated by x-rays. ,4-Se has been used previously for both diagnostic and 

portal irnaging using the xeroradiopraphic pro~ess" .~~ and is currently being funher developed for a 

variety of reasons: 

(i) It has useful photoconductive properties in the amorphous state, and hence can be readily made into 

large area sensors. i.e, comparable to the size of body parts. 

(ii) It has a reasonably high atornic number (Z=34) and hence when made into a layer of the 

appropriate thickness. has a high quantum efficiency. A, for detecting diagnostic x-rays." For portal 

irnaging however, its lower atomic number compared to phosphors, may be advantageous because it 

will not absorb lower energy scattered x-rays, which carry no image information. as s t r~ngly.~ '  

( i i i )  Because of its importance in photocopying technology, it has been developed to the point that it 

has good malerials properties including: very low dark current, radiation darnage resistivity, very little 

charge trapping (no lag or ghosting), physical uniformity and few point defects. 

(iv) It has very high spatial resolutions3 compared to phosphor screens. As illustrated in Fig. 8. 

phosphor screens consist of grains imbedded in a supponing medium. X-rays Compton scatter in the 

metal plate and phosphor and produce eIectrons which spread laterally degradins resolution (see 

Chapter 4). However, in a phosphor. they also generate light which scatters within the screen multiple 
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Fîg.8 Illustration differences in the spread of a signal in a phosphor and in a-Se. 
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times before exiting, resulting in additional blurring. In a-Se however, only the loss of resolution due 

to the spread of Compton scattered electrons within the metal plate and a-Se occurs. 

Image formation in a-Se is illustrated in Fie. 9. As the Compton scattered elecuon travels through the 

a-Se, it deposits energy, tiberating eiectrons and holes. The a-Se has been electrically charged (biased) 

before irradiation. and the resulting electric field draws the elecuons and holes vertically to opposite 

surfaces withour further blur where they neutralize surface charges. The latent image may then be read 

off usin= a variety of a p p r o a ~ h e s ' ~ ~ ~ ~ ~ '  which are being developed for diagnostic radiology. A 

description of some of these readout methods is given in Chapter 6. 

To summarize, a-Se has the following potential advantages over existing portal imaging systems: 

(i) It does not suffer from the poor opticat coupling problems in fluoroscopic systems since many of 

the readout devices c m  be broughr very close ro or in contact with the a-Se. Unlike the tiquid 

ionization chamber array. i t  is a fully integrating detector hence it is sufficiently sensitive for portal 

imaging (see Chapter 3). and provided a low noise readout is used, it  cm have a higher SNR, chan 

existing portal imaging systems (see Chapter 4). 

(ii) It is thin and can be directly bonded to the rnetal buildup plate. which serves as the substrateZs 

during the evaporation procedure used for prepare an a-Se layer. This along with the fact that the 

electric field draws the elecuons and holes vertically to opposite surfaces with no spreading, 

maximizes resolution. 

(iii) Finally. a-Se may be read off in real time and with some readout approaches.8'may be made slim. 

making the detector less obtrusive. This would reduce the restrictions of treatment plans which result 

from concerns about collisions between the gantry, couch and porta1 imager. and permit the device 

to be used on existing units with beam stops. Therefore. in principle, a-Se c m  be used as the bais  
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before irradiation after irradiation 

Fig. 9 Illustration of image formation process in a-Se for portal imagine. Initiaily the a-Se is 
uniformly charged and then an x-ray interacts in the buildup material (substrate) to 
produce a secondary electron which enters the a-Se. As it passes through the a-Se. the 
electron deposits energy, creating electron hole pairs. These charge caniers are drawn to 
opposite surfaces by the electric field (shown by vertical arrows) where they neutralize 
charges resulting in a latent charge image. 
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of a real time portal imaging system capable of producing images with improved SNR, and resolution, 

possibly of diagnostic quality as  calculated by Boyer et id5' 

To produce a portal imaging system using a-Se will require both an understanding of the nature of 

the latent image on the surface of the a-Se as well as the chosen readout method. The former should 

lead the design of the latter. The change in surface charge density (signal) generated by a given 

fluence of megavoltage x-rays will depend upon the elecuic fieId, F, a-Se thickness, d,,, x-ray energy 

and the energy deposited. Similarly, the noise propenies will depend upon these parameters and the 

size and distribution of the energy deposition events. By understanding the signal and noise 

characteristics of the latent image on a-Se in radiation therapy beams, appropriate choices of d, and 

F for a given x-ray fluence may be made to optimize the choice and design gf any readout system. 

This thesis describes a comparison of the signal and noise properties of an a-Se based portai imaging 

system with the most common commercial approach - the fluoroscopic system. Chapter 2 describes 

measurements of the signal and noise propenies of a fluoroscopic portai imager and in particular, its 

quantum noise. Specifically, we establish and appfy a new method for measuring the x-ray quantum 

noise in fluoroscopic systems. We found that existing systems are not quantum noise Iirnited due to 

poor optical coupling and the added noise of the video camera. AIthough it is possible in principle 

to make the systems quantum noise lirnited over the spatial frequency range 0-0.2 mm.'. this is 

inadequate to meet the radiobiological and perhaps not the image quality resalution requirements of 

conformal therapy. Thus we concluded that a radical change in the design of the detector was 

wonhwhife. One encouraging approach is to use a ff at panel imaging system. These de tectors consist 
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of a pixelated panel bonded to a sensor, either a phosphor screen or a photoconductor known as 

amorphous selenium. The physics of phosphor screens for portal imaging is well understood, however 

the understanding of the propenies a-Se for ponal irnaging is only beginning to be e ~ ~ l o r e d . ~ ~  In 

Chapter 3, the signal formation propet-ties on a-Se in portal imaging are established. In Chapter 4. we 

use this information to investigate the signal and noise propenies of a-Se for portal imaging with the 

goal of providing information about the resolution. signal and noise properties of the latent image on 

the a-Se surface. The motivation for this work was to determine if &Se was capable of producing 

better portal images and compare a-Se for ponal irnaging CO phosphor screens. In Chapter 5. a laser 

readout is used to produce portal images using a-Se as the sensor. It is demonstrated that image 

quaIity is improved over existing approaches by cornparison of the images of a contrat-detail 

phantom. Images of an anthropornorphic phantom and a patient also show improvement. Chapter 6 

summarizes the thesis and sets directions for future work. 
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Fluoroscopic systems are becorning more widely used for radiation therapy portal imaging. A 

schematic of a typical system is shown in Fig. l(a). The x-ray sensor consists of a metal buildup plate 

bonded to a phosphor screen: i-e. x-rays interact with the plate and phosphor to produce forward 

directed, high energy electrons which deposit energy in the phosphor. The fluorescent light produced 

is imaged onto the target of a vide0 camera with a lens. Usually. a plane mirror is piaced at 45" in 

the optical path to keep the camera out of the primary x-ray bearn. 

Unfortunateiy, the image quality of these systems is stil1 so poor that clinically important landmarks 

. 7  

are sometimes invisible:- Demand for irnprovernents in image quality is expected to increase as 

conformal therapy develops. Previous analyses3-' have supgested that the poor optical coupling causes 

significant excess noise. thus obscuring x-ray quantum noise in fluoroscopic systems. We reduced the 

demapification. M. (M-diameter of screen area viewedldiameter of active area of video tube). thus 

improving the light collection efficiency. thereby permitting the first rneasurement of the x-ray 

quantum noise in fluoroscopic portal irnagers. The measured data was then extrapolated to a clinical 

M. Our goal was to understand the relationship between the x-ray quantum noise, video camera noise 

and the electron shot noise, and to use this information to suggest system modifications to improve 

image quality. 

IL APPROACH 

Using an optical bench as a framework. we constnicted a test fluoroscopic imaging system which 

could operate with variabie M in the single lens arrangement shown in Fig. l(a). To change M. the 
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1 a) Schcmatic iiiustration of fluoroscopic portal imager. In our test system, the samc 
geomeûy was used but M could be changed by moving the leus relative to the video 
tube. (b) S c h e d c  of an dumative couplhg a which is similar to (a) 
except a mIlimatnr lem has bcen intcrposed betwecn the screen and camera lem. 
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camera was moved closer or further away from the screen so that a smaller or larger area of the screen 

was viewed.. Focus of the camera lens was established visually by observation of a monitor. The lens 

was rnoved relative to the camera target until the image of the edge of a razor blade temporarily 

placed on the surface of the screen appeared sharp. To rnaximize the light collection efficiency at 

srnail M. a relay lens assernbly consisting of a coliimator Iens and a camera lens was also used (see 

Fig. I(b)). The focal lengths. L, diameters. DL and bulk transmissivities. r of the lenses are given in 

Table 1. The relay lens rnay be modelled by an equivalent single iens whose effective diameter is 

given by the smaller of the diameters of the rwo component lenses and whose effective focal length. 
C 

L,,,,. is given by IIL,,,=l/L,,,+lILm. For the relay lem assembly. the camera lens was focussed to 

infinity and the collimator lens was moved relative to the screen for focussing. The x-ray sensor, a 

2 mm thick brass plate bonded to a nominally 450 mg/cm2 thick Gd,02S:Tb screen". was irradiated 

using an AECL Theratron 780 6 0 ~ o  unit ( 1.25 MeV gamma rays). 

X-ray quantum noise in fluoroscopic portal imaging systems has not previously been measured 

because the nurnber of light photons detected by the carnera per interacting x-ray is too small.' Hence, 

the correlation between the burst of light photons produced at the screen by an individual x-ray is 

difficult to detect in the output signal current of the camera. If a greater fraction of the light burst 

could be detecred. x-ray quantum noise should be identifiable. The fraction. 5. of light photons emitted 

from a Lambertian source. (Le. screen) and subsequently captured by a lens. is': 

- 4  device capable of changing the demagnification in this manner has been commerciaIized by 
Eliav Medicat Imaging Systems, (PORTpro. PO Box 10404, Haifa, hael) .  

. . 
From Levy Hill Laboratories Ltd.. 5 Sheffield House, Fielding Road, Chesnut. Hens. England 
EN8 9TJ 
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Table 1 

Lens L DL 't 

[rom) [mm) 
collimator 75 53 0.70 
camera 50 53 0.85 

Page 42 

Table I Description of Lenses. The carnera lem had an aperture which was set at W0.95 for 
di measurements. The collimator lens and camera lens were used to form a relay lens 
with LM= 1 S. 
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Thus to detect the x-ray quantum noise, shouId be increased. This was done by reducing M from 

i u  typical clinical value of -35 to values approaching unity, thus permitting an increase in 

approaching three orders of magnitude. The value of required to detect an x-ray photon depends 

upon system noise and the number of optical photons collected per x-ray. In the absence of significant 

system noise. the latter quantity has been needs6 to be -10. 

The relay lens assembly (see Fis. I(b))  was used to measure the diameter of the active area of the 

carnera tube, Do. The ratio of the (manufacturer specified) focal len_gths of the collirnator and carnera 

Ienses is M. An optically illuminated ruler was placed in the screen plane. The diameter of the image 

displayed on the monitor. measured at the screen plane by viewing the image of the d e r  on the 

monitor. was MD,. For the single lens geornetry (see Fig. l(a)), the same procedure was followed, but 

this time, M was detennined by dividing the diameter of the displayed image, by Do; i.e. M=(MD,)/D,. 

The relationship between spatial distance at the screen plane and video scan rime was detemined by 

measuring the time on the osciIloscope between dips in the video signal produced by the lines of an 

optically illurninated ruler at the screen surface. To facilitate interpretation of Our results. 

measurements performed at the camera plane were re-scaled to the input of the systern at the screen 

plane. The relationship between the spatial frequencies at the carnera plane. f, and the spatial 

frequencies at the screen plane. f, is given by: 
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In this section we describe measurements of the characteristic curve, conversion factor, dark current, 

and resolution of the camera. The camera used was a conventionai medical fluoroscopic camera 

(Machlett mode1 SS600) with a one inch Saticon tube, modified to permit multifrarne integration on 

the camera target. This was achieved by "blanking" the electron beam readout. i.e.. the beam was 

tumed off at the beginning of a frame for an integral nurnber of frames. This bIanking permitted a 

buildup, or integration, of image charge on the target. After a preset integration delay, the beam was 

then reactivated and the accumulated charge read off. Thus, the camera could integrate for several 

frames, or could operate in its normal fashion with continuous scanning. 

The characteristic curve of the camera was measured in two ways: (i) signal current (1,) as a function 

of light intensity for continuous scanning and (ii) 1, as a function of integration time at constant light 

intensity. The light source for these meiisurements consisted of green LEDs in an integrating sphere7 

which ensured a uniform spatial distribution over the output port. The camera lens was focussed on 

the edge of a razor blade temporarily placed on the surface of the output port. At a separate port, the 

light output of the sphere. which was adjusted by changing the current to the LED source, was 

monitored using a photodiode photometer. To minirnize the effects of lens ~ignetting,~ a11 

measurements were confined to the central -7 mm of the camera target. We found that over this central 

region, 1, was constant to within & l o s .  The characteristic curves of the camera are shown in Fig. 2. 

The curves are non-linear below a 100 mV signal but became iinear between LOO and 700 mV. By 

directly injecting current into the target electrode and noting that the non-linearity was stiI1 present, 

we established that the non-linearity was due to the camera preamplifier. Al1 noise rneasurements (see 

section IV) were confined to the range of signal 200-300 mV, weII within the Iinear region. 
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Relative Light Input kw/cm2] 

Fig. 2 Video camcra signal as a function of light input m c a s d  in two differcnt ways, 
(a) using a d m  green light source set to variable intensitics nitasurcd using a photumtttr 
(b) with the same light source, but variable target integration timts. 
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The conversion factor of the carnera is the ratio of the signal current (1,) to the carnera output signal 

potential (V,). It was directly measured by applying a square wave current. 1,. into the camera voltage 

amplifier using a wavefonn generator and measuring V5 on an oscilloscope per 1,. To confirm this 

result, the average signal current was measured from the potential drop produced across a 1. I Ml2 

resistor using a rnultimeter. (The resistor was part of a jumper circuit designed by the camera 

manufacturer for this purpose)- The measured average current was corrected for the retrace time ( 16% 

of total tirne) of the video signal. A correction for the fraction of the time spent scanning the circular 

field of view to the total scan timeg was also made to obtain 1,. By averaging the results from the two 

methods. the carnera conversion factor was detennined to be 0.65 mV/nA (fi%). 

The camera dark current was measured with the camera covered by an opaque ~10th and the electron 

bearn blanked for K frames. The current resulting from K+I frames was then measured using an 

oscilloscope. The dark current was found to be less than 5 nA after an integration tirne of 68 s 

(K=2048). Dark current was therefore negligibte (c22 PA) for the values of K (1-2) used in 

subsequent measurernents. 

The resolution of the camera and relay lens combinarion was rneasured frorn an optical line spread 

function (LSF) resulting from an illuminated 5 pm slit-.. placed at the focal plane of the collimator 

lens. The LSF was obtained using a selected video line from the camera, measured on a digitai 

oscilloscope whose gain was set to the largest possible vaiue without saturation so as to minimize 

digitization noise frorn the 8-bit analog to digital (ND) converter. The line was averaged 256 times 

to reduce noise and digitized at 25 megasarnples/s in the oscilIoscope. The temporal sampling interval 

of 40 ns corresponded to a spatial distance of 14 Pm at the carnera plane and the full 5 12 point LSF. 

... 
Melles Griot. Irvine. California 
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a distance of - 7 mm. The LSF was transferred to an IBM PC compatible computer (using the IEEE 

488 digital instrumentation bus) where it was fast Fourier transformed to obtain the modulation 

uansfer function of the camera and lenses. MTFc'(fc). 

IV. NOISE POVVlER SFECTRA 

The primary goal was to measure the x-ray quantum noise in our test fluoroscopic system as a 

function of M. In a fluoroscopic system. the total noise power measured during irradiation. NPSx(fc) 

consists of three componenrs: ( i )  the x-ray quantum noise power specuum. NPSq(fc): (ii) the video 

camera noise power specmm arising from the amplifier, NPSJf,); and ( i i i )  the electron shot noise 

power spectrum, NPS,(f,). If the same signal current is produced using a light source. the resulting 

noise power spectmrn, NPSL(fc) consists only of the video amplifier and electron shot noises. Thus, 

assuming NPS, and iWSL are independent. NPSq=NPS,-NPS,. The NPSq(fc) includes both the 

fluctuations associated with x-ray interactions and the additional noise associated with the distribution 

of energy deposition events:' but not the fluctuations associated with the detection of light quanta at 

the camera target. To catculats this latter source of noise, we assumed that each detected light photon 

reIeased a single eiectron on the video target. The Iight quantum noise is thus equivalent to the 

electron shot noise on the camera signal current, 1,. The electron shot noise is given by" 

where B is the bandwidrh of the measuring system and e is the charge of an electron. The NPS,(fc) 

is assumed to be constant as a function of f,. but is shaped by the Iow pass (5 MHz) filter that we 

introduced to prevent aliasing with the 25 megasamplesh N D  convener in the oscilioscope used for 
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measurement of the noise power specuum (see section IV). The response of this filter was rneasured 

using an oscilloscope and a waveform generator. 

For rneasurement of the noise power spectnim under iltumination, NPSL(fc), two light sources were 

used: an incandescent source (used in the clinic) and the LED source. It was confirrned that for the 

same I,, the NPSL(fc) was the same for either light source. The NPS,(fc) for the test fluoroscopic 

system was acquired from the digitized video s ipal  dunng Rat field irradiation.16 In the signal range 

-200-300 mV, individual point scans consisting of a selected video line were acquired using a digital 

oscilloscope. Each such realization was digitized in the same manner as the LSF measurement (see 

section III) except there was no averaging of the video line. Sequential point scans were subtracted 

(to remove stmctural noise), then Fourier transformed and the resulting spectnim was stored. This 

procedure was repeated q times (q2200) and the spectra averaged. For statistically independent noise 

realizations, the noise power is equivalent in each realization. Thus subtracting two realizations 

doubles the noise power which was corrected by division by two. The statistical uncenainty in noise 

power spectra has been shown" to be (Uq)". 

To assess if leakage radiation was generating spurious signals. the camera lens was covered with an 

opaque material and the signal current was rneasured under irradiation using an integration time of 

three frames. No additional signal (within the 2 mV rms noise) was observed demonstrating that no 

significant signal or noise was being generated by stray radiation. 

During x-ray noise power measurement. the collimating lens was in the therapy beam. This imadiation 

resulted in progressive darkening" of the lens. We rneasured the bulk transmission (r) of the 

collirnating lens before and after each irradiation using a green He-Ne Iaser ( A= 543 nm; c.f. 
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GdlO,S:Tb has a peak spectral fluorescence at -550 nm ) and a photodiode photometer. The - i mm 

diameter laser bearn was directed at the centre of the 1 cm diameter photodiode and the ratio of the 

resultant sipals with and without the lens was found and equated to t. We observed that an 

irradiation at a dose rate of -300 cGy/min for 5 minutes resuited in a 20% loss in transmission. Our 

noise power measurements were performed over a comparable time period, but the subuaction of 

sequential Iines taken -1 s aparc eliminated any errors due to lem darkening. A practicaI irnplicaùon 

from Our observation of lens darkening is that the lenses in fluoroscopic portal irnaging systerns in 

routine clinical use could also be darnaged by leakage radiation over their lifetime. Quality assurance 

programs for portal irnagers should take the possibility of such an effect into account. 

