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SUMMARY

The purpose of the U.S. Army Medical Research and Development Command Contract

No. DAMDl7-83-C-3006 was the development of an improved radiographic viewing

system which would be useful in field medical X-ray applications. This effort

began with research on state-of-the-art technology in X-ray to light

conversion screens (especially fiber optic scintillators), image intensifiers,

and detectors. The findings of this research were used to design a

radiographic camera which was then constructed and tested. After construction

and testing, it was found that the radiographic camera, which utilized a fiber

optic scintillator (FOS) conversion screen, met all of the design criteria.

It was lightweight, compact, and rugged and it had good resolution and superb

sensitivity. The 'amera also produced digital images which allowed for

digital storage, processing, and transmission of those images. It is

concluded that this effort was a successful test of the technological

feasibility of constructing a radiographic camera based on FOS technology.

Further, it is recommended that a larger format camera be constructed, based

on the same design criteria, for more thorough testing and evaluation in a

medical environment.
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SECTION 1. INTRODUCTION

The purpose of the U.S. Army Medical Research and Development Command

Contract No. DAMDl7-83-C-3006 was the development of an improved radiographic

viewing system which would be useful in field medical X-ray applications.

This effort began with research on state-of-the-art technology in X-ray to

light conversion screens, image intensifiers, and detectors. The findings of

this research were used to design a radiographic camera which was then con-

structed and tested.

1.1 Historical Background

Both radiography and fluoroscopy have steadfast traditions. One of

these traditions is that radiographs must be made on photosensitive film.

Another idea is that the only source of fluoroscopic images are those obtained

through an image intensifier tube. Radiology has been treated in the past as

a film procedure, however, present day technology in processing and electronic

recording techniques is rapidly replacing these older methods.

During the first sixty years of radiography and fluoroscopy research,

the improvements in X-ray technology have consisted of refinements to X-ray

tube power output, film processing automation and general equipment packaging

with little attention toward better quality images. In the last fifteen

years, X-ray technology has changed dramatically. For example, computer

processing of image data has introduced digital radiography and computed

tomography (CT). Fiber optics technology has improved coupling between image

intensifiers and television cameras. Colorgraphic imagery has made it possi-

ble for the radiologists to more accurately analyze X-ray film. Also,

electronic printers make archival-quality permanent records.

In conventional radiography, the use of film as a recording medium is

difficult to replace with electronic equipment. Film is very sensitive to

light, equally usable over large areas, and has good resolution and contrast.

These characteristics make film a strong competitor. Considering the equip-

ment investment and labor, radiography is a reasonable cost alternative to

all-electronic processing and recording for civilian application. With the
use of intensifying screens and energy filtering processes, radiography has

* become highly refined. However, the process is not without imperfections.

Film development is messy and sensitive to temperature changes, which makes



the process very difficult to use in a field military environment. For legal

and medical reasons, film must be kept for a period of several years. The

storage of films generates several problems:

a. A great deal of space is occupied;

b. The weight of a large number of films is considerable;

c. The filing and retrieval from files requires a great deal of
labor;

d. Storage is expensive in that the films must be adequately secure
from accidental destruction;

e. Stored film is a serious fire hazard.

Several organizations are currently developing radiographic systems,

viewing stations, and storage files that are completely digital and ele

tronic. In this way, film processing and storage is eliminated and reple

by magnetic or, more recently, optical storage of digital images. Dig. -i

radiography also permits interactive image processing for image enhanceme..-

and the transmission of digital images over standard computer communications

lines for consultations.

1.2 The Need for an Improved Radiographic System

With recent technological advances, it is feasible to construct a

radiographic system which has the following attributes:

a. Lightweight;
b. More compact;
c. More solid-state;
d. Greater sensitivity and resolution than current systems;
e. Produces digital images.

For military field applications, these attributes translate into the

following:

a. Greater portability;

b. More rugged;

c. Lower patient X-ray dose;

d. Image enhancement capability;

e. Elimination of film processing, handling, and storage;

1[ 2



f. More modes of operation from a single unit (digital radiography,
digital fluoroscopy, and computed tomography);

g. Image transmission capability.