In Figs. 3(a) - 3(d), the measured x-ray NPS,(f,) and optical NPSL(fc) are plotted as a function of f: 

at the camera plane for M between 1.5 and 14. Also shown in Fig. 3(a) is the electron shot noise 

power specuum. NPS,(f,) calculated using Eq. 3. the filter response function and the carnera 

conversion factor. The NPS,(f,) is negligible compared to the NPS,(fc). This impties that under 

illumination. the overwhelrning source of noise is the carnera amplifier (i.e. WS,(f,) = NPSL(f,) J. The 

triangular shape of the video camera noise. SPS,(f,), arises from two effects. First, vidicons require 

increasing gain versus frequency in the amplifier. This is required to maintain a flat signal frequency 

response to compensate for the unavoidable low pass filtration imposed by the stray capacitance of 

the target to ground.lJ Second, the upper frequency rolloff is imposed by the 5 MHz antialiasing filter. 

The x-ray quantum noise power spectra. NPS,(f,). at different M. are shown in Fig. 3(e). The x-ray 

quantum noise is concentrated at low f, for smali M but shifts to higher f, as M increases. This shift 

is due to the measurement at the camera plane rather than the screen plane. 
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Spabal Frequency [mm"] 

Spaüai Frequency [mm"] 

Spam Frequency [mm-'] 

S W  Frequency [mm"] 

Fig. 3 Noise power specua at camera plane for various mamiifications (a) M-1.5, 

(b) M-5.8, (c) M-7.8 and (d) M-14. The NPS, (-) were acquired at I12W mV level 

produced by using an incandescent light to iuuminate the camera. nie N P S ,  ("""""") were 

acquired at the same sipal level, but using 6 0 ~ o  and the metal plate/phosphor. Also shown in 
(a) is the calculated shot noise at the same 1,. (e) Quantum noise power spectra at camera plane 

for different M which are obtained as the ciifferences between the curves in (a), (b), (c) and (d). 
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Thus. in Fig. 4, the quantum noise is rescaled to the screen plane and compared to the electron shot 

noise at M= 1 and M=35. the chnical demagnification corresponding to a 40 cm diameter field of view. 

The electron shot noise (NPS,(f,)) were calculated using Eqs. 2 and 3 and are shown in Fit. 4. At 

M-35. two NPS,(fJ are shown. one with the effect of the low pass filter and one without. The curve 

with the filter represents ~ h e  real NPS,(fs) for our test system. however. the NPS,(fs) without the filter 

is what couid theoretically be achieved using a filter with a higher cutoff frequency. 

The quantum noise power (NPS,(fJ) curves are the same data as in Fig. 3(e) but widi f, rescaled to 

f, as described in Eq. 2 under the constraint that the total noise power (given by the integral of the 

NPS) must remain invariant of its plane of reference. As a result of applying Eq. 2. the sampling 

intenta1 at the screen plane varied with M resulting in both a reduced frequency range and an 

increased density of data pointslspatial frequency for larger M. The data were smoothed by using a 

box averaging filter that had a width equal to M. The noise is thus averaged over the same bin width 

for al1 values of M as for M=l.  Two minor corrections were performed to account for differences 

between the dose rate and optical coupling at different M. First. the NPSq(fs) was normalized to a 

constant x-ray photon fluence by multiplying by the dose correction factors listed in Table II. Second. 

the differences between 1, at different M for the same x-ray fluence are due to differences in optical 

coupling. Thus the NPSq(f,) curves were also divided by the ratio of the corrected signal squared 

(Table II) to a constant 1,' ~ ( 2 3 0  mV)'. 

The NPS,(f,) obtained in the range M-1.5 to M-14 are identical within experimentaf error. This is 

to be expected since the same x-ray fluence is being detected. hence. the n-ray quantum noise per unit 

area is constant. Ipnoring the effect of the 5 MHz filter. at M-35. the NPS,(fJ is greater than the 

NPS,(f,) for f,-0-0.5 mm ': thus over this range of f,, the system is potentially x-ray quantum noise 
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Fig. 4 Measured quantum noise (NPS,(f)) and elecaon shot noise (NPS,(f)) for M= 1 S to 14 

for a constant photon fluence comsponding to 400 ffiylrnin to water at d, ~ferenced to the 

screen plane. Data normalized to a 230 mV signal. The horizontal lines are the shot noise at different 
M calculated using Eq. 3. The shape of the NPS,(fs) is shown with the filter and without the 

filter. 
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M 0 4 1% Dose Optical Corrected 
Correction coupling 4 

c cGvimin 1 (mV) factor factor (mV) 
1.5 376 223 1.06 1 .O5 248 
5.8 356 200 1.123 0.983 22 1 
7.8 327 183 1 -22 0.948 2 12 
14.5 467 300 0.856 1.25 32 1 

Table II Measured values of dose rate, signal, correction factors and corrected signal. The dose 

rate correction factor is given by 400 cGy/min/b, where o, is the actual dose rate to 

warer at 0.5 gcm' (d,,) at the screen position for K=2. The optical coupling factor 

was calculated as (1, x dose correction factor) ' / (230 m~)'. 
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limited. Since the 5 MHz filter cuts off at a lower f, than the quanrum noise, we expect that this range 

is slightly reduced because the NPSq(f,) will fa11 off at l e s t  as fast as the low pass filter. The effects 

of the filter and MTFcf(f,) on the shape of the NPS,(f,) are discussed below. 

The shape of the quantum noise power spectrum may be approximated" by the modulation uansfer 

function squared (MTFS2(f,)) if: (i) the systern is linear. (ii) the input noise is white and (iii) the gain 

is sufficient! Thus wecan compare the shapes of the MTF,'(f,) and the quantum noise power spectrum. 

We measured the point scanned quantum noise power specuum (NPS,(f,)),[6 so its shape is 

approxirnated by the point scanned modulation transfer function of the screen squared (MTF,"(~,)). 

The MTFsf(f,) is obtained by taking the line integral through the rotationally symmeuic MTF,(f,) so 

that 

where h is a dummy inteeration variable. If the MTF,(fs) is a rotationally symrnetric Gaussian then 

MTFs(fs) is identicalI6 to MTFSf(fs). Since the MTFf(fS) of the screen is approximately Gaussian. 

application of the transformation in Eq. 4 results in an MTF,'(f,) similar in shape to the IMTFs(f,). 

In Fig. 5. thc average of the quantum noise curves (NPS,(f,)) from Fig. 4 is compared to the 

MTFSf'(f,) obtained usinz Eq. 4 and a previously measuredi7 MTF(f,). There is good agreement 

between the shapes of the MTFS1'(fs) and the NPS,(f,). From the shape of the NPSq(f,) curves in Fig. 

4. we conclude that the NPS,(fs) is proponional to MTFSf'(f,) for al1 M up to M=14. n e  constancy 

of the NPSq(fs) when normalized to the screen plane and its sirnilarity to the MTFsC(fs) provide 

confirmation that this is indeed x-ray quantum noise. 
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0.01 0.1 1 
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Fig. 5 Cornparison of shape of point scanned modulation transfer function 

squared (MlF2(f,)) and the average of the quantum noise power specm 

(NPSq(fs)) from the curves in Fig. 4. 
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The MTF,'(f,) was calculated from the measured MTFc1(f,) of the camera and Ienses together using 

Eq. 2. They are shown in Fig. 6(a) for different values of M. For d l  M. the quantum noise (NPS,(fs)) 

is shaped by the product of the MTF,"(~,) of the screen and the MTF,"(~,) of the camerdlens 

combination. For M520, the MTF,'(fs) of the carnerdlens is essentially unity compared to the 

MTF,'(f,) of the screen, thus no correction for the MTF:(f,) of the camera and lem combination was 

required for Our measured data. However as M approaches and exceeds -20, the ~ïF,"(f,) of the 

camera/lens combination begins to contribute and eventually becomes the dominant tenn. Fig. 6(b) 

shows the shape of the MTFG(f,) of the camera/lens. screen and the product of the two curves. 

MTF,"(~,). at M=35. Also shown is the square of the response function of the 5 MHz filter 

M ) .  At M=35. we expect the shape of the NPS,(f,) curves to be the same as the MTF~'~(~,). 

thus we define NPSp(fs)=NPS,(0)-MTFPt'(fs). In Wg. 6(c), we compare the NPS,(f,) and NPS,(f,) from 

Fig. 4 to the NPS,(f,). The NPSq(fs) shown in Fig. 4 overestimates the arnount of high spatial 

frequency noise because it does not take into account the blurring of the camera and lens at Mm35 

It represents the NPS,(f,) due to blumng by the screen only, while the lens blurred quantum noise 

power spectrum. NPSp(fs) in Fig. 6(c) is a better estimate of the quantum noise at M=35 for Our test 

system. The NPS,(f,) is greater than the NPS,(f,) for f,QO.2 mm-' implying that the system is 

potencially quantum noise Iimited over this range. Since the electron shot noise (NPS,(f,)) is shaped 

by the 5 MHz filter and since the lens blurred quantum noise (NPS,(fJ) falls off more quickly than 

the NPS,(f,), this implies that the filter does not significantly affect the shape of the NPS,(fs) at M-35. 

Fig. 7 compares the NPSp(f,), NPS,(fJ and SPS,(f,) at the clinical demapification (M=35). The 

'iPS,(f,) curve was obtained from Fig. 3 and the x-ray quantum noise and electron shot noise were 

taken from Fit. 4. The amplifier is the dominating noise source at al1 f,. The ratio. 0. of the amplifier 

noise to x-ray quantum noise depends" upon the design of the amplifier and field effect transistor 
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Fig. 6 (a) ,MTF,(f,) of the camen and l e m  for different values of M refernd ta the scmn plane rn the horizoncrtl 

aan direction (b) MF' of cmem lem (.WC ': i. the nrcen (MTFI" ). and the produci of the 

rwo curves (MIT:) ~fercnced 10 the scrcen plane ai Y-35. Also s h o w  ir the rcsponrr hinction of the 5 filter. 

ic)  Cornparison of the NPSe(f. the NPSJf,) taken h m  the average of die NPS,(f,) cumes in Fig. 4 with 

rhe N P s p ( f , ~ ~ ( f , ) .  
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Fig. 7 Cornparison of lens biurred quantum noise (NPSp(fs)). elecrron shor noise (NPSe(fs)) 

and amplifier noise (XPS,(f,)) at M=35 for a 230 mV signal. The NPS,(f,) was measured at 

M11.5 and rescaled to M-35. The NPSp(fs) was üiken fiom the shape of the M T F ~ " ( ~ ~ )  

curve in FÏg. 6(c). 

100 _ 1  t I t T V 1 1  1  1  I I I 1 8 1  1 I l  

C - 
* 

C 

. 

10 - 
L . 

4 

1 - 
E a - - - -  - - - - - -  _ _ _ _ _ _ _  - - - . . . .  . . i i . - i . . . i i i . .  . .  .... 

< . -  . 
\ .  

\ .  

\ .  

o. 1 1  1 1 n . 1  I I I  1 1  1 I A I i i  I 1 1 .  

0.01 0.1 1 

Spatial Frequency [mm-'] 



.Ueaswmeni of quantum noire in /Iuomscopù systems for p o d  imaging Page 59 

(ET) used. 1,. f, and M. For Our amplifier. at M-35. with a 230 mV signal at f,=0.2 mm-'. 8-33 

whereas ar f,=0.02 mm*'. 0 is reduced to -6. The x-ray quantum noise is more than the eleciron shot 

noise at M-35 for f,-0-0.2 mm". Since amplifier noise is the only source of noise greater than x-ray 

quantum noise. it must be amplifier noise which is preventing the system from being x-ray quantum 

noise limited. 

V. DISCUSSION 

We have shown that our test fluoroscopic portal imaging system is dominated by amplifier noise. 

What approaches could be used to reduce this source of noise ? Decreasing the input capacitance of 

the first stage of the amplifier. which is typically a field effect transistor (FET) or slow scanning of 

the electron beam over the video target are two possible approaches as is the use of a low noise CCD. 

ï h e  coupling of light between the carnera and the screen can be increased by using a lens with a 

larger aperture (e.g. W0.75 lens) but this may lead to greater lens vignetting effects. Funher possible 

approaches for increasing the signal. and hence the SNR are: (i) an increased target area. (ii)  an 

increased target storage capacitance (- gain of Z).lS or (iii) using amplified targer methods (gain of 10- 

100).'~'~ However. these approaches must take into account the effects of dose rate. dynamic range 

and readout noise of the detector. For the system to become quantum noise Iimited. the quantum noise 

power must increase by a factor of -30. or altematively the SNR must increase by a factor of 3 0 ' 1 ~  -5. 

We believe that a combination of the above approaches can yield this leve1 of improvement. 

If we could produce an x-ray quantum noise limited system. then Fig. 7 implies that the system would 

be x-ray quantum noise limited to a spatial frequency of approximately fi=0.2 mm.'. How does this 

limit compare to the important spatial frequencies in portal imagine ? As discussed in Chapter 1. the 
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required spatial resolution has k e n  estimated to be f 1 mm (or a spatial frequency of - 0.5 mm-') based 

upon biological modelling of the tumour control probability." This estimate of the required resolution 

is conservative and perhaps insufficient for identification of landmarks (see section 1II.A. in Chapter 

1). However, the x-ray quantum noise limit does not extend to this spatial frequency and to make it 

do so would require a reduction in M and a subsequent reduction in the field of view which may not 

be clinically acceptable." An new approach is to increase the optical coupling through other readout 

approaches such as the system being deveioped by Antonuk er ai? These systems employ a matrix 

of photodiodes which read out the optical image on the phosphor. An alternative venions" of the flat 

panel uses a photoconductor known as arnorphous selenium (a-Se) to produce a charge image which 

c m  be read out. To determine if such a sensor is appropriate for portal irnaging, in the next two 

chapters, the signal and noise properties of the latent image on the a-Se are explored. 

V. CONCLUSIONS 

This chapter has describea the developrnenc of a generd rnethod to measure the x-ray quantum noise 

in fiuoroscopic portal imaging systems. It cm be applied to existing portal imaging systems to make 

noise evahations and assist in redesign and opcimization. Using an expenmental system, we found 

by extrapolation to the large M used in portal imaging, that the amplifier noise dominates the x-ray 

noise by as much as a factor of - 30. Although it is possible to produce a quantum noise limited system 

with significant technical modifications. the range of spatiaI frequencies over which the system can 

be made quantum noise limited is only 0-0.2 mm-'. and may be inadequate. Moreover. v a t  

irnprovements in SNR are available if the optical coupling could be irnproved. Thus. this work 

indicates that portal image quality can be sigificantly improved by altering the readout of the primary 

detector. 
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C hapter 3 

Portal Imaging using Amorphous Selenium: 
Sensitivity to X-rays fkom 40 kVp to 18 MV 

"When I was directing the research work of srudertrs in nty days ar Primeron University. I always used 
ro tell rltern tint if the resulr of a rhesis problem could be forseen af ifs beginning il wax no1 wonh 

looking atm 

- Karl Taylor Compton 1887- 1954 

A version of this chapter has been submitted to Medical Physics (1997). 
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The use of photoconductors, in general. and arnorphous selenium (a-Se) specifically, is a topic of 

active research in medical x-ray imaging. To date. a-Se has been used in commercial systems for 

marnrnographyl and digitai chest radiographf and is under active consideration for digital 

marnmo,gaphy,' general radiography' and fiuoroscopyJ Photoconductors are useful as x-ray 

Unaging sensors because provided an appropriate elecmc field is applied, they have a high sensitivity 

(i.e. conversion of absorbed x-ray energy to charge). Although it has been shown that it is possible 

to use a-Se to pmduce radiation therapy verification (portal) imagesb-' there have only been limited 

investigationssg of the sensitivity of a-Se to megavoltage x-ray beams. 

We have measured the sensitivity of a-Se to x-ray beams ranging in energy from 40 kVp to 18 MV 

over a range of electric fields, F, in the a-Se layer ftom - 1  to -30 V / p .  and for a-Se layer 

thicknesses d, between - 10 and -300 p. These data are of interest for two reasons: (i) to predict 

the characteristics of an a-Se based imaging device for producing images from megavoItage x-ray 

beams (e.g radiation therapy ponal imaging'O or pond doshnetry".") and hence pennit 

optimization of detector parameters and (ii) to understand better the physics of electron-hole pair 

generation and recombination in a-Se which may suggest methods for irnproving the x-ray sensitivity 

of a-Se. 

The discharge of a-Se layers by diagnostic x-ray beams has been measured by a number of 

investigators.!' Most used the xeroradiographic discharge c w e  method in which the potential of the 

free surface (i.e. the one facing away from the substrate) is measured as a function of exposure. The 

energy required to produce an eIectron hole pair. W, c m  be obtained from the slope of the discharge 
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cuve (see section III.A.2). To compare and summarize the data over a range of electric fields. W, is 

ofien fitted to the empirical formula: 

where F is the electric field in V/pm, W' is the vdue of W, at 10 V / p ,  and b is a constant. The 

values of W' and b found by different investigators are variable. but typically, W ' 4 W 0  eV and b 

= 0.66iû. 15. In most semiconductors, W, is independent of incident x-ray energy and most data to 

date in a-Se has been consistent with this interpretation. within the somewhat large variability of the 

data. 

One exception is the results of Fiedler and ~augwitz," who measured W, from an effective energy 

of -30 keV to 662 keV and found that W, decreased rnonotonically as a function of the incident x-ray 

energy. Their data dong with the range of those of previous investigators is shown in Fig. 1. We felt 

it was important to verQ this measurement and extend it into the radiation therapy range (i.e. > 1 

.MeV). Thus. we investigated W, of a-Se using x-ray beams ranging in energy from 40 kVp to 18 

MV and in addition. a 17 MeV electron beam. 

II. THEORY 

A. Background 

When x-rays deposit energy in a photoconductor or a semiconductor. electron-hole pairs are created. 

and provided the material is of high purity (i.e. free of traps) the freed charge carriers can be collected 

by a modest applied electric field (e.g. 1 V / p ) .    le in" has shown that for many materiais, the 
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Photon Energy (keV) 

Fig. 1 The experirnental results of Fiedler and Laugwitz" which show sensitivity (l/W,) as a 
function of average photon energy. The discontinuity in the original results may be explained 
by an error in dosimet. in which the energy attenuated was calculated instead of the energy 
absorbed. The difference becomes substantial at higher energies where Compton scattered 
photons carry off a significant fraction of the incident photon energy. Sample corrected data 
points are shown in as circled data points. Also shown is the range of data frorn most previous 
investigators for a field of 10 Vfpm (= 10' Vfm) as compiled by Rowlands et al." 
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amount of energy required to produce an electron-hole pair. is given by the expression 
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where a (=0.75 eV) is a connant which accounts for energy losses (e-g. phonon production) and e, 

is the width of the forûidden energy gap between the valence and conduction bands. This fonnuia has 

been shown to hold in a variety of semicond~ctors~~ and is usuaiiy independent of the energy of the 

radiation used. Application of Klein's formula to a-Se (e, -2.2 eV) predicts W,-7 eV. However, 

experimental dataL3 for a-Se indicate a value of Wp>W,,. W, is also found to decrease rapidly with 

increasing etectric field. F as shown in Eq. 1. The inequality of W, and W, is explicable if it is 

assurned that in a-Se some of the electrons and holes recombine or are trapped. ïhat is. W, may be 

interpreted as the energy required to produce an electron-hole pair in the absence of recombination 

or trapping effects whereas W, is the measured quantity. Thus. to understand the x-ray sensiiivity of 

a-Se. it is of interest to examine the recombination mechanisms which rnay be acting in a-Se. 

B. Recombination 

When electron-hole pairs are created in a-Se by x-rays, they may: 

( 1) recombine with the other half of the same pair before they are separated (geminaze recombination). 

(2) separate from the pair only to recombine with other electrons or holes in the same electron track 

(colwnnar recombination; so named because a column of ionization forrns around the electron track). 

(3) separate, escape from the track oniy to recombine in the bulk of the a-Se with electrons or holes 

from other tracks (general reconzbirtation). 

(4) separate, escape from the track only to become trapped (bulk frapping) or 
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(5) separate. escape the track and avoid trapping to reach one of the surfaces of the a-Se layer. The 

last mechanism is the one which resuits in the maximum signal and is the desired one. 

Fig. 2 illustrates the fm four possible mechanisms that will increase W, in a-Se. 

1. Extra-track loss mechanisms 

Trapping of carriers in the bulk is illustrated in Fig. 2(a). The number and depth of traps depend upon 

the a-Se ailoy composition. its preparation and hhtory." Since traps limit the carrier range in a-Se. 

their effect on the signai can be established using the optical tirne-of-flight method.'"" These 

measurernents give the schubweg or mean range of carriers (e.g, Se =p,s$ where se is the mean 

lifetime of an electron to deep trapping). For our a-Se sarnples, the electron and hole mobilities are 

~ = 3 x 1 0 - ~  cm2/(Vs) and p,=O. 12 cm2/(vs) and the canier lifetimes are re= 300 ps and T,,= 95 ps." 

Over the range of fields used, Sg>ds, so there is no loss of signal due to hole trapping. By 

comparing the energy dissipated through the displacement currents before trapping to the energy stored 

in the a-Se layer (modeiied as a parallel plate capacitor), the fraction of the signal lost from electron 

trapping can be ~alculated.'~ If a sufficientiy hi& F is used then the probability of trapping over 

the layer thickness can be reduced to negligible proportions. We estirnated that if the data for which 

d,, > S, is excluded. -18% of the signai is lost. 

Fig. 2(b) iliustrates generai recombination. It is a bimoIecular recombination process' in which 

separated electrons and holes drifting through the buik of the a-Se cotlide with one another and 

Biomolecular recombination refers to the situation in which the carriers that recombine are from 
different molecuies (or atoms) whereas monomolecular recombination refers to recombination of 
carriers from the same molecule. 
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Fig. 2 illustration of different types of recombination. The cylinden are electron tracks passing 
through part of the a-Se. a) Trapping: A dnfting charge, usually an electron. gets trapped and 
does not reach the surface. b) General recombination: Electrons and holes drifting in the field 
away from the uacks. and usually from different tracks. recombine. Both c) and d) are 
rnagnified sections of a) and b) illustrateci by the dashed boxes. The dotted Iines indicate the 
elecwn and hole pairs and the numben 1 and 2 refer to the charges that recombine according 
to the two different mechanisms. c) Columnar recombination: Electrons and holes from 
different pairs within the track recombine. d) Geminate recombination: the original elecmn 
and hole recombine. 
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recombine. The amount of general recombination in a-Se has been measured and shown2* to be 

consistent w ith Langevin" recornbination theory. For continuous irradiation. the fraction of charges 

lost to general recombination. f, may determined from the formulau for recombination of ions in 

a parallel plate ionization chamber 

where 6, is the rate of elecnon or hole formation per unit volume, Vi is the surface potential of the 

a-Se plate. e is the fundamental charge. and a is the Langevin recombination coeficien?* given by 

a=e(~+p,)l(c,rse) where e, is the permittivity of free space. and e, (=6.3) is the relative permittivity 

of a-Se. By estimating W, as 7 eV, and the energy absorbed in a-Se (see section III.A.1). the amount 

of generai recombination for the x-ray beam qualities used in our measmmenu could be caiculated. 

Eq. 3 indicates that the amount of general recombination increases linearly with dose rate. It was 

found that for 1% recombination to occur. the dose rate must exceed -10' cGy1s in a megavoltage 

beam and -106 cGyls in a diagnostic beam. By keeping the dose rate weli below these ievels. the 

effect of general recombination was kept negligible. 

Thus, by suitably choosing the dose rate, layer thickness. and electnc field, carrier losses associated 

with trapping and general recombination can be avoided. However. columnar and geminate 

recombination occur almost irnmediately after the energy deposition and need to be explored in greater 

detail. To quanüfy the recombination probabiiity from these mechanisms. the photogeneration 

eficiency. q(F), is defmed as the fraction of electron-hole pairs that do not recombine; i-e.. 

T) (F)=WJW,(F). 
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2. Zntra-track loss mechanisms 
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Wittiin the ionization column formed by an electron track. two mechanisms compete: columnar and 

geminate recombination. Geminate recombination as descnbed by Onsager theory was until 

recently? the undisputed explanation for the electric field and photon energy dependence of optical 

photogeneration in a-Se." Que and RowlandsJO reviewed existing experimental data and argued that 

over the diagnostic x-ray range. geminate recombination theory is consistent with existing rneasured 

data. but indicated that insufficient experimental evidence exists to completely confirm or refute 

geminate recornbination as the dominant mechanism. Both geminate and columnar mechanisms have 

been modelied theoretically for x-ray irradiation. but both models have free parameters that are fitted 

to the experirnentai data. Thus. neither mode1 is complete. In this section the different theoretical 

predictions of the two mechanisms are compared as a function of energy and electric field. Later. we 

will show that neither mechanism alone describes the measured data over the range of electnc fields 

and energies used. but that a microdosimeuic explanation based upon both mechanisms is in generai 

agreement with the results. 

a. LET dependence 

Fig. 2(c) illustrates columnar rec~mbination.'~~' It is a recombination process which occurs 

within the ionization column as charges diffuse and drift under the influence of the applied electric 

field from their site of formation. As the linear energy transfer (LET) of the primaq electron 

increases, the charge density within the uack increases and thus we predict that the amount of 

columnar recom bination w il1 increase. 
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An electron and hole are produced when energy deposition results in a iransition of an electron from 

the valence band to the conduction band. The recombination of the electron with its original hole is 

known as geminate recombination and is illustrated in Fig. 2(d). Since geminate recombination is a 

monomolecular process. the probability of an electron-hole pair separahg is independent of the 

density of electrons and holes in the surrounding volume. Thus. unlike columnar recombination. 

geminate recombinaiion is predicted to be independent of the LET of the primary electron. 

The LET dependence of either geminate recombination or columnar recombination occuning alone 

are show in Fig. 3(a). Exarnining the LET dependence of Wt will help to determine which 

mechanism is dominant. If there is no LET dependence. geminate recombination is the dominant 

mechanism. but if there is an LET dependence, it would indicate that either columnar alone or a 

combination of columnar and geminate recombination are occurring. 

In Fig. 4(a). the LET (Le. restricted stopping power) of a-Se (2=34) is plotted as a function of electron 

energy. +. LET varie?' approximately with Z/A. where Z and A are the atomic number and atomic 

mass respectively. The LET of a-Se was obtained by scalin$ the published value for copperS (2=29) 

by the ratio of (Z'A)sJ(Z/A)c, = 1.06. The average LET. for the fluence spectrum of elecnons. 

(da JE,), generated by a photon spectnim, P. is given by: 

The Monte Carlo code CYLTRMJ3' was used to calculate (d@Jd&), in a representative (50 p thick) 

a-Se sample for the spectra and buildup materials listed in Table 1. To conf i i  that the CLET> was 
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H g 3  Schcrnatic d;wrama showing the differc~lces betwtcn gcminate and columnar remmbination. 
In (a) W+/- is plo#cd as a function of LET. Onsagcr thtory predicts no dependence bctween 
LET and W+/- whilc columnar thtory predicts an incrcasing (show as linear) relationShip. In 
(b) the photogcncration efficiency is plotted as a frmction of elcctric field. ûnsager theory 
predicts a linear rdationship with a slope to y-interctpt ratio of 0.17 um/V. Co1umnar thcory has 
b e n  caicuiaîcd for two extrema, one in which the diffusion dominates at Iow fields and one in 
which drift is dominant at hi@ fields. The kmL in the figme at F, is not physicaI, thus a doücd 
linc was addcd to show a more &tic curvc, 
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Fig. 4 (a) Linear energy transfer (restricted stopping power) of a-Se as a function 
of elecrron energy, E,. (b) Average LET of the specmim of electrons generated by 

x-ray spectra iisted in Table 1 in a 50 p.rn a-Se layer as a function of the average 
photon energy of chose specua. 
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essentially independent of Ge. the <LET% of :, megi~dtage (60Co) beam for d,, of 10 and 300 pm 

was calcuiated. The <LET> at 4, =IO. 50, and 300 pm were within 10% of each other. Similar 

independence on $, was found for a diagnostic ( 100 kV) s p e c m .  In Fig. 4(b), the <LET> is plotced 

as a function of the average photon energy, <hv>. of the spectra Iisted in Table 1. The CLET> and 

hence the charge density within a column (p,) changes by more than an order of magnitude over the 

range of photon energies examined experirnentaiiy, permitting examination of the LET dependence 

of W, and hence examination of which recombination mechanism dominates. 

b. Electric field dependence 

Geminate recombination, as described by Onsager t h e 0 9  assens that the elecuon-hole pairs are 

formed in a state whose probability of escaphg recombïnation is dependent upon the initial separation 

of the electron and hole, r,. As shown in Fig. Xb). for W110 V l p .  the theory predicts that q 

increases approximately linearly with F and has a slope to ordinate-intercept ratio.m R,, given by: 

where k is the Boltmiann constant and T is the absolute temperature. At T=300 K. RsI = 0.17 p Y .  

As shown in Fig. 3(b), the field dependence of columnar recombination is different from geminate and 

has been calculated for extreme values of F." At low fields. (Le. much below a critical field. F, at 

which drift and diffusion contribute equally). thenal difision is the dominant process and 

consequently, q is independent of F. F, is given by: 
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where r is the radius of the column of ionization. Above F,, drift of the charges in the field is the 

dominant process and q varies Iinearly with F. The value of r in a-Se has been estimatedm to be Iess 

than 16 nm which implies that F, > 1.6 Vlpm. Thus, examination of the electric field dependence of 

q(F) over the range of OIE'S10 V/pm may help establish which recombinaîion mechmism is 

III. lMETHOD 

A. Xeroradiograp hic Disc harge- Theory 

To determine the dose to the a-Se. we measured the exposure and multiplied by the exposure to dose 

conversion factor which was detennined using a Monte Car10 caiculation for each beam and d,, used. 

Table 1 lists the relevant data required to caiculate the energy absorbed in the a-Se per incident photon 

fluence per exposure, E, as a function of d,, for the different x-ray spectra and the elecuon beam. 

Data from the literature where available and the Monte CarIo code CYLTRAN~' otherwise were used 

to obtain the photon fluence per exposure. From this, using CYLTRAN, E, as a function of d,, with 

the buiIdup materials listed in Table 1 was caiculated. Typically. one million histories were run to 

yield E, to within 3 9 .  The validity of the CYLTRAN code. for thin materials (e.g 0.1 gkm') at high 

-- 
energies (e-g. 15 MeV). where interface effects are of concem.'- has previously been established in 
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a variety of materiais (e.g. Be. AU).)' The resulting values of Eh as a function of d, for the 

different x-ray spectra and the electron beam are shown in Fig. 5. 

2. Calculah'on of W?fiom a discharge curve 

The characteristic curve of an a-Se layer (often cailed a discharge curve) with a conductive subsîrate 

and a free surface can be modelied as a capacitor which is discharged by x-rays. Normally, the fkee 

surface is charged positively and when x-rays deposit energy in the bulk of the a-Se to fom electron- 

hole pairs. the electrons move to the free surface and the hoIes to the substrate. both contributing 

equally to reducing the surface potential, Vi. 

If an a-Se layer with an initial surface potential of V, is irradiated by an x-ray exposure AX. Ause 

charges per unit area will be released reducing the surface potential to V,. By rneasuring 

AVs,=V;+l-Vi, the change in surface charge density Aa,, can be obtained from the relation 

Ao~,=C~,AV~,  where Cs, is the capacitance per unit area given by the parallel plate formula 

C,,=e,,edd,,. Since W, = Aa,,;(E, AX); if the discharge c w e  (V: as a function of X) is 

approxirnated linearly behween the ith and (i+l)th values of Vi, we obtain for Wt at a field F= 

(V,+V,,,)/(2d,J as 

Thus, the value of W, can be determined from the dope of the measured discharge curve. 

The measured parameters from the different discharge curves can be used to predict the discharge 

curves for a variety of different conditions. For a mal1 AX, there is a srnail change in a, given by 
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Fig. 5 Energy absorbed per exposure per m a .  Eh, as a htnction o f  cis, for different 

spectra calculated using the Monte Carlo code. CYLTRPLN, for the apparatus shown in Fig. 5. 
For the 18 MV x-ray and the 17 MeV eiecam beams, an equivalent exposure was defmed as 
die air kema divided by W,r. the energy required ro produce a unir charge in air. The 

non-linearity in EkS for the diagnostic b e m s  at large ds, is due to attenuation in the a-Sr. 



 PO^ ÙnagMg wirh anwrphous sehiatm: Sensïiivily to X-MYS /mm 40 kvp  20 18 MV Page 80 

the relation Au,-(-E*AXe/W')-(aJ 10e,es~b. By integrating this relation. the shape of the discharge 

curve is obtained f r ~ r n ' ~  

where X is the incident exposure and the factor of IO arises from the nomaIization field in V/pm for 

W' (c.f. Eq. 1). 

B. Xeroradiographic Discharge - Experiment 

Fig. 6 shows a schematic of the apparatus used to rneasure the x-ray induced discharge curves of a-Se. 

Samples of a-Se (Se + 1-2% As and trace Cl) 5 cm square with thicknesses. d,,. ranging from - 10 

to -300 p evaporated ont0 1.1 mm thick glass substrates coated with -10 nm of indium tin oxide 

(ITO) were obtained. A single thin ( I O  pm) sarnple evaporated on an aluminum subsmte was also 

used. An electric field was established in the a-Se layer by charging the free surface with positive ions 

from a corouon. The a-Se layer was then irradiated with the substrate facing the x-ray beam. This 

orientation was chosen to provide intirnate contact between the a-Se layer and the substrate, which 

for high energy bearns acted as the buildup material. It aiso pemitted the vibrating reed electrostatic 

voltmeter probe3' to be left in position during irradiation thus minimizing the tirne between 

irradiations and the effects of leakage curent. For the highest energies. additional alurninum buildup 

material was added. The different beams are Iisted with their sources. buildup material and fütration 

in Table 1. The radiation exposure incident upon the a-Se layer was measured using a 0.6 cm3 Baldwin 

Farmer ionization chamber under full buildup conditions in RMI solid wate? for high energy (P2 

662 keV) bearns and using a pancake ionization chamber" for the diagnostic beams. To compare the 
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glass 
substrate 

Electrostatic 
probe 

ITO 

Fig. 6 Systcm used for meamhg discharge m e  of amorphous s c l c ~ ~  samples 
evapaîed on a substraîe. The substrate faces the team and acts as a buildup layer. 
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dosimeters, we measured the output of the LOO kV tube with both dosirneters simultaneously and 

found agreement w ithin 1 5%. 

The procedure to obtain the discharge cuve was to read the surface potential Vi of the a-Se plate with 

the electrostatic voltmeter. then to irradiate the plate with a mal1 exposure. AX. and read the new 

potential. V,,, from which AV=V,-V:+, was established. The change in V, was monitored between 

radiation intervals to measure the leakage current, For F - 30 V / p .  the reduction in Vi between 

irradiations was - 5% of AV and rnuch smailer for lower F. Thus. the effect of leakage current was 

negligible. Usually, AX was chosen such that the plate was almost completely discharged in -8 steps. 

The corresponding irradiation Urnes. A t  varied between 0.01-0.1 minutes depending upon the quality 

of the beam and 4,. Typical values of AX and At are given in Table II. 

The effects of three possible systematic errors were evaluated. These were: 1. backscattered radiation. 

2. air ionization and 3. effect of radiation on the surface potential electrometer. 

1. Backscaiter effects 

Since the probe was -1-2 mm away from the free surface of the a-Se during irradiation. we 

investigated if backscattered radiation from the probe affected the readings. Initially, the probe was 

positioned over the a-Se to rneasure the surface potential. The a-Se was then moved away Born the 

probe and irradiated with AX. Next. the sarnple was repositioned under the probe and the new 

potential was measured. This procedure was repeated to obtain a discharge c w e  which was 

compared with that obtained using the procedure previously described. No significant ciifference was 
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Beam (RI At (mi ns) Eh( Jrn'%") 

Table II Typical values of AX. E, and irradiation t h e s  At for a-Se discharge curves for MCo 

and 100 kV beams incident on 50 p thick a-Se. The values of AX and AT are 

representative of the diagnostic and radiation therapy sources. For these values, the 

fraction of electron-hole pairs that escape generd recombination fp is >0.999. The 

initiai surface potentiai was - iOOO V and the range of AV was 2@ 100 V. 
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found either at LOO kV or *Co thus demonstrating that backscatter from the probe was not affecting 

our resdts. 

2. Air ionization effects 

We investigated the possibility that ions being foxmed in the air adjacent to the surface of the a-Se 

layer contributed to its discharge. A 1 mm thick aluminum plate was suspended - 1 mm above the 

10 pm a-Se samples, and + 1000 V was appIied between the rnetai plate and the a-Se. (N.B. The ITO 

was grounded as shown in Fig. 6.) The procedure was repeated with the plate grounded and with 

- 1000 V applied. At +1000 V on the plate. ail the positive air ions fonned would be forced into the 

positively charged a-Se, whereas at -1000 V. the negative air ions would be forced into the a-Se. No 

change was found in the discharge cuve of the a-Se over this range of applied potentials and beams 

(i.e. LOO kV and MCo) demonstrating that ionization in the air did not affect any of the discharge c w e  

measurements. 

3. Effect of Radiation on Electrometer 

There was some sipal  generated by direct interaction of radiation in the electrostatic voltmeter probe. 

However. after the irradiation ceased. the readings settled within seconds. Since the probe was not in 

the beam for the backscattér measurements described above, and since no difference was found in the 

discharge curves. waiting a few seconds after irradiation before each measurement avoided any effects 

that the radiation had on the electrometer. 
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Discharge curves were obtained over the range of energies 40 kVp to 18 MV and for $, between 10 

and 300 pm. For each 4, and energy, several (1 to 3) discharge curves were obtained, Eq. 7 was 

used to caiculate W, as a function of F for each curve. In Figs. 7 (a) and (b), Wt is ploned as a 

hiaction of F for 100 kV and 60Co bearns over a range of d, and for two different substrates. Sûaight 

lines were leas squares fit to the each of the discharge curves and the resuitùig fitting pararneters were 

averaged to obtain a representative line. Although thcre appears to be a thickness dependence in 

exarnining the *Co data of Fis. 7(b). funher examination of al1 samples over the range of energies 

and 4,. showed no rnonotonic dependence of W, on d,,. There was no signifiant difference in the 

discharge of the a-Se between an aluminurn substrate and a g las  substrate indicating that light (e-g. 

from fluorescence or Cerenkov radiation) generated in the glass did not contribute significantly to the 

measued W,. 

There was a significant reduction in W, as the x-ray energy increased. At the normai operating field 

for a-Se (10 V/pm). the value of W= for a 100 kV beam is -5 1 eV but decreased to - 17 eV for a *Co 

beam. In Fig. 7k).  the least squares fitted lines of al1 the different x-ray beams are shown. There 

are two distinct regions. one below 100 kV and one above 662 keV with a transition at 250 kV. A 

list of the fitting pararneters for b and W' in Eq. 1 for the different photon spectra is given in Table 

III. 

Fig. 8 shows typical examples of q=(WJW,) over the range of Ogl10 VJpm dong with linear fits 

and the predicted lines chosen by Que and Rowlands" from geminate (Onsager) theory for ro=4 nm 

and r0=2 m where r, is a mode1 parameter describing the initial separation of the electron and hole. 



Fig. 7 PIot of enersy required to produce an electron hole pair. Wei-, as a function of 

elecaic field. F. for (a )  a 100 kV bearn and (b) a ''CO beam. The individuai data sets 
are fitted with strai_ght doned lines and these Iines are averaged obtain the solid line. 
The error bars indicate the uncertainty for the solid lines at selected fields resulting from 
the variations in the fitting parameters of the individual doned Iines. (c) The averaged 
lines for al1 the bearns listed in Table 1. Also shown on dl the graphs as a horizontal 
doned line is W, as predicted by Klein's formula The error bars are for 100 kVp. 250 kVp 
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and 6 0 ~ o  bearns. 
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Beam 

40 kVp 
70 kVp 
100 kV 
250 kV 
l3'cs 
&Co 
18 MV 
17 MeV e 

Table III Fitting parameters for exponential fits for W, as a function of F (in Vlprn). Example 

graphs are shown in Fig. 7. Also shown are the values of R,, for each of the beams 

(example graphs in Fig. 8). ïhe errors for were caiculated by fitting a line to the data 

from individuai discharge curves and averaging the fitted parameters. The enors are 

standard errors of the mean. 



Fig. 8 Typicd examples of photogeneration efficiency. q as a function 
of electric field, F. for two x-ray energies and a-Se samples of thickness 
(a) 50 and (b) 90 W. in (a), the data from a more sensitive low 
potentid probe (Le. Trek mode1 320B) are aiso shown as open circles. The deviation 
h m  linearity occurs at appmximately the point where ds, = Se, shown by 
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the vertical line. indicaung that the deviation from linearity is occuring due to trapping 
of electrons at lower fields. The dashed and dotted lines are the predicted values 
from Onsager theory for ro = 4 nm. and ro=2 nm respectively at T = 300 K. 
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The data in Fig. 8 are the same as that shown in Fig. 7 for the 4, indicated: however. the data points 

are from a single discharge cme .  The R,, was determined from each curve and the averaged values 

are surnmarized in Table III for al1 beams. Data were aiso obtained from the Iiterature and replotted 

as q(F) over the range O<_F110 V1p.m. The curves were linear and the conesponding R,, are listed in 

Table IV. 

V. DISCUSSION 

A. Columnar recombination 

We found that WI has a weak energy dependence that is difficult to establish over a small energy 

range. such as the diagnostic range. but readily measurable over the larger energy range (40 kVp to 

18 MV) used here. TabIe IV lists the vaiues of W' and b obtained by previous investigators who used 

beams with spectra (P) 5 tOOkVp. Our data falls within the range of that of previous investigators. 

Our data shows that W, decreases with increasing energy, consistent with the observations of Fiedler 

and Laugwiu:' but our values of Wt do not change as rapidly as theirs. Specificaily. at F= 10 V ! p .  

they found that l/W, increased linearly as a function of average photon energy with a siope of 

4.6~10-'. By fitting our data in a similar fashion (over the range -25 to lûûû keV) the dope was 

found to be -3~10'. more than an order of magnitude smailer. Part of the explmation for this 

discrepancy may be due to the fact that FiedIer and Laugwitz based their calculation of E,, on an 

approximate method, an equivaient rnonoenergetic photon - rather ttian a complete spectrum. We 

attempted to recalculate W, by our method, but rhe differences between their slope and ours could not 

be accounted for by dosirnetry alone. suggesting that other factors such as sample differences or 

experimental techniques may be contributing. 
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Publication 

Donovana (photocurrenri 
Donovana 
Borasi" (d,=48p)  
Borasi" (d,= 157p-n) 
Rowlands" (puise height) 
Fieder'' 
Fende?' 

Beam 

Table IV Typical vaiues of W' and b frorn Eq. 1 from the literature for a variety of beam 

energies. Also shown is the R,, obtained by replotting the data over the range of O to 

10 Wpm. The variations between the data may be due to differences in seleniurn 

preparation and measurement techniques. The data for Fiedler was calcdated at 43 

keV (=60 kVp) following Rowlands et al." In addition. we only took the fined data 

from the literature and not the raw data, This may dso contribute a s m d  error. 
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Fig. 7 shows that at the highest fields (- 30 V / p )  and energies available to us. W, approaches the 

theoreticai value of W, (-7 eV) suggesting that recornbination has been completely eliminated, It 

would be of great interest to extend these measurements to even higher fields to confirm saturation. 

The dflerence in W, between high and low energies shows that there is an LET dependence. which 

indicares the presence of columnar recombination. This data suggests that a field of 30 V f p  is 

sufficient to elirninate geminate recornbination, but that columnar recombination is important at 

diagnostic energies. 

Fig. 9 shows the value of W' as a function of &ET> obtained using the data listed in Fig. 4(b) and 

Table III. Aithough the &ta in Fig. 9 are at a field of 10 V/pm, they are representative of the results 

over the range of measured fields (cf. Fig. 7(c)). ïhere is a rnonotonic increase in W' with increasing 

<LET> indicating the presence of cohmnar recombination (cf. Fig. 3(b)). 

B. Geminate Recombination 

Comparing the measurement of q as a function of F Pig. 8) with Fig. 3(a), the data is linear (Le. 

there is no change in slope) which supports geminate rather than columnar recombination as the 

dominant mechanism. If columnar recombination was dominant, there would be a change in slope at 

F, (N.B. F, is estimated to range from 1.25 to 3.9 V/pm with rnean of 2.5 Vlpm in a-Se; see section 

V.A). The plots of q(F) are linear for our data. In general. the data of previous investigators also fit 

linearly. although occasionally, the slope of the cuve decreased with increasing F (i.e. in the opposite 

direction predicted by columnar recornbination and likely due to trapping; cf. Fig, 8). Onsager theory 

also predicts that R,, = 0.17 p ' V  and no LET dependence of W,. Tables III and IV show that for 

high energies (Le. P2 662 keV). RsI -0.2 pm/V in approxirnate agreement with Onsager theory but 
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<LET> [MeV g/cm2] 

Fig. 9 Wt as a hncuon of <LET> for x-ray bearns from 40 kVp to 18 MV at F= 10 V/pm. 
The W data was taken fiom Table III and the CLEX> was calculated using CYLTRAN and Eq. 4. 
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for Iower energies. R,, is much greater than 0.17 pmN. This result and the LET dependence of W, 

indicates geminate recornbination is the dominant mechanism at high energies. but both mechanisms 

are present at low energies. We can furcher examine this interpretation of the data by considering a 

microdosimenic mechanism in which recombination changes as a function of LET. 

C. Microdosimetric mechanism 

On a rnicroscopic level, electrons interact in discrete coilisions resulting in distinct energy deposition 

events. A model which descnbes the size and energy dependence of such transfers has been developed 

in radiation chemistry. The basic c o n ~ e p r ' ~ . ~  is shown in Fig. 10. where energy deposition events 

known as spurs are illustrated as beads on a string. Spur theory has been developed primarily for 

chernical reactions in water. but has a h  been used to descnbe recornbination in a-Se? Spurs are 

considered to be regions in which a few electron hole pairs are localized and resuIt from glancing 

collisions between the high energy electrons and orbital electrons. In the simplest version of the 

model. spurs are assumed to have a fxed amount of energy, 6: be sphericaliy shaped with radius r, 

and uniformly spaced by distance L:. Since 6 is fiied, as the LET increases. the spurs move closer 

together until they fonn a cûlumn and as they overlap, the additional birnolecular recombination 

between the electrons and holes from different spurs increases W=. Thus by exarnining this model and 

using it to determine the <LET> at which columns form, a more quantitative, microscopically based 

test of our qualitative anaiysis of the CLET> dependence c m  be made. 

A spur consists of a charge cloud which foms as a result of an enerrgy deposition event. Estimates 

of the size of the spurs has only been studied in detail for the cause in which diffusion is dominant. 
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lncreasing 
LET 

Fig. 10 Illustration of concept of a spur. Spurs have an energys, 
a radius, r and are separated by a distance, U. As the 

LET increases. the spurs corne closer together until they 
overlap and form a colurnn. 



P o d  ùnaging wiih amorphous seienium: Sensia'vi4 to x-roys from JO kVp to 18 MV Page 95 

This mode1 therefore describes the low field case. Since spurs result frorn the inelastic collision of a 

fast elecuon with an orbital elecuon. the largest cross sections for these interactions WU occur at the 

resonance energies for the electron sheiIs (c 100 eV). The average energy deposition per inelastic 

scattering event in a-Se has betn estimateda to lie between 40 to 80 eV. depending upon the electron 

energy. ~ the r?  have estimated 6 to be - 20 eV in a-Se. M e r  the energy is deposited. the elecmns 

and holes diffuse and drift outward. The spherical charge cloud resulting from the enera deposition 

is assumed to begin at a point and diffuse outward with a Gaussian profde of the form exp(-8ld) 

where r is the spur radius and d= 4 4  The diffusion constant is given by the relationship" 

D=pkT/e where p p ,  since ph >> K. We assume the time for spur formation, t,. is approximately 

18'~ s following the estimates of othersq" but caution that values ranging from IO-% to 10' s 

have k e n  pr~posed.~"" Based upon these estimates. the spur radius r = (4D4)"'-11 (range 4 to 3 1) 

m. 

The spur separation. U. can be obtained by fitting the values of U. r and S to the LET. SpecificalIy. 

since the LET is the density of the energy deposition. this implies (see Fig. 10) that LET=6/U or 

The spurs will begin to overiap when U = 2r. Using Eq. 9 and the data in Fig. 4, assurning r= 1 1 nm 

and &40 eV. the spurs will begin to overlap at an LFT of - 4 MeV cm2/g which approximately 

corresponds to the <LET>,, (N.B. density of a-Se = 4.26 pcrn3). This suggests that W, is small at 

high enersies (PX62 keV) because the spurs are separated and no recombination occurs between 

them. This is funher illustrated in Fig. 1 1  where the data of Fig. 9 are reploned in a more intuitive 

form of sensitivity as a function of photon energy. At hizh energies. the spur theory predicts that the 

sensitivity is approximately constant. in agreement with the Fig. 1 1. At low energies. the spurs form 
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spurs - overlap 

spurs 
separate 

1 1 <LET> [cm2 /(g MeV) ] 

Fig. lï Plot of snisitivity (lm') as a functicm of incrrssing cneigy (I/<LET>). This 
data is the samc as that shown in Fig. 9. Tht vertical line carrtsponds to the 
estimatrri energy at which the spurs begin to overiap. 
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a column. additionai recombination occurs, raising W, in agreement with our observations. Therefore 

the energy dependence of W, is. to a first approximation. consistent with the spur mechanism. 

To summarize. our results suggest that at high electron energies the spurs are separated and that the 

recombination within them is descnbed by Onsager theory. As the electron energy decreases. and the 

spurs overlap. the additional recombination between the spurs increases Wt in a way not described 

by either theory alone. This additional recombination also changes the values of RsL at lower energies. 

Clearly. the proposed mechanism is only a fmt order approximation. In particular, the uncenainties 

in t, and 6 give a large range of possible spur sizes and spacing which couid readiIy Vary by a factor 

of NO. Additional measurements of W, at very high LET over a range of fields and funher theoretical 

development of a mode1 are desirable. 

D. Dynamic Range Implications for Portal Imaging 

What are the implications of these results for portal imaging ? We cm make some specific comments 

about the signai size. dynarnic range requirements and implications of different readout approaches. 

There are two types of readout approaches: (i) those that have a surface electrode which maintains a 

constant electric field across the a-Se (e.g. an active rnatnx readoutG) and (ii) those that can only be 

used once per daily treatment fraction in which there is a free surface which is discharged by the x- 

rays (e.g. using a scanning electrometer readout*). In both types of readout the minimum exposure 

required to produce a quantum noise Iimited system is determined by the system noise. The maximum 

exposure for both systems depends upon the pixel capacitance. For the electroded system, this 

capacitance cm be augrnented as necessary. On the other hand. for free surface readout systems. only 

the inherent capacitance of the a-Se is present and may weii lirnit dynamic range. Fortunately, the 
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signal and capacitance depend differentiy on the a-Se layer thickness (d,,) and thus can be adjusted 

to modify the dynamic range. 

The dynarnic range of a free surface readout system can be calculated from our data. An a-Se based 

portal imagine system should be able to produce both (i) localization images in which the detector is 

exposed to a srna11 fraction (e.g. i % )  of the daily radiation fraction (-200 cGy) and (ii) verification 

images in which the imager is irradiated throughout the total treatment. Thus, the air kerma incident 

on a patient to produce an image could be - 1-200 cGy. Assumint a 50% attenuation in the patient, the 

appropriate incident air kerrna range that the detector should operate over is 0.5- 100 cGy. In Fie. 12. 

the charge signal, ho,, and the voltage signai. AV, are shown for the same initial field of 20 Vlpm, 

the maximum field for the thinner sarnples. The curves in Fig. 12 were calculated using Eq. 8. The 

values of b and E,, were taken from Table III and Fig. 5 respectively. For either of the two possible 

signa!s to be read out: charge or surface potential. Figs. 12(a) and (b) indicate d,, should be between 

5 and 20 pm to cover the exposure range of interest, Thicker a-Se may aIso be used, but only for 

IocaIization images. Thus for free surface readouts. a-Se detectors may be used like film. with different 

a-Se layer thicknesses being used for localization and verification images. 

VL CONCLUSIONS 

The xeroradiographic discharge method has been used to measure the sensitivity of a-Se to x-rays 

ranging in energy between 40 kVp and 18 MV and for samples thicknesses between 10 and 300 pm. 

Provided the electric field was sufficiently high to collect al1 the released electrons and holes, the 

average energy required to reIease an electron-hole pair. W,. was found to be essentialIy independent 

of the a-Se thickness. However, although the energy dependence was weak. over a large photon 



Air Kerma (cGy] 

Air Kerma (cGy] 

Fig. 12 Si~nai  size for a-Se plates dischuged bu a 6 0 ~ o  beam for different values 
of d,,. A constant initial field of 20 V/pm is assumed. The data apply to full buildup 
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of _olass. In (a) the charse signal is shown and in (b) the voltage signai is shown. 
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energy range (40 kVp to 18 MV). W, decreased by a factor of nearly three. At megavoltage energies 

and at the highest fields (-30 V / p ) ,  W, approached 7 eV, the limit predicted by Klein's empiricd 

relationship. irnplying that aü recombination was eliminated. Further investigation at higher fields is 

warranted to confiinn saturation, 

We compared our measmrnents to theoretical prediction to distinguish between geminate and 

columnar recornbination. Since the recombination was found to be L I T  dependent. this implied that 

over the rneasured energy range. columnar recombination made a contribution. However. the field 

dependence of the recombination at high energies (low LET) was consistent with the predictions of 

Onsager theory suggesting that at low LET. geminate recombination is dominant. A microdosimetric 

mode1 showed indicated that it was reasonable to believe that geminate recombination occurs within 

the discrete energy deposition events (spurs) but as the LET decreases, these spurs rnove closer 

together and the coIurnnar recombination contributes. 

Finaily, we used our data to show that for readout systems that for a free surface. a 5-20 pm layer 

of a-Se is required to produce a verification image, but thicker layers may be used if localization 

images are required. 
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Chapter 4 

Portal Imaging using Amorphous Selenium: 
Detective Quantum Efficiency 

"Science clears the fields on which recimology can build." 

- Werner Heisenberg 190 1- 1976 

A version of this chapter has been submitted to Medical Physics (1997). 
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Although electronic portal imaging devices are widely available, a disappointing fraction are used 

clinically on a routine basis.' Pan of the reason for this may be due to the poor image qudity of 

these systems. For digital imaging systems, image quality may be measured by the detective quantum 

efficiency (DQE) which describes how efficiently the detector uses the information in the incident 

x-rays. Both types of commercially available systems, the liquid ion chamber array and the 

fluoroscopic portal imager. have low DQE. Signal-to-noise analy~es~.' '  and measurements' have 

detennined that fluoroscopic systems have a low DQE (-O. 1 %) in part due to the poor optical coupling 

between the pnmary x-ray detector (metal plate + phosphor screen) and in part due to the video 

camera which converts the optical image into an electrical (voltage) signal. To improve the image 

quality over that of fluoroscopic systems. a better approach would be to directly couple the primary 

detector to the charge conversion stage by bonding the detector element directly to the primary x-ray 

detector. 

The Iiquid ion chamber may has image quality comparable to that of the fluoroscopic system. It 

consists of 256 x 256 chambers which are read out by appiying high voltage to one row at a time. 

so only 11256th of the detector is actively detectinz x-rays. This is augmented to some extent by 

charge trapping in the unbiased part of the insulating liquid resulting in some additional charge 

signaL6 If al1 the freed charge was accumulated until the image is read out. the DQE could be 

improved. One way of overcoming the weakness of both systems is to use a photoconductor know 

as amorphous selenium (a-Se).' It can be bonded directly to the metal plate eliminating the coupling 

problem in the fluoroscopic detector and because i t  has a very low leakage current. charges are 
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retained on its surface for a long time before they are read out eliminating the charge Ioss problem 

in the liquid ionization chamber anay. 

One promising approach for the readout of a-Se is to couple it to a flat Alternative 

approaches using phosphors have already been investigated and show prorni~e. '~ There are a variety 

of advantages to using a-Se in flat panels over phosphors including simplification of the design of 

the flat panel readout and improved resolution. It is Our zoal to provide information for the design 

of an optimal a-Se based detector for this. or other readout methods."." and for comparison with 

phosphor based systems. To do so requires an understanding of the signal and noise propenies of 

image formation in a-Se when irradiated by rnegavoltage piiotoris. In Chapter 3, we examined the 

signal propenies of a-Se.:' In this chapter. the spatial frequency dependent signal-to-noise ratio, or 

more specifically. the DQE(f), is examined. 

The primary sensor for portal imaging consists of a buildup metal plate of thickness dp,, followed 

by an x-ray to signal transducer. The principal interaction of megavoltage x-rays is Compton 

scattering producing ionizing secondary electrons. These interactions occur both in the metal plate 

and transducer. The secondary electrons reaching the transducer deposit energy, resulting in an image 

signal. Radiographie film. phosphor screens, and insulating Iiquid layers are currently being used 

clinically as transducers. However. as indicated previously, these detectors suffer from added noise 

and signal Ioss associated with their readout. Therefore we hypothesized that with an optimized a-Se 

sensor taking advantage of recent advances in its readout, improvements in the image quality over 

existing approaches c m  be obtained. Wang er al." have performed Monte Car10 simulations of the 

expected latent image quality. Here, we produce a similar model, but with experimental measurements 

to verify Our results. 
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Fig. 1 illusuates how an image can be produced using a-Se. Initially. the a-Se layer has a uniform 

charge distribution resulting in a uniform elecrric field throughout the bulk. Energy deposition in the 

a-Se produces electron-hole pairs which separate and drift to opposite surfaces under the influence 

of the electric field changing the surface charge distribution. Thus a distribution of x-rays incident 

on the detector will result in a charge image. 

To compare a-Se detectors with existing systems, it is necessary to determine the signal-to-noise 

properties of this latent image; specifically, the spatial frequency dependent detective quantum 

efficiency, DQE(f), of a quantum noise limited a-Se detector. Our approach was to use a Monte 

Carlo calculation to model the zero spatial frequency detective quantum efficiency, DQE(O), of a 

metal plate + a-Se detector which has previousiy been done in ph os ph or^.'^.'^ We estimate the shape 

of the DQE(f) by considering the mechanisms of image formation and nonnalize it at zero spatiai 

frequency using the Monte Carlo calcuiation. These theoretical estimates are compared with 

measurements made on the a-Se target of a video tube (Saticon) with a glass faceplate used as the 

buildup layer. Good agreement between theory and experiment vâlidated the model at megavoltage 

energies. Finally, we used the model to determine the DQE(F) of an ideal portal imager using 

amorphous seIenium. 
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Fig.1 Formation of a charge image in a photoconductor. a) The x-ray interacts in the buildup plate and 
scaners incoherently. The secondary elecuon may emerge from the metal buildup plate and deposit 
energy in the a-Se. As the electron passes through the a-Se. it deposits energy chat creates electron hole 
pairs which travel to the surface of the a-Se under the influence of the electric field to neuualize surface 
charges thus foming a charge image as illustrated in (b). 
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IL DQE(f) MODEL 

A. Definition of DQE 

The zero spatial frequency detective quantum efficiency. DQE(0). is defined as: " 

Page I IO 

where SNRi,(O) is the zero spatial frequency signal-to-noise ratio at the output of the system and 

SNRT,(O) equals the number of x-rays incident on a pixel of the detector. The spatial frequency 

dependent DQE(f) rnay be calculated using:" 

where NPS,(f) is the noise power spectrum of the system normalized to unity as f approaches 0. and 

MTF(f) is the modulation transfer function of the system. 

B. Pulse Height Spectnim 

The noise of an x-ray quantum lirnited detector rnay be described by the counting statistics associated 

with the detection and conversion of an incident x-ray into a charge signal. For each x-ray that is 

detected. sleccron-hole pairs are produced. We consider three sources of variation or noise in an a-Se 

detector. These are variations in the: (i) number of x-rays detected, (ii) amount of energy deposited 

per detected x-ray. and ( i i i )  gain (number of electron-hole pairs formed per unit energy absorbed) of 

the a-Se layer. Al1 these sources of noise will reduce SNRL, and hence DQE(0). For phosphors. 
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Swank showedL8 that the DQE(0) determined from a pulse height specwm, PHs. a histogram of the 

probability that an event of a given size will occur as a function of the size of the event, will 

correctly include al1 these factors. Theoretical anaIyses and calculations based upon this approach 

have been performed on a-Se at mammographic energies19 and using Monte Carlo calculations on 

phosphors at megavoltage enerzies.l6-' Here we will employ Monte Car10 calculations for a-Se at 

megavol tage energies. 

We define two pulse height spectra: PHS(E), in which the numbel of energy deposition events are 

binned as a function of the energy, E, deposited per incident x-ray, and PHS(Q) which is binned in 

terms of the charge signal. Q, in the a-Se per incident x-ray. The former may be obtained directly 

from the Monte Car10 code. but it is the latter that is the actual measured quantity. The two are 

related by 

where E, is the ith energy bin. Q, is the ith charge bin and W= is the energy required to produce an 

electron-hole pair which has previously been shown to be both energy and field dependent.13 The 

latter can be controlled by maintaining a constant field dunng irradiation either by using an amount 

of radiation small enough so that the a-Se layer is not significantly discharged or by applying a 

constant operating fieId across the a-Se, using for instance, an electrode- We ignore the negligibte 

effect of shot noise arising from stochastic variations in the nurnber of charges formed from an 

energy deposition E, since the gain (= E, / W,) is large." 
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1. Relaiionshr'p of PHS to DQEfO) 
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The PHS(E) is generated by counting and binning by size the energy deposition events arising from 

x-ray interactions in the detector and normalizing to the number of incident x-rays. The ratio of the 

total number of pulses to the number of incident x-rays is the quantum efficiency of the detector, Aq. 

If al1 the pulses were the same size. the DQE(0) equals A,, but because there is variation in the size 

of the pulses, this introduces a second source of noise which reduces the DQE(0) by the Swank 

f a~ to r . ' ~  A,. Thus. the DQE(0) is given by: 

DQE~O, = A#, . r41 

The PHs  and hence the DQE(0) of the detector depends upon the thickness of the buildup plate d,, 

and the thickness of the a-Se layer. d,,. I t  has been shown" that increasing d,,, increases A,. but only 

to the full buildup thickness (dm,). Thus we set the mass thickness dp,a,=dm,. An upper practicai limit 

to d,, is determined by the carrier range and the maximum field that can be applied. The former 

depends upon the preparation of the a-Sezo and the latter is usually limited by the leakage current. 

Currently. the typical thickness of d, is - 500 Fm (- 200 mg/cm2). Assuming that the dominant carrier 

loss mechanisrn is electron trappin~.'~ and using the range parameters from Chapter 3 (i.e. electron 

lifetime = 300 ps and electron mobility =3x10-' crn'/(V~)), '~ the fraction of charge lost to trapping 

may be obtained by modelhg the a-Se layer as a capacitor which is discharged by x-rays. By 

calculating the energy dissipated through the displacement current resulting from the rnovement of 

charge carriers through the bulk of the a-Se before trapping. the fraction of the signal lost due to 

trapping can be calc~lated.'~ Neglecting any attenuation of the beam in the a-Se. at 500 pm. -90% 

of the signal is collected at the usual operating field of -10 V/pm. Increasing the a-Se thickness to I 

mm (426 mgcm') would result in slightly reduced (85%) signal collection and even at 2 mm. most 

(77%) of the charge is collected. Therefore a consemative range of a-Se layer thicknesses ranging 
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from nearly O to 1 0 0  pm are considered. 
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We used the Monte Car10 code. CYLTRAN" IO mode1 the PHS(E) for a-Se detectors with g las  or 

copper buildup materials irradiated by mCo and 6 MV p e n d  bearns whose spectra were obtained 

from the ~iterature."~~ The cutoff energies for photon and electron transport were set to 1 keV and 

2.3 keV respectively. The default step size for electron transport is calculated from the CSDA range 

of the elecuon. A new smaller step is calculated after an -8% reduction in energy. 

First. the PHS(E) in cylindrical detectors consisting of a 20 cm (effectively infinite} diameter 1 mm 

thick copper plate + a-Se Iayers between 5 and 1000 pm thick were simulated. One million photon 

histories were run for each d,. Second, a 2.5 cm diameter video tube with a 2.45 mm glas  facepiate 

over a 5 Pm a-Se target (Saticon) was modelled to compare to experiment (see section III). To 

simulate backscattering from the g l a s  walls of the vidicon. a hollow 15 cm long g las  cylinder with 

a 2.5 cm outside diameter with 2 mm thick walIs was added co the glass + a-Se target. To obtain 

a better estimate for comparïson to experiment. ten million photon histories were run to obtain the 

PHS(E) in the Saticon. The ratio of the total number of pulses in the PHS(E) to the number of 

incident photons gave A,. The Swank factor was obtained frornIs 

where :M,=Zi (NiE:) is the jth moment of the PHS(E) eiven in terms of Ni. the number of pulses per 

incident photon in the ith bin of energy, E,. Eq. 5 was used to calculate the zero spariai frequency 

DQE from the PHS(E), to obtain the DQEE(0) of the a-Se layer + copper buildup plate. 
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2. Evaiuaîion of DQE(0) 
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To verify Our modei. we compared the DQEE(0) of a 1 mm copper plate with a 400 rn@cm2 

Gd20,S:Tb (mean density = 3.5 @cm3) screen irradiated by a 6 MV beam2'l with those of previous 

in~esti~ators.". '~ The value of DQEE(0) was 1 . 8 ~  IO-' (A,=0.52. A,= 3 . 4 5 ~  IO-'), in reasonable 

agreement w ith Jaffray er al. l6 ( 1 . 7 ~  10") and Radciiffe er a[. '' ( 1 . 8 ~  10" for 500 rng/crn2). Thus. Our 

model is in agreement with theirs, which was experimentally tested. 

Fig. 2 shows the PHS(E) from CYLTRAN for a metal plate with a 5 pm a-Se layer irradiated by a 

6 MV beam. and a Saticon (2.45 mm _elass + 5 pm a-Se; see section 1II.C) irradiated by a MCo beam. 

For both spectra. the rnajority of the e n q y  deposition events lie between 2 and 3 keV. To verify 

that this peak was not an artifact resulting from the termination of low energy electron histories in 

the a-Se at the cutoff energy (2.3 keV), the cutoff energy was increased to 10 keV. but no difference 

in the PHS(E) was found. Rather, the peak results from many high energy elecuons (several hundred 

keV) passing straight through the a-Se. To confirm that the position of the peak was consistent with 

this mechanisrn. an analytical caiculation was performed. The average energy3 transferred by a 

Compton scattering event from a 2 MeV photon in the copper buildup plate is -1 MeV. A forward 

directed electron of this energy passing perpendicularly through 5 Fm of a-Se deposits. on average, 

an amount of energy, E,=Sed, = 2.6 keV where Se is the collisional stopping powei6 of the a-Se to 

the 1 MeV electron (1.23 MeV cm2/@. Further evidence for this mechanism is that the position of 

the peak shifts approxirnately linearly with d, for smaller d, (Le. at least up to 50 Pm). Thus our 

proposed mechanism is in agreement with the energy of the peak. 
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Fig. 2 Pulse height specuum as a funcuon of energy deposited in 5 pm a-Se calculated 
from CYLTRAN for nvo different buildup materials and specm The PHS(E) is the number of 
incident photons giving rise to energy depositions berneen Ei and Ei+, divided by Ei+, - El. 
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Although the vast majority of the energy deposition events occur from the transit of a high energy 

electron through the a-Se. for some cases. significantly more energy is deposited as shown by the 

hi@ energy tail of the PHS(E). Even though these events are very rare. they reduce A, significantly. 

To detemine the nature of the energy deposition mechanism giving rise to the high energy (Ei>10 

keV) tail of the PHS(E), we added17 a tracking mechanism to the CYLTRAN code. Each rime a large 

energy deposition event occurred. the random number from which it was generated was recorded. The 

code was then run over with only these histories, but this cime the energy of the secondary electrons 

in the a-Se were also tracked. We examined a total of 20 events. It was found that the large energy 

deposition events were caused by low energy electrons (i.e. electron energy. Et- 50 keV). These 

electrons are more readily scattered in the a-Se, so they have a greater path length and hence deposit 

more energy. 

As indicated in Eq. 3. the electron energy affects the conversion of the PHs(€) to PHS(Q) since the 

x-ray sensitivity of a-Se (i.e. the arnount of charge produced per energy deposited) is a function of 

x-ray energy." We ascribed the energy dependence to additional recombination of electron-hole pairs 

for low energy or high iinear enersy transfer (LET) elecuons. Specifically, for high LET elecuons. 

the energy required to produce an electron-hole pair, W_. increases by a factor of -3 compared to a 

low LET electron. Because of the LET dependence of W_, the deposition of energy from high LET 

elecuons though greater due to their longer path length in the a-Se. would produce proponiondly less 

charge per unit energy deposited than low LET electrons which pass straight through. For the energy 

deposition events we examined in which the energy pulse size Ei > 50 keV. al1 were produced by 

high LET electrons. and for Ei between 10 and 50 keV. approxirnately half of the events resulted 

from high LET elecuons. but for Ei behw -10 keV. none were from high LET elecuons. Therefore 

we took a weighted average of the value of W, depending upon the value of Ei and the probability 
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that it was produced by a high or low energy electron. Specifically, the PHS(Q) was estimated by 

assuming that each pulse in the PHS(E) of heighr Ni and energy Ei produced a charge puIse of height 

NiE,/WS where Wt is given by 

The effect of the LET dependence of W= on the PHs is shown in Fig. 3. The PHS(Q) calculated 

using the value of W, given in Eq. 6. and the PHS(Q) obtained using W= = 20 eV (Le. assurning 

there was no LET dependence of Wz) are plotted. The LET dependence resulted in a re-binning of 

the high energy bins into proportionally lower charge bins, thus reducing the Iength of the high 

charge tail of the distribution. Since the P H S E )  of a 5 pm a-Se Iayer on copper buildup and glas  

buildup were very similar (see Fig. 2) the vaIue of W, given by Eq. 6 was also used to calculate the 

predicted DQE. DQE,(O) for the Saticon. 

Fig. 4 shows the PHS(E) for a 500 prn a-Se laver irradiated by a 6 MV beam. The PHS(E) is much 

broader due to increased number of direct photon interactions in the photoconductor and the increased 

path length of secondary electrons within the sensor (a-Se) as described by Jaffary et d.l6 thus the 

PHS(E) does not have a high energy tail. Consequently, A, is larger and less sensitive to large energy 

deposition events. Additionally. the LET dependent gain has a much smaller effect on the shape of 

the PHS(Q) in thicker layers since most of the large energy deposition events result from the full 

absorption of a high energy electron and the LET effect only occurs in the final small fraction of the 

energy deposition. 
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Fig. 3 Pulse height spectrum as a function of nurnber of electron-hoIe pairs 
for a 6 EUN beam irradiating a copper plate + 5 pm a-Se layer. The doned line 

(--*.."--) is the data from Fig. 2, but is convened to elecmn hole pairs assurning 

W+,- = 20 eV. The dashed line (-) is the PHS(Q) with WT,- given by Eq. 6. 
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The data are plotted in Iog-log format to show the differences in the high energy tail. 
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Ei = Energy Deposited [MeV] 

Fig. 4 Pulse height specaum as a function ofenergy deposited in 500 pm a-Se 

irndiated by a 6 MV karn with a copper buildup plate. The PHS(E) was calculated from 
CYLTRAN. 
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This concept is illustrated in greater detail in Fig. 5. Two types of energy deposition are shown for 

two different layer thickness. X-rays A and B interact in thinner a-Se and C and D interact in thicker 

a-Se. Events A and C are more likely than events B and D, hence their pulse heights are larger on 

the PHS(E) shown below. X-ray A differs from B in chat its secondary eIectron is of higher energy 

and goes straight through the a-Se while the secondary eIecuon from B has a high LET component 

shown by the dotted Iine. The sarne holds for x-rays C and D. The energy difference arising from 

the higher LET part gives rise to a difference in the energy deposition which is shown as & in 

the PHS(E). Since it is onIy the lower enerzy electron that separates the pulse pairs from one another. 

the spacing between A and B is equal to that between C and D. However. since the energy deposited 

in C is greater than that in A, the relative energy separation between the pulse pairs (which influences 

the value of A, by altering the skewness of the distribution) is much larger. hence the effect of the 

LET dependent gain on A, is much Iarger for thin a-Se than thick. 

To calculate the DQE(f) using Eq. 2,  the XPS,(f) and the MTF(f) are required. In many phosphors. 

for an x-ray quantum noise lirnited sysrem. the NPS, ( f )  is approxirnate~y'~ the same shape as the 

MTF2(f). As shown in Fig. 6. this is because the large gain and scattering of light cause the line 

spread function (LSF) of one x-ray photon to be nearly the same as for many x-ray photons (i.e. 

optical blur is greater than the x-ray blur). However, for a-Se. this is not the case since the very high 

r e so l~ t ion~~  of a-Se results in a burst of electron-hole pairs from an individual x-ray photon which 

is very narrow. Hence the signal produced looks like a 8 function and the N P S ( n  is independent of 

f (spectrally white). The 6 function is an excellent approximation because although there must be 

sorne spread of the electron hole pairs as they drift through the a-Se, this effect is negligible as 
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Fig. 5 IUustration of effkct of selenium thickness on pulse size. Four different x-rays marked A, 
B. C and D produce pulses of different sizes. X-rays A and B are incident upon a thin 
laycr of aSe. X-ray A produces an cltctron which goes straight through wbik B 
produces a low energy or high LET elecmn (shown by doettd Zinc) which has a longer 
path length and thus a Iarger puise. X-rays C and D art incident upon a thicker Iayer of 
aSc, hcnct the pulses are of higher encrgy than those of A and B. Sincc the differcnce 
bctween the differicnt pulse pairs is dut only to the diffant contribution h m  the high 
and low LET electrons, the encrgy spacing bctween A and B is the same as between C 
and D. But s b  the energy of A and B is much lower than the energy of C and D, the 
relative spacing is much larger. Events of type A and C arc much mort likcly than 
events B and D, hence the height of A and C in the PHS(E) are greatcr than B and D. 



Portol UMgUrg with anwrphour seienium: Deizctive quantum emiency 

I I I  

slit 

buiùiup 
plate 

phasphor 

Page 122 

line spread 
function 

Iine spread 
function 

Phosphor 

Fig. 6 Wercnces bctwcen fesponse of a-Se and a phosphor to (a) noise and (b) resolutim 
(MTF') measmementS. In (a) multiple photons producc bmts of light h m  the 
phosphor and bursts of eIectron hole pairs from the aSe. Since thcm is no spreading 
of signal in the a-Se, the t~sponse is a delta fimction. In (b) the linc sprrad functim 
arc shown to consist of these bursts of light or charge. 
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optical and x-ray images with resolutions up to 500 Ip/mrn have been reponed.'" Despite <he high 

resolution for individual x-ray energy deposirion events, the MTF(f) is not white because the 

measured LSF results from the average spread of z a n y  photons and electrons scattering in the 

buildup material, thus it is much broader than the spreading of an individual x-ray. 

Therefore, to estimate the DQE(f). the NPS,(f) for a-Se detectors may be taken to be unity for al1 f, 

However. an estimate for the .MTF(O is also required. If d,c<dph,. the spread of electrons in the a-Se 

is negfigible compared to the spread in the buildup plate and the MTF(f) of the larent image is 

entirely determined by the buildup plate. As d,, increases to 500 pm. the MTFO wilI be reduced due 

to the additional spread of electrons in the a-Se. However, this change is relatively small (< 20%) 

according to Monte Carlo calculations as d, increases from 300 to 500 pm." Measurements' of the 

x-ray spread in a metal plate + phosphor screen of similar average density (3.5 $cm3) and thickness 

to a 1000 pm a-Se (4.26 gcm') layer indicare that the MTF(f) resultine from x-ray spread in the 

metal plate + phosphor is comparable to that of the optical spread alone. However, these LSF 

measurements were performed with film. In film. the LSF is the sum of the delta functions that 

result when Compton electrons exit the sensor. In a-Se. ris the electron track passes through the layer. 

charges are produced over its entire length, and not just at the end.. Approxirnating the uacks as 

linear, and averaging the charge formation along the track, the LSF from a-Se will be narrower by 

approximately two. Using the experirnental data.' this irnplies that the MTF(0 of a rnetal plate + 

a-Se layer compared to a metal plate alone is O at f=O. -1 5% at f = O S  mm". and -30% at f= 1 mm.'. 

Thus we can obtain a good estimate of the MTFO for the a-Se detector by using published MTF(f)s 

for rnetal plates.3' Therefore. for reasonable a-Se thicknesses. we c m  mode1 the DQE(f) as 



Ponai imaging wiLh amorphus seienium: Defictive qunnnun effukncy Page 124 

DQEV) = DQE(o)MTF,ZO) , [71 

where the MTF,(f) is the MTF(f) of the buildup material and DQE(0) is obtained as outlined in 

section I1.B. 1. 

To verify the model we required an imaging system. We chose to use a Saticon, a vidicon with a 5 

Fm a-Se target designed and used as an opticai sensor. It is useful for our purposes because: ( i )  It 

is an established, well understood and charactenzed imaging system. (ii)  The Saticon has a gIass 

faceplate which can act as the buildup material in front of the a-Se. 

The Saticon was directly irradiated widi 1.25 MeV y-rays frorn a Theratronics Theratron 780 60Co 

unit. MCo was chosen because its effectively monoenergetic spectmm made comparison with our 

Monte Carlo model (see sections IIB-C) more accurate than the bremsstrahlung spectnim from a 

linear accelerator. 

A, Camera Characteristics 

A conventional medical fluoroscopic camera (Machlett model SS6OO) which produced a standard 

video signal (NTSC interlaced image. 480 active Iines) with an overscanned circie" was used. The 

carnera was modified to integrate frames by turning off the scanning etectron beam to permit image 

charge buildup on the target. After a preset delay of K frarnes. the scanning was reactivated and the 

accumulated charge from K+ 1 frames read off. All measurements. unless otherwise specified. were 
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made on the first active field of the resutting video signal. The linearity of the response of the 

camera to light has been established in Chapter 2. The dark current of the camera was negligible' 

cornpareci to typicai signals of - 200 m V  chat were used in our noise measurernents. Linearity of the 

camera to 60Co y-ray irradiation was established by changing K over the range of K+I= 9 to 65 

producing signals ranging from -50 to 400 mV, spanning the range of K and signal used in Our 

measurements. 

The diamecer of the active area of the vidicon was measured by selecting a Iine at the centre of the 

circle and measuring its width on an oscilloscope. To conven from time on the oscilloscope to 

distance across the face of the vidicon. a transparent d e r  was imaged using a set of 1 : 1 relay lenses 

and the time between dips corresponding to the ruier graticule were rneasured. The conversion factor 

between tirne on the oscilloscope and distance across the face of the vidicon, H was 2.7 pdrnm. 

which yielded an active target diameter of 1.5 cm. 

B. Meastuernent of Modulation Ttansfer Function 

The modulation transfer function of the Saticon directly irradiated by yrays, MTF,(f), was 

deterrnined as the Fourier transforrn of the line spread function (LSF) which was the image of ri 

narrow slit. The slit was formed by a pair of 10 cm thick steel blocks clamped together upon a pair 

of narrow 250 pm shims and was oriented perpendicular to the scan direction of the electron beam. 

The blur from the large ( 1  cm) source was minimized by using a large (150 cm) source to detector 

distance. To align the slit, it was placed -2 cm from the glass faceplate of the camera tube (N.B. the 

lens was removed) and illuminated with the field light of the MCo unit. The resulting signal. measured 

on the oscilloscope, was maximized by rotating the slit in small increments. The slit was then 
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irradiated and 128 lines were averaged to obtain an essentially noise free image of the 128 point LSF 

which was digitized by the oscilloscope at 40 ns (Le. 15 pm) intervals. A background correction was 

performed in which the dit was closed by removing the shims. and the signal resulting from 

transmission of radiation through the blocks. was subtracted from the one obtained with the dit  to 

obtain the LSF. The LSFs were fast Fourier uansformed to get the MTF,(f). 

To separate the loss of resohtion in the glass faceplate resulting from the spread of Compton 

scattered electrons within the glas  from any spreading in the a-Se, the MTF(f) of the glass faceplate. 

MTF,(f). was established by placing the slit on top of a -2 mm piece of glass and a single emulsion 

film (Kodak Ortho M) in an evacuated cassette. The LSF measurernent was identical with b a t  from 

the Saticon except for the alignrnent procedure. Because film is not a real time imagine system. it 

was not practical to iteratively change the slit position. Instead, the slit was aligned using the field 

light and cross wires of the MCo unit and by using a spirit level to ensure that both the top surface 

of the slit and "Co unit were parallel to one another. The film was exposed using @CO. developed 

and digitized into 125 prn pixels usine a photodiode array film digitizer. Five profiles of the LSF 

were then obtained. linearized using the dose response curve of the film.' averaged. and Fourier 

transformed to obtain the .MTFJf). 

The width of the slit was measured radiographically using a 50 kVp beam and a single emulsion film 

(Kodak Min-R) in an evacuated rnammography cassette to produce a blur free image of the slit. The 

slit image was then measured using a microscope with a graticule in its eyepiece and confmned to 

. m e  dose response curve was obtained by irradiating the film in full buildup conditions in a 
tissue equivalent phantom with 60Co. 
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be 250 pm i 10%. A correction for the width of the dit was performed by dividing the measured 

MTF(O by the sinc with its fint zero at 4 mm-'. 

CI .Measurement of Noise Power Spectra 

The noise power spectrum. NPS. was measured from the output of a directiy irradiated Saticon. The 

lens was removed from the carnera and the radiation field was collimated to the face of the video 

tube to avoid unnecessary irradiation of the camera electronics. To obtain a - 200 mV sipal,  the 

camera was blanked for 33 frames. A similar Saticon was dismantled and the glass faceplate was 

measured to be 2.45 mm thick. The a-Se target was raken to be 5 pm thick." The tareet potential was 

47 V, resulting in a field of -10 Vlpm. 

The method of meauring the NPS from this video camera has been described previously.5Js Bnefly, 

a video line near the center of the image was passed through a 5 MHz anti-aliasing Iow pass filter 

into a digital oscilloscope which digitized it  into 256 points at 40 ns  intervals. Two hundred and fifty 

video lines were collected at - 3 second intervals and sequential lines were subtracted from one 

another to remove stmcturai noise. The subtracted video lines were then Fourier transforrned and the 

resulting spectra averaged to obtain the NPS with an uncenainty" of -9%. The NPS, resulting from 

direct irradiation of the camera includes the x-ray quantum noise power spectrum. NPS,. the carnera 

noise power spectrum, NPS,, (dominated by noise in the amplifier) and the elecuon shot noise power 

spectrum, NPS,. To exuact the x-ray quantum noise, the camera was illuminated with an incandescent 

light source to produce the same sipal (-200 mV) as with the gamma rays. The resulting spectrum. 

NPS, consists of NPS, and NPS,. thus subtracting NPS, from NPS, yields NPS,. 
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To ensure chat the rneasured signal used to obtain NPS,(f) was due to x-ray generated energy 

deposition events in the a-Se alone. severd experiments were performed to exclude spurious effects. 

We first investigated whether light formed by high energy secondaq electrons in the g l a s  conuibuted 

to the rneasured signal. Since it was not possible to remove the glass faceplate from the Saticon, its 

effect was determined by adding further transparent material and extrapolating to zero thickness of 

faceplate. It has been ~ h o w n ' ~  that in glass. most of the Iight produced by high energy x-rays is from 

eerenokov radiation. Since Cerenokov production only depends upon one matenai dependent 

parameter." the index of refraction. n. and for glass, n ranges from 1.45 to 1.55 while n for 

plexigla~s'~ is 1.48- 1 S0. the production of lipht in plexiglass is essentially identical to that for slass. 

Light produced at the front face of the tube was increased by placing clear polished plexiglass 

cylinders (up to 6 cm thick) on the surface of the g l a s  and irradiating the camera. The signai was 

measured both with the plexiglass in optical contract with the glass faceplate and subsequently with 

a piece of opaque material between the glass faceplate and the plexiglass. As shown in Fig. 7. the 

signals with and without the opaque materia1 were then subtracted to yield the s i p a l  from Cerenokov 

as a function of plexiglass thickness. The signal due to Cerenokov. obtained from the dope of the 

line rnultiplied by the mass thickness of the giass. d,,,, accounts for -7 rnV f 10% or -5 G/c of the total 

signal of 190 f 6 mV. 

Second. we investigated whether irradiation of the glass in the tube behind the t q e t  produced Iight 

by irradiating the tube from the side, while ensuring that the target was shielded from the bearn. Any 

extra signal produced in the tube would be due to light or scattered radiation. however no signal was 

observed within the rrns noise of the video carnera (t 2 mV). 
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thickness of cIear plexiglas. 'ihe symbol dm rcfm to the equivalent m a s  
thickness of the glas faccpiate assuming a dcnsity of 2.5 g / d  and 

Asignal at this thickness g i w  a mcasu~~: of the amount of signal pxoduced 
by light in the glas faceplate. 
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Third, we checked if irradiation of the camera electronics was conuibuting additional signal by 

disconnecting the camera tube target and irradiating the camera. but again no significant (Le. witfiin 

&2 mV) signal was observed. 

D. Determination of DQE,,,,, 

The DQE(0) from Our measurements, DQEM(0) was caiculated using Eq. 1. The SNRout was 

obtained from the ratio of the signal (200 mV) to the rrns noise. given by the square root of the 

integral of the NPS,(D (8.5 mV). The SNR:, equals the number of x-rays incident on a pixel. The 

exposure was measured using a Baldwin Farmer 0.6 cm3 cyiindrical ionization chamber with a Delrin 

*Co buildup cap and the fluence was calculated using the published conversion factor" for 1.25 MeV 

photons (1.63~10' photons cm-' R'). The pixel area was determined as the product of the aperture 

response of the camera and the height of a line. The aperture response is the Fourier transform of the 

5 MHz anti-aliasing filter. Approximating the 5 MHz fiIter by a rectangular function of widtfi W,, 

cenued on f=O, where WjZ=5 MHz, the aperture function is a sinc function with its first zero at l/W,. 

Squaring this function. gives the aperture response to noise power. The pixel is the equivalent 

constant response function that will pass the same noise power (Le. has the same integral). This 

rectangular aperture has a width I/W, Thus. the width of a pixel. w, = l!(HW,) = 3.7x10-~ mm. The 

height of the pixel, 3.1~10" mm, was obtained as the ratio of the diameter of the active area being 

scanned (see section A)  to the 483 active lines in the image. 

Two corrections were applied to the DQE,(O) calculation, both of which had the effect of reducing 

the DQE. These were: ( i )  the different response of the two video fields and (ii) the effect of light 

produced in the glass. t'sing a sec of green LEDs and an integrating sphere as a uniform light 
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source." the relative size of the first. second. and third fields after 32 frames of blanking were 

measured using an oscilloscope. The third and fourth fields were approximately at the signal level 

corresponding to that of continuous readout, implying that there was virtudly no third fieId lag. The 

ratio of the signal size of the first field to the second field, equal to the effective relative pixel sizes 

of the two fields was - 1 S. The different pixel sizes between the two fields result from the Gaussian 

shape of the scanning electron spot. thus some of the second field is read off by the tails of the first 

field. This implies that proponionally more y-rays were being detected in the first field than the 

second field. Since the ratio of first to second field is 3:2, the first field read off 315 of the total 

charge. If two fields were the same size. the first field would have read off half the charge. Thus, a 

factor equal to the ratio of these two fractions, 1/ 1.2f 10%. is required to correct the DQE,(O)- 

cerenkov light photons corning from an individual Compton electron in the glass faceplate will be 

correlated with one another and rnay be expected to contribute to the total x-ray noise. For each x-ray 

that Compton scatters in the glass faceplate. there are two possibilities: (i)  The Compton electron does 

not reach the a-Se but the Cerenkov does. In this case. the correlation between the Cerenkov photons 

will produce additional x-ray noise. however. rhis noise is small compared to the x-ray noise resulting 

from elecuons passing through the a-Se from the following argument. The fraction of x-rays that 

interact in the glass. given by 1-exp(-pl,,d,,,) where p , ,  is the attenuation coefficient of g l a s  to 

1.25 MeV x-rays (0.057 crnvg). is 0.03 4. Since A, = 6.7~ IO" (from the Monte Car10 calculation). this 

implies that only -208 of the x-ray interactions in the g l a s  produce electrons that reach the a-Se. 

Only -5% of the x-ray signal is from cerenkov light. and because five times as many x-rays are 

required to produce this Iight. on average, the size of the charge pulse in the a-Se resulting from 

correlated cerenkov light is - 1% the size of those resulting from the passage of a high enerpy electron 

through the a-Se and negligible. ( i i )  The Compton electron reaches the a-Se and contributes to x-ray 
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noise. ln this case. the Cerenkov light simply acts as a weak gain mcchanism (-18) and its effect is 

also negligible. Thus, eerenkov gnerates virmally no additional noise. but 5% additional signal 

consequently. the measured SNRI, is 1 .052 times larger than it would be if there were no Cerenkov. 

Hence there is a second correction factor of Il( 1. I f  14%) to the rneasured DQEM(0), Applying Eq. 

1 and the two correction factors above yielded DQE,(O)= 3.3~ 1 O"& 17%. 

IV. RESULTS AND DISCUSSION 

A. Experirnental Results 

In Fig. 8. the MTFJf) of the glas and MTF,(f) of the camera. which is acnially the product of the 

MTF(f) of the camera readout and the spread of electrons in the glass. are shown, The two rneasured 

MTF(f) curves are essentially identical. implying the only significant loss of resolution in the camera 

results from the spread of Compton scattered electrons within the glas buildup layer in the Saticon. 

AIso shown is the MTF(f) of the 250 Pm slit which was corrected for in the MTF,(f) and the 

MTF,(f). No correction for the Saticon readout was necessary since the MTF(F) of a Saticon îs 

essentially unity41 out to 10 mm.'. 

Fig. 9 shows the noise power spectrum of the Saticon irradiated by *Co yrays at a dose rate of 5.75 

R/s dong with that of the camera iilurninated by light (NPSL(f)). The level of illumination was 

adjusted so that integrarion for K t  l=33 frames resulted in a signal of 200 mV. The values of NPS,(f) 

>> XPS,(f) for f between O and 15 mm '. indicating that the system is x-ray quantum noise lirnited 

over this range. The NPSx(f) =NPS,(x) is compared to the shape of the response function of the 5 

MHz anti-aliasing filter determined using a waveform generator and oscilloscope. Since the two 
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Saticon 1 

0. O O .5 1 .O 1.5 2.0 2.5 3.0 3.5 

Spatial Frequency [mm-'] 

Fig. 8 h4TF&f) of 2 mm of glass rneasured with single emulsion film. compared to 

MTFJf) of Saticon with 2.45 mm of glass. The Saticon and film data were corrected 

for the MTF of the 250 pm slit which is also shown. 



quantum noise + 
video amplifier noise + 

s hot noise 

video amplifier noise + 
YI shot noise 

Page 134 

-5 O 5 10 15 20 25 30 35 40 

Spatial Frequency [mm-'] 

Fig. 9 Measurrd noise power specaum for Saticon imdiated with 6 0 ~ o  -prays and 
illuminated with light p1otred as a function of spatid frequency. The canera was set 
to inte-pte for K+I=33 frames at an exposure rate of 5.75 R/s to yieid a signal of 
200 mV. Also shown as a dotted line is the response of the 5 MHz 
anti-aliasing filter ( squared). 
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curves are essentially identical. this demonstrates that the measured N P S , ( f )  is shaped by the filter 

function and the underlying NPS,(f) is actually constant with f (white) out to at least the maximum 

frequency measured (5 MHz or -1 5 mm- 1 ) and likely beyond. as indicated in section 1I.C. 

The rationale for Our experimenta1 rneasurernents was to test the model. The calculated values of the 

Swank factor (A,) and the quantum efficiency (A,) obtained from the PHS(Q) are 0.49 and 6.7x10-' 

respectively. which lead to a predicted DQE,(O) = 3 . 3 ~ 1 0 ~ '  f 3%. In cornparison. the measured zero 

spatial frequency DQEJO). was 3 . 3 ~  10'" 17%. 

To extend the measured data as a function of spatial frequency, Eq. 2 was used the obtain the shapes 

of the cuwes. The frequency dependence of DQE was obtained directly from the measured data in 

Figs. 8 and 9. The shape of DQEp(f) was obtained by equatinp MTFb(f) in Eq. 7 to the MTF(f) the 

olass faceplate alone. MTF,(f). Fig. 1 O shows that the DQEp(f) and DQE,(O are essentially identical. - 

There would have been a significant discrepancy between measurement and calcufation if we 

neglected to correct for the LET dependent gain ( llWJ. Specifically, if Wt were set to 20 eV instead 

of using Eq. 6. the DQE(0) would be ~QE,(0)=2.4~10" instead of the DQEP(0)=3.3xlO". This is 

because A, decreases as the shape of the PHs becomes more skewed. Therefore the correction for 

the energy dependence of W= on the DQE of an a-Se detector is important to ensure that experiment 

is in agreement with theoretical calculations. 
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In Fig. 10. the predicted value of DQE. DQEp(f). is plotted with the rneasured DQE DQE,(f), for 

the Saticon over the spatial frequency range 0-1 mm". There is good azzement between 

measurement and prediction indicating that the DQE mode1 is accurate. In the next section. we use 

the DQE mode1 to assess the properties of an a-Se based portal imaging system for different system 

parameters - specifically a-Se thickness. 

C. Layer thickness consideraiions 

The optimal detector Iayer thickness will depend upon the specific readout mechanism. There are two 

types of readouts. The first. in which the a-Se layer has only one electrode. the subsuate, are called 

free surface readouts. These systems c m  only be used for radiography (e.:. laser bearn." scanning 

elecvometer probe" readouts). Other approaches in which the a-Se is sandwiched between two 

electrodes are called counter elecuode readouts and can be used fluoroscopically (e.g. flat panelssg). 

In this section, the effect of the setenium Iayer thickness over the range d,, = 5-1000 pm is 

considered and the effect on the resolution. dynamic range. signal. and DQE(0) determined. 

Recall from section II that as d,, increases, the MTF(f) decreases slightly due to the additional spread 

of high energy electrons in the a-Se. Thus to maximize resolution, d,, should be as thin as possible 

and the metal plate should be as dense as possible." 



Frequency [mm"] 

Fig. 10 Cornparison of the measured DQE (DQhf(f)), shown as points. and 

and the calculaied DQE (DQEp(0), shown by rhe line. of a Saticon irradiated 

by 6 0 ~ o  yrays. 
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We have previously" considered the effect of d, on the dynamic range of an a-Se detector for pond 

imaging. Briefly. the discharge curves of a-Se irradiated by megavoltap x-rays were measured and 

modelled. For a derector with a free surface. d, should be 4-20 pm to produce verification images 

(- 100 R) but may be made thicker for localization images (-1 R). This limitation does not exist in 

readout approaches which employ a counter electrode. 

3. Signal 

Depending upon the readout method. there are two types of signal which can be measured. These 

are changes in surface potential. AVse, such as with an electrometer readoutJ3 and changes in surface 

charge density. Ao,. such as with a laser readout." An a-Se layer may be modelled as a parallel plate 

capacitor which is discharged by x-rays. If d,, is sufficient to produce electronic equilibriurn in the 

a-Se. then to a fint approximation. AV,, should increase quadratically with d,. On the other hand. 

if the imaging device reads out Ao,, then the signal will increase lineariy with d,,. For a 10 p m  

layer of a-Se. the signali3 is - 10" C cm-' Re' or - 1 VIR. both of which are sufficiently large to be 

accurately measured. 

4. Detective quantum efficiency 

The DQE mode1 \vas used to estimate the approximate dependence of the DQE(0) as a function of 

d,. We calculated the DQE(0) based upon the PHS(E) only. DQEE(0). It was compared to the 

predicted DQE,(O 1. which takes into account al1 LET dependent gain at selected layer thicknesses: 
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5.50 and 500 Pm. We found that the shapes of the PHS(Q) at 50 and 500 pm were nearly identical 

to those of the PHS(E) for the reasons outlined in section ILA.2. Fig. I I  shows the A ,  A,. DQEE(0) 

and DQE,(O) as a function of d,. The major difference between the DQE, and DQE, occurs at small 

d, as a result of differences in A,. 

Fig. 12 shows the DQEE(0) for metal buildup plate + a-Se and for a metal buildup plate + phosphor 

screen irradiated by a 6 MV beam. There is little difference between the transducers since the 

Compton effect is only weakly dependent on atomic number (due to binding effects)." To maximize 

DQE(0). d, should be made as large as possible. As the a-Se is made thicker. DQE(0) will increase 

approxirnately Iinearly. In a phosphor. the light output falls off due to absorption of Iight within the 

thick phosphor'* and depms from linearity at - 500 mg/cm2. In an analogous way. for a constant field. 

as the a-Se is made thicker, there will be a loss of signal due to charge trapping in the buIk of the 

a-Se. Indeed, for a field of 10 V/pm. the fraction of signal loss with mass thickness of an a-Se layer 

is comparable to that of Gd'0,S:Tb phosphor screen. 

The applicabihty of the DQE(0 curves to real imaging systems will also depend upon the gain of the 

detectors since the signal and quantum noise must be greater than the readout noise of the system. 

Here we assume that the entire signal (light photons emitted from the screen or charge from the a-Se) 

is collected. We wiII calculate the energy required to per light photon emitted from the front of the 

screen. W, and compare it to the energy required to produce an elecuon hole pair in a-Se, W1. The 

intnnsic efficiencyu (i.e. the fraction of absorbed energy converted to Iight) of GdzOzS:Tb is - 18%. 

and the average energy of a green photons is - 2.3 eV, thus - 13 eV is required to produce an optical 

photon. However. only -20% of these photons will be emitred from the screen.ls thus, Wc65 eV. In 



Fig. 11 Calcuiated image quality parameters at 6 MV for a-Se + 1 mm copper 
buildup plate as a funcùon of a-Se thickness. dS,. a) Quantum efficiency. A, 

b) Swank factor. A, and c )  zero spatial frequency detecuve quantum 

eficiency. DQE,(O)) calculared from the CYLTRAN generated PHS(E) are 

shown as solid squares. In addition. the values from the PHS(c) for 5.50 
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and 500 pm a-Se iayers are shown as open circles. 
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Fig. 12 Calculated values of DQEE(0) for I mm meol plate + a-Se and 1 mm copper plate 

+ phosphor as a function of rnass thickness. 
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cornparison. for a-Se at 10 V/pm Wt20 eV. To achieve such a field in a 400 mg/cm2 a-Se layer. 

- 10 000 V is required which may cause concems about breakdown of the air. However, by reducing 

the field to 5 Vlpm. would result in a collection efficiency of - 77%" or an effective W= - 30 eV. The 

size of the signal for a practical potential of 5000 V applied across a i mm a-Se Iayer is comparable 

to a phosphor of the same thickness and with better resolution characterstics. 

The DQE mode1 was also used to estimate the DQE(f) of a more realistic ponal imager. The glass 

faceplate of the Saticon is not the optimum buildup material because the lateral spread of electrons 

in it is greater than in higher density materials." resulting in poorer resolution. We therefore modelled 

the PHS(E) of a 1 mm copper plate + a-Se layer irradiated by a 6 M V  beam to simulate a more 

realistic portal imager. Usine previously measured3' MTF(f)s for the copper plate, Eq. 7 and the 

predicted DQE(0 based upon the PHS(Q), DQE,(f) was obtained. 

In Fig. 13. the DQE&f) of IWO copper + a-Se detectors are compared with the measuredJ' DQE(0 of 

the primary metal plate~phosphor detector (400 m-cm' of Gd,O,S:Tb). extrapolated to low spatial 

frequencies using a Monte Carlo calculation, and the measured DQE(f) of a fluoroscopic detector. 

At low spatial frequencies. the metai plate + phosphor screen has a comparable quantum efficiency 

to the plate + 400 mg.jcrn2 (= 1000 pm) a-Se layer as expecred. The phosphor screen is superior to 

the 5 pm a-Se detector at al1 spatial frequencies. 

Thus, DQEE(0) and signal size strongly favour thicker a-Se. resolution weakly favours thinner a-Se 

and dynamic range strongly favours thin a-Se for free surface readouts only. Therefore, for a free 

surface readout, only if verifkation images are deerned necessay should thin a-Se be considered. 
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Fig. 13 Cornparison of DQE,(f) to a 6 MV beam of two hypothetical copper plate + a-Se 

detectors with a .KW) rngcrn2 Gd,O,S:Tb - - detector and with DQE(f) rneasurements of 

a fluoroscopic system.' The labels honzontitl and vertical refer to the direction of the DQE 
on system w ith horizontal scanning lines. In addition. the shape of the DQE for a radio-maphic 
screen for chest radio_pphy. arbitrarily normalized to be the same as the DQE of the 

400 mg/crn2 a-Se detector at f a .  has k e n  added for cornparison." 
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Included in Fig. 13 is the shape of a film + screen system for chest radiography.'* Since the 

resolution requirements of diagnostic radiography are greater than those of portal irnaging, (e.g. 

visualization of trabeculae in bone may be required in radiography), Fig. 13 shows that the resolution 

of an a-Se sensor does not exceed that of chest radiography but is better than chat of metal plate + 

phosphor screen, In Chapter 1 ,  (section III) we estimated that the required resolution based upon the 

ability to reproducibly set up a patient is - 1 mm. For spatial frequencies between O and 1 mm.' the 

DQE(f) of a-Se is comparable to that of a phosphor. Thus. if onfy 1 mm resolution is required. the 

choice of which sensor to use will be due to factors other than image quality (e.g. readout method). 

However, in Chapter 1. we also indicate that greater resolution may permit the detection of edges that 

will allow unambiguous detection of a landmark. In the future. conformal therapy will require in 

smaller fields with fewer or smaller landrnarks.* The better uansfer of hi@ spatial frequency 

information in an a-Se detector rnay permit these landmarks to be detected." This characteristic of 

an a-Se system rnay prove to be more important in the future as conformal therapy develops. Fig. 13 

also shows that the DQE,(f) of a metal plate + 5 pm detector is less than the DQE(f) of a metal plate 

+ phosphor detector, which implies chat a free surface readout cannot produce vedcation images of 

comparable quality to those that c m  be obtained from a thicker phosphor being read out in an 

optimal fashion. Thus ideally, a free surface readout should be limited to only producing localization 

images. 
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In this chapter. we modelled, using a Monte Car10 simulation of a pulse height spectrum as a function 

of energy deposited, the DQE(0) of an a-Se based ponal imaging system using a 1 mm copper 

buildup plate and a range of thichesses of a-Se. The DQE mode1 was validated by rneasurernent 

on a vidicon with a 5 pm a-Se layer irradiated with 1.25 MeV gamma rays. After taking into account 

the non-linear gain associated with high energy deposition events in the charge scored pulse height 

spectnim, good agreement was found between the measured and calculated DQE(f). The hypothetical 

DQE(f) of an a-Se detector was then compared with existing metal plate + phosphor detectors and 

fluoroscopic systems. It was found that a metal plate + a-Se layer is capable of producing portal 

images superior to existing systems and at least comparable to systems that employ a metai plate 

+ equivalent mass thickness of phosphor as the primary x-ray detector. 
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Chapter 5 

Portal Imaging with Amorphous Selenium: Demonstration of 
Image Quality using a Photoinduced Discharge Method 

"O~re picrure is wonh a rlzousand words" 

- Royal Baking Powder Street Car Advertisement. 1927 

Part of this chapter was presented as a "Works in Progress" at the 1996 M u a l  AAPM meeting. 
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1. INTRODUCTION 

In this chapter. a method called the photoinduced discharge method is used to read out the latent 

charge image on the surface of an a-Se layer irradiated by megavoltage photons. Images of contrast- 

detail phantoms. anthropomorphic phantoms and patients are presented. 

II. METHOD 

A. PID Readout 

We used a megavoltage beam to produce a latent image and read it on a large area scanner (- 20 cm 

x 20 cm) using the air gap photoinduced discharge (PID) method, which has been described in detail 

el~ewhere?~ This readout approach has previously been used for mammography but this is the fmt 

application to portal imaging. In addition. in this chapter. the only clinical (i.e. patient) images ever 

produced with such a scanner are presented. 

A corotron charged 150 p a-Se sample was irradiated using a 6 MV beam through its 2 mm 

aluminum substrate with an additional 1 mm copper buildup plate in a xeroradiographic cassette. As 

shown in Fig. 1, to readout the charge image. a transparent probe was brought very close (- 150 prn) 

to the free surface. The proximity of the positive charges on the free surface of the a-Se to the probe 

attracted negative charges to the surface of the probe until there was equilibrium between the probe. 

substrate and a-Se (i.e. oSe=a,+cr,, where o refen to charge density). Next. a pulsed blue laser 

beam was scanned across the probe and the a-Se plate. Since the blue laser light causes the a-Se to 

conduct. the surface charges beneath the laser spot flowed through the bulk of the a-Se and out 
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IL , probe 

Flg. 1 Illustration of how the PID reaciout hctions. (a) A transparent probe is btought close to the 
fkee surface anâ capactively couplcd to th a-Se. A scanning bluc laser beam rtadp out the 
image pixel by pixel. @) In (1-3) thc probe is brought ovcr the charged a-Se surface. As the 
a-Se moveq i~n& the probe. thue is a redistribution of charges as elec!rons flow into the 
pundcd probe and ^ut of the subsûate imtü an equili'brium is reached In (4) a laser 
discfiarges the aSe d t i n g  in a charge flow (signal) out of the probe as shown in (5). 
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through the substrate. Consequently. the individual counter charges on the surface of the probe flowed 

out and were collected by a preamplifier. The next laser pulse was set to be incident on the 

neighbouring position and the process was repeated until a line was read out. The plate was then 

translated relative to die probe so that the laser raster scanned the entire charge image. Note that the 

PID readout is a "free surface" readout as descnbed in Chapters 3 and 4. Thus, this approach is 

limited in terms of dynamic range and only suitable for producing localization images. 

B. Image subjects 

A conuast-detail phantom can be used determine limiting conuast at a certain object size (detail) 

which are indicative of signal-to-noise ratio and resolution. We chose to use the Las Vegas phantom. 

a standard tool for assessing portal image quality. The phantom consists of a 2 cm thick aluminum 

block with holes of differing diameters and depths such that they form 5 columns and 6 rows. The 

hole diameters and depths are listed in Table 1. Operationally. the phantom is used to determine both 

how shallow (conmt) and narrow (detail) a hole can be detected. Ideally, a portal imager should 

permit the detection of al1 the holes with as IittIe dose as possible. 

A head phantom was also imaged. This anthropomorphic phantom consists of a half skull imbedded 

in tissue-mimicking plastic. The mouth of the phantom had a screw in it to fasten the jaw to the skull. 

In addition. images of the head and neck of a patient undergohg treament using a laterai parallel- 

opposed pair of beams were acquired using both fdrn and n-Se. 
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Table 1 

Hole Depth 
[mm1 
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Table 1 Description of Las Vegas contrast detaii phantom. The holes are drilled in a biock of aiuminum 

2 cm thick and 15 cm square. 
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For both sets of phantom images, the phantom was placed in contact with the detector. For the clinicaI 

images. the detector was - 15 cm fiom the patient and oriented normal to the beam. 

C. Image Processing 

Some Iimited image processing was performed to reduce the effect of the artifacts on the images. First. 

vertical lines artifacts resuited when a speck of dust which absorbed some of the laser Iight on the 

probe and traced out a Iine as the plate was msIated beneath the probe. These artifacts were 

removed by taking a unifom horizontal strip at the edge of the image and dividing al1 pixel values 

dong each column by the average of the pixel values of each column in the strip. Second. because 

the probe was not perfectly parallel to the surface of the probe. the coupling between a uni fody 

charged plate and the probe resulted changed across the length of the probe. This resuited in a small 

change in the gain of the image from left to right. A linear interpolation across the image was used 

to "flatten" out the image. This second correction was oniy applied to the contrast detail images. 

III. RESULTS 

In Fig. 2. images of the contrast detail phantom exposed using a 6 MV beam from a Siemens 

Mevatron linear accelerator are shown. Figs. 2(a) and (b) show images from the existing clinical 

modalities. Fig. 2(a) is a high quality fdm image taken using commercial metal plate cassettes' 

hdia ted  to -2 cGy." The radiograph was digitized to - 100 pm pixels and processed by altering 

EG- 1 film in a localization cassette developed in a X-omat multiloader 300 fdm processor (ail 
are Kodak products) 

"Here dose refers to dose to water for a 10 cm x 10 cm field size at a depth of 1 cm. 
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Fig. 2 Images of 'Eas Vegas" cuntrast detail phantom. All images were made using a 6 MV 
M. (a) A portal film produccd ushg -2 cGy (to watcr) digitized using a Konica nIm 
digitizer (-100 mimm pixels). @) A f'verifïcation" image fkom a fluoroscopic portai 
imaging system (- 30 &y). The distortion of the circles occuried as a result of printing the 
4 to 3 aspect ratio of the b m e  grabbed image to square pixels. (c) An aSe image 
producd using -5 &y and read out using the PID system (100 micron pixcis). 
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contrast and brighiness (window and level) to enhance its display. The image quality of the digitized 

radiograph compares favourably to the image from a Siemens Beamview Plus fhoroscopic system 

shown in Fit. 2(b) produced using - 30 cGy. The smallest. highest contrast holes in the fdm Unage 

are visible, that is those in the sirth row on the left most column. but they are not visible in the image 

from the fluoroscopic system. Thus. the image quality from fdm is superior to that from this clinical 

fluoroscopic system." Fig. 2(c) shows an image from the PID readout of an a-Se plate irradiated to 

-5 cGy by a 6 MV beam. Clearly, more holes can be seen in the PID image than those produced 

using either of the other irnaging modalities. Indeed, it is possible to see nearly al1 the holes in the 

phantorn. (Only the shailowest hole with the smallest diameter remained undetectable). This is me 

despite the fact that the imaging sensor is not optirnized in ternis of a-Se thickness, the buildup 

material composition is not optimal and the readout process still has scanning artifacts that could be 

reduced. Moreover. the edges of the holes remain very sharp indicating that there is little blurring. In 

contrast, the image from the fluoroscopic system is not as sharp due to b l d g  in the metal plate. 

phosphor, lens and camera as described in Chapter 2. 

In part because the PID readout system is ztill undergoins development, there are a variety of different 

artifacts on the image in Fig. 2k).  The dark band on the bottorn of the image results from additional 

transmission through a thiruier part of the treaunent couch and the dark rectangular area on the left 

side results from the cassette which has a thinner plastic portion. The horizontal line artifacts are 

possibIy due to imperfect stage translation. system or structural noise and should be removable with 

further work. The dominant structure of the noise artifacts implies the images are not yet quantum 

Iimited. Thus. Fig. 3 c )  shows the promise of a-Se for portal irnaging. but it does not represent the 

ultirnate limit of its performuice. 
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Fig. 3(a) shows an image of the head phantom taken using f h  and digitized and processed in the 

sarne marner. Fig. 3(b) shows the corresponding image taken using the PID system. The a-Se image 

is raw and a block of lead is visible on the bottom of the image. Figs. *a) and (b) show the same 

image of the lateral head and neck of a patient. AU images were produced using doses of less than 

5 cGy to the patient. 

IV. DISCUSSION 

Although the images of the conn-ast detaii phantom show a dramatic improvement in quality. measured 

in terms of the nurnber of ckcles detectable. the images produced of the anthropomorphic objects (i.e. 

the head and neck) are more difficult to interpret and do not appear dramaticaiiy better. This is due 

to two effects, First, because they are images of the head. the Iarge amount of bone (and its relatively 

high contmt) rnakes it relatively easy to idenufy ail the landmarks. In the image of the contrast-detail 

phantom. the contrast is very low and irnprovements in the signal to noise ratio are readily seen. 

Second, the circles in the contrast detaii phantom are simple and follow a pattern whereas the image 

of the skull is far more complex. The noise produced by the image artifacts on the PID image wiIl 

dismpt the interpretation of these complex images much more than the image of the contrast-detail 

phantom. 

If the PID system were made quantum noise limited. one intriguing possible application is to 

determine what resolution is required for portal images from an irnage quaiity perspective (as opposed 

to a radiobiological perspective). Previously. elecvonic portal irnagers have had a f ~ e d  pixel size and 

the requirements for pixel size in portai imagine were essentially "guesstirnates" and led by 

engineering. However. with this readout system. the pixel size can easiiy be changed by altering the 
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digitized 
film 

/ 
lead bloc k 

Fig. 3 Images of anthropomorphic phantom of  half a head. Both images were produced 
using a 6 MV bearn and less than 5 cGy radiation. 
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trac 

a) film 

\ mask 

Fig- 4 Cornparison of digitized portal film and a-Se image of patient head and neck undergoing 
radiation therapy. The images are the profile of a patient facing toward the right of the page. 
Both images were produced using 6 MV x-rays. The dose to the patient was - 3cGy for the 
fih and - 4 cGy for the a-Se image. The lead marker placcd on the film cassette produced 
the letters LLAT to indicate that this treatrnent was a lefi lateral field. 
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size of the Iaser spot. Thus. different pixel sizes codd be imaged and viewed by expert observers over 

a variety of c1inical sites to determine the largest pixel size acceptable. The images in Fig. 2 illustrate 

that the latent charge image on the fkee surface of the a-Se is superior to those From existhg systems. 

Not ody is the a-Se layer more sensitive from a contrast perspective. but the exquisite resolution that 

is produced using a-Se may permit the edges of a bone, or other critical structures to be seen. 

Furthermore, the resolution can be improved. The combination of copper. aluminum and a-Se detector 

used in the PID system is not optimal. Currently. Fallone and his colleague? are working with 

Noranda Advanced Materials to test a-Se bonded to different substrates. The use of a higher density 

subsnate (buildup material) should improve the resolution? Additionally. since the a-Se is only - 150 

pm thick. the sensitivity of the system c m  be increased by a factor of -3 by increasing the thickness 

to 500 Pm. This irnplies that al1 the a-Se images could be obtained wiùi as Iittle as 1 cGy of radiation. 

V. CONCLUSIONS 

This chapter has shown that the latent image on the surface of the a-Se is better than that that can be 

obtained from film or an existing electronic portai imaging device. Moreover these images c m  be 

obtained instantaneously unlike film. Cumently the PID system takes approximately seven minutes to 

read out a plate. but there is linle reason that this cannot be reduced by for instance. increasing the 

size of the pixeIs. Nevertheless. it is unlikely that this particllfar approach will be successful for portal 

imaging because it cannot provide real time feedback. Clearly the development of an artifact free, real 

tirne readout method with low noise (Le. quantum noise lirnited) is required to obtain an optimal 

image. Nevertheless. the clinical images do show promise and further developrnent of an appropnate 

readout system is the next step. Some of these readout approaches are outlined in the next chapter. 
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Summary and Future Directions 

"AJier a year's research, one realisas that it could have been dune in a week." 

- [Sirf William Henry Bragg 1862-1942 
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This thesis explored the potentiai utility of a-Se for portal irnaging compared to existing systems. 

Chapter two described the measurement of quantum noise in a phosphor based fluoroscopic portal 

imaging system. A novel approach was established for rneasuring the x-ray quantum noise in 

fluoroscopic systems and applied to an experimentai fluoroscopic system. We detennined how far the 

systern was from being quantum noise limited and consequently to what extent it was possible to 

reduce the secondary quantum sink. and hence improve the image quality, by better optical coupling. 

It was demonstrated that although it was possible in principle CO m o d e  existing fluoroscopic systems 

to the point where they were quantum noise limited at low spatial frequencies, the only way to make 

them quantum noise limited at high spatial frequencies was to reduce the demagnification. Le.. viewing 

a smaller portion of the phosphor screen. Unfortunately, this is not clinicaily acceptable since there 

is demand for biger, not smailer. fields of view.' The radiobiological and image quality 

considerations in Chapter I indicated that the resolution must be at least 2 mm. but the results of 

Chapter 2 show that even if they were made quantum noise limited. existing fluoroscopic systems are 

oniy able to produce resolution of - 5 mm (i.e. spatial frequencies of -0.2 mm"). Moreover. current 

systems are vastly dominated by video noise and not quantum noise. Thus, one conclusion of this 

work is that an improved portal imaging system design is required. 

One very attractive possible approach is the use of flat panel irnaging systems since these systems 

have direct couphg and therefore do not have a secondary quantum sink. Additionally, these systems 

are compact and therefore much less obtrusive than fluoroscopic systems. There are two possible 

sensors being considered for flat panel images: the phosphor screen and the photoconductor. 

amorphous selenium. The physics of fluoroscopic screens for portal imaging has been investigated 
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thor~ughly. '"~~~ and is relatively well understood. However, the signal and noise properties of a- 

Se for portai hnaging had not. u n d  thû work, been quantitativeiy understood. In Chapter 3. the signal 

properties were examined and in Chapter 4. the noise properties were explored. 

Chapter 3 descnbed measurements cf the sensitivity of a-Se to megavoitage x-rays in which bot& an 

x-ray energy and electric field dependence were found. The x-ray energy dependence was unexpected 

as previously most measurements were made over a relatively small range of diagnostic x-ray energies 

and the weak energy dependence was masked by experimental uncertainties. Both energy and electric 

field dependencies were atmbuted to recombination of elecuons and holes. The data were compared 

to the predictions of two recombination mechanisms. geminate. as descnbed by Onsager theory. and 

columnar. At high energies. the data was consistent with the predictions of the Onsager mechanism. 

but as the LET was increased by reducing the energy to the diagnostic range. columnar recombination 

also conuibuted. A detailed exptanation for our results using a rnicrodosimetric mode1 that combined 

both mechanisms was provided. 

In Chapter 4. we used this information and a Monte CarIo code to model the pulse height spectrum 

and from it. the zero spatial frequency detective quantum effkiency. DQE(0). of an a-Se detector. The 

mode1 was extended as a function of spatid frequency by examinhg the mechanisms of image 

formation. We compared our mode1 to measurement by using a Saticon. a commercial video tube with 

an a-Se target. Excellent agreement between measured and calculated DQE(f) was obtained. further 

suengthening o u  fiding of an LET dependent sensitivity in Chapter 3. By comparing the predictions 

of our model to rneaswed data. we concluded that a metal plate + a-Se layer of the same mass 

thickness as a phosphor te.g 4ûû mgkm2) would produce a superior image. 
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In Chapter 5. we produced portal images of both phantoms and a patient using a laser readout of a-Se. 

Although neither the readout nor the sensor were optimized for this application. the a-Se images were 

superior to those from existing approaches. demonstrating the potential for significant improvernent. 

In summary. the motivation for this work was to determine if a-Se could be used as a sensor capable 

of producing portal images with sufficient quality and resolution for dynarnic conformal therapy. A 

quantum noise limited image up to the at least 0.5 mm'l was required. The DQE(f) curves in Chapter 

4 (Fip. 13) show a-Se meeu this criterion. Moreover. they also show that a metal plate + 400 mg/cm2 

a-Se layer wiil produce an image with better sharpness chan a phosphor screen of the sarne mass 

thickness. However. these results do not indicate that a phosphor screen is insufficient to meet the 

needs of conformal therapy. We are only able to conclude that a-Se has better resolution than a 

phosphor, but it remains unclear as to whether the higher resolution is actuaily necessiuy. Clearly, 

from the radiobiological requirements in Chapter I ,  either a phosphor or a-Se wüi be sufficient. 

However. from the perspective of identification of landmarks described in section III.C.2 in Chapter 

I .  it is unclear if these higher spatiai frequencies will permit better detecuon. Perhaps if the laser 

readout approach described in Chapter 5 is perfected, it could enable us to answer this question. 

Moreover, the choice of a-Se as a sensor may be useful because it permits easier readout. Some 

possible readout approaches are described next. 
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To s a t w  the needs of dynamic conforma1 therapy. a "real tirne" (2 1 frame/s) readout of a-Se is 

necessary. This thesis has provided the informauon required to optimize the design of the a-Se layer. 

given the constrainü of the particular readout system. Below. a few possible readout mechanisms are 

outlined. 

A. Laser Readout 

The air gap PID method is only one of a variety of possible laser readout approaches. By introducing 

dielecuics to irnprove couplhg between the probe and a-Se and by using a parallel readout method, 

Rowlands and   un ter' concluded that it is possible to produce - 1 image per second: a rate suitable 

for portal irnaging. 

B. Electron Beam Readout 

Electron beam readout of n-Se was used in Chapter 4 to measure the DQE. A Iarger area vidicon 

employing a-Se has recentiy k e n  connnicted by Luhta and Rowlands for cardiac fluoroscopy.' 

Unfornrnately, the electron beam optics require that the length of the tube be - 3 times the diameter 

of the active area of the tube.' For a 40 cm diameter sensor, the vidicon wouid become too long to 

be attached to an isocentric linear accelerator for portal imaging. However, cathode ray tubes have 

been c o n s t r ~ c t e d ~ ~ ~ ~  in which the scanning elecuon beam is deflected by 90° just above the target. 

Adaptation of such beam optics to produce a flatter vidicon could permit elecaon beam readout to be 
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used for portai imaging. The results from Chapter 4 suggest that such a system would be quannun 

noise limited and capable of producing images in real t h e .  

C. Ektrometer Readout 

A variety of electrometer readouts have been constructed in the past.lL." Fallonell and his 

coUeagues are currently working on such a system for portal imaging. In a manner similar to the PID 

method. a small probe is capacitively coupled to the a-Se surface. The potentiai induced on the 

electrometer is a measure of the surface potentiai over the area of interest. Since this readout is non- 

destructive. the probe may be moved over the surface multiple t h e s  and the signal can be averaged. 

The electrometer probe method should be capable of producing images with a very high SNR(O), 

however. the resolution of this readout, which is approximately" equal to the spacing between the 

probe and the free surface of the a-Se. may be poor. since this limit is controlled by the breakdown 

field of the air between the probe and the free surface of the a-Se. For d,,=iûû pm at 10 V l p r ~ ~ . ~  the 

probe must be > 100 pm away. Thus, like the PtD approach. significant engineering efforts are 

required to rnake good images. In addition. the a-Se should be made thick in such a system to 

maxirnize the voltage sipal, which would in turn reduce the dynamic range. 

4. Liquid Crystai Readout 

A novel approach behg purnied by Reipp and ~owlandsl' is the use of a liquid crystal for readout. 

Fig. 1 ilIusuates the idea in which a liquid crystal dispIay is coupled to a layer of a-Se. The liquid 

crystals are sandwiched between two plarizers, thus as light enters, it is polarized in one plane. The 

liquid crystai molecules rotate the plane of polarization and hence modulate the arnount of Iight that 
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exits through the polarizers on the other side. 'lhe latent charge image becomes visible since variations 

in the number of charges on the a-Se surface change the field across the Iiquid crystai molecules 

which causes them to twist and to modulate the light incident on them diffetently. Red Iight is used 

to view the display (because its energy is less than the band gap of a-Se. hence it does not create a 

signal). Such a sensor could replace the metal plate + phosphor screen in existing fluoroscopic portal 

imagers. Because the liquid crystal acts as a light moduiator and does not produce the light directiy, 

any amount of Iight can be used to readout the image and thus avoid the optical coupling problems 

found in phosphor based fluoroscopic imagers. 

S. Flat Panel Readout 

The active matrix flat panel readout rneth~d~"'~-'' is a very promishg method for diagnostic 

radiography and fluoroscopy. Essentially. the idea. as illustrated in Fig. 2. is to have a w o  

dimensional array of capacitors with a-Se evaporated over it. A thin evaporated counter electrode 

produces a field across the a-Se and the charges that form frorn x-ray interactions in the buik produce 

electrons and holes which migrate to the elecuodes on the array. The charges are stored on individual 

pixels until they are switched. typically by thin film transistors. ont0 the readout lines. The s ipals  are 

then arnplified. multiplexed and the image is produced. These systems are potentially capable of 

produchg real t h e  (30 frarnesk). quantum noise limited images with good resoIution (e.g. - 1 0 0  pn 

pixels). Alternative flat panel imagers which use a phosphor. photodiode and thin film transistor have 

been shown to produce conventionai portal images comparable to digitized fdms13 and will cornpete 

with the a-Se devices. Depending upon the materia1 used to produce the transistor a m y  and readout 

electronics. radiation damage may lirnit the lifetirne of the de~ice.""~ '~* Since this type of 

detector currently has the greatest commercial interest and since it can be made slim and read out in 
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HV bias 
electrode 

FIg. 2 Schematic illustrating a plat panel active mamx readout of a-Se. The bias elecmde 
establishes a field of - 10 Vlum. Charges are cotlected on the pixel electrodes and 
switched by thin film transistors (TlTs) to the readout rails into a rnultiplexer. Figure 
courtesy of W. Zhao. 
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reai tune. at the point of writing, it appears to be the most likely future readout technology. Assuming 

a 500 p a-Se layer with a field of 10 V / p ,  a 0.3 mm pixel. a readout rate of 30 framesls. a dose 

rate of 5 EUS, and using the results of Chaptea 3 and 4. the total signal should be - lb 
electrons/pixel. with a corresponding quantum noise of -2x 106 electrons/pixel which is much greater 

than the readout noise of -10' elecuonsipixel of one such system." thub. iiiis approach could easily 

be made quantum noise limited. 

While it appears likely that flat panels wili become the dominant readout technology for x-ray 

transmission radiography and fluoroscopy. any of the above approaches may have applications in 

pond irnaging in the future. There is little doubt that a-Se can play an important role in both the 

radiology and radiation therapy departments of the future. It is the author's hope that this work will 

contribute to the construction and design of such devices to aid in the implernentation of conforma. 

therapy and improve patient survival. 



Summury and F u h m  Directions 

REFERENCES 

Page 173 

A. Etz, P. Munro. AT. Poner, J. Battista. D.A. Jaffray, A. Fenster and S. Osborne. " 
Daily monitoring and correction of radiation field placement using a video-based portal 
imaging system: A pilot snidy," Int. J. Radiat. Oncol. Biol. Phys.. 22. 159- 165 ( 1992). 

B. Wowk and S. Shalev. 'Thick phosphor screens for on-line portal imaging," Med. Pjys., 
21, 1269-1276 (1994). 

R.A. Buchanan, A.F. Sklensky, T.G. MapIe. and H.N. Bailey, "Metal-phosphor intensQing 
screens for high energy imaging applications." IEEE Tram. Nucl. Sci. NS-21, 692-694 
( 1974). 

T. Radcliffe. G. Barnea. B. Wowk. R. Rajapakshe. and S. Shalev. "Monte Car10 
optimization of meraliphosphor screens at megavoltage energies." Med. Phys., 20. 
1161- 1169 (1993). 

D.A. Jaffray, J.J. Batrista A. Fenster, and P. Munro. 'Monte Cario studies of x-ray energy 
absorption and quantum noise in megavoltage transmission radiopphy," Med. Php.. 22. 
1077- 1 O88 ( 1995). 

B. Wowk, T. Radcliffe. K.W. Leszczynski, S. Shalev and R. Rajapakshe, "Optimization of 
metaUphosphor screens for on-line portal imaging." Med. Phys., 21. 227-235 (1994). 

R. Luhta, Ph.D. thesis. University of Toronto, 1997. 

G. Pang, R. Luhta. and J.A. Rowlands "Lens design for large area x-ray sensitive 
vidicons," (submitted to Medical Physics, 19%). 

D. Gabor, P. Stuart. and P. Kalrnan, "A new cathode-ray tube for monochrome and colour 
television." Proc. IEEE Part B, 105. 58 1 ( 1958). 

W.R. Aiken, "A thin cathode-ray tube." Proc. I.R.E.. 45. 1599 ( 1957). 

W. Hillen. S. Rupp. U. Schiebel, and T. Zaengel.'lmaging performance of a seleniurn-based 
detector for high-resolution radiography," Proc. PIE.  1090, 2%-305 (1989). 

L.S. Jeromin and LM. Klynn, 'Electronic recording of x-ray images." J. Appl. Photo. 
Eng., 5, 183- 189 ( 1979). 

R.M. Schaffen. Elecrrophorography, (Focal Press. London, 1980) pp. 424-427. 

P. Rieppo and J.A. Rowlands. "X-ray irnaging with arnorphous selenium: Theoretical 
feasibility study of a liquid crynal light valve for digital radiography." (submitted to Med. 
Phys. Novem ber 1 996). 

W. Zhao and LA. Rowlands. "X-ray imaging using amorphous selenium: Feasibility of a 
fiat panel self-scanned detector for digital radiology." Med. Phys.. 22. 1595- 1605 ( 1995). 



~unrmary and ~ulurr ~ ù e c t i o n ~  Page 174 

D.L. Lee. L.K- Cheung, and L.S. Jeromin. "A new digitai detector for projection 
radiography ," Proc. SPIE, 2432. 237-249 ( 1995). 

L.E. Antonuk, J. Boudry, W- Huang. D.L. McShan. EJ. Morton, J. Yorkston. MJ .  Longo. 
and R.A. Street, "Demonstration of megavoltage and diagnostic x-ray imaging with 
hydrogenated arnorphous silicon amys." Med. Phys,, 19, 1455- 1466 (1992). 

L.E. Antonuk. J. Yorkston. W. Huang, H. Sander. J.H. Siewerdsen and Y. El-Mohri. 
"Megavoltage imaging with a Iarge-area. flat panel, amorphous silicon imager." Int. J .  
Radial. Oncol. Biol, Phys.. 36, 661-672 (1996). 

L.E. Antonuk. J. Boudry. J. Yorkston, Cf. Wild, M.J. Longo, and RA. Street, 'Radiation- 
damage studies of arnorphous-silicon photodiode sensors for applications in radiotherapy x- 
ray imag ing, " Nucl, Insfr. ~tiefh.. 299, 1 43 ( 1 990). 

J. B o u m  and L.E. Antonuk. "Radiation darnage of arnorphous siiicon. thin film, field- 
effect transistors, " Med. Pllys.. 23. 743-754 ( 1996). 

W. Zhao, D. Waechter, and J.A. Rowlands. 'Radiation hardness of CdSe thin fdm 
transistors." (to be submitted to Med. Phys. 1997). 



TEST TARGET (QA-3) 

APPLIED A INLAGE . lnc - 1653 East Main Street - -. . . Rochester, NY 14609 USA 
I I  -- - - Phone: 71 6M82-0300 -- -- - - Fa: 716/288-5989 

o 1993. Applied Image. Inc.. All Rights Reserved 