All the above capabilities would be greatly beneficial in such

facilities as the Mobile Army Surgical Hospital (MASH), the Combat Support

Hospital (CSH), and the Evacuation Hospital (EVAC). Furthermore, such a

system would fill a gap in the private sector which is currently seeing a

drive toward full digitization of radiological facilities. This system could

provide the means for producing digital radiographic images to replace those

images currently made on film and would be more compatible with the newer

digital techniques of CT, nuclear magnetic resonance (NMR), Nuclear Medicine,

and Digital Fluoroscopy.

1.3 The Future of Digital Radiography

It seems to be the consensus that the evolution of digital radiography

will lead to the integration of digital imaging technology throughout the

radiology department and the hospital. The digital department concept has as

its goal more efficient access to radiologic images from all sources (includ-

ing X-ray, CT, ultrasound, NMR, etc.) for primary interpretation as well as

consultation and reference. In addition to more efficient access, digital

imaging will allow computer image processing which will enhance selected

attributes of an image as an aid to interpretation (See Section 3.1).

The technological developments necessary for the implementation of a

fully digital radiographic department are currently being researched by many

people. Evidence for this lies in the many papers and presentations submitted

at the Second International Conference and Workshop on Picture Archiving and

Communication Systems (PACS II) for Medical Applications held in Kansas City

in May 1983. Current research addresses such topics as the following: com-

munication networks and standards; archival storage (see Section 3.2); display

systems and requirements; and data compression. Fault tolerant computers

necessary for this application have been developed, such as Tandem and Stratos

computers. A digital sensor to replace X-ray film, being researched in this

effort, utilizes fiber optic scintillator (FOS) technology to produce a high-

quality, state-of-the-art digital X-ray sensor. Thus, the X-ray camera being

developed under this contract is viewed as an important technological

contribution in the realization of the completely digital radiology depart-

ment.1 _ _ _ _ _ _3
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SECTION 2. SUMMARY OF WORK

The work done in fulfillment of Phase I of the development of an

improved radiographic viewing system is described in this section. The effort

began with research on the state-of-the-art technology in X-ray conversion

screens, image intensifiers, and detectors. Tests were conducted on several

conversion screen materials and a fiber optic scintillator (FOS) conversion

screen was manufactured. A radiographic camera was designed by coupling the

FOS conversion screen with a second generation image intensifier and a two-

dimensional charge coupled device (CCD) detector. The radiographic camera was

then constructed and tested.

2.1 The X-ray Conversion Screen

The conversion screen is the element that converts X-ray energy (X-ray

photons) into light energy or light photons. This is accomplished in a thin

film of a scintillator or phosphor material. There is an unfortunate paradox

in conversion screens. If the screen is thin enough to give the resolving

power required, the sensitivity is typically very low, however, if the screen

is thick enough to give adequate sensitivity, the resolution is inferior. The

fiber optics scintillator (FOS) is the first approach that is able to circum-

vent this problem. In a fiber optic scintillator, light is channeled by fine

fibers of a scintillating glass material, making a thick phosphor and, at the

same time, maintaining high resolution and contrast. Various materials have

been developed for conventional X-ray screens. The gadolinium oxysulfide and

lanthanum oxysulfide screens are considered to be the most sensitive. The

sensor spectral sensitivity must be considered in the evaluation of a conver-

sion screen's spectral output. Typical phosphor screens produce a blue or

green image but some screens have been produced with outputs in red and

yellow. Efficiency is best accomplished if spectral output of the FOS conver-

sion screen matches the peak sensitivity of the image intensifier and/or image

sensor. Major improvements in conversion screens can be accomplished when

more efficient glass scintillator materials are developed. Typical glass

scintillators are presently in the 10% quantum efficiency category while the

very best materials are around 50% efficient.

}4
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2.1.1 Material Evaluation. The parameters that influence the performance of

an X-ray scintillator 1-4, particularly a fiber optic scintillator, are
addressed in this section. A useful scintillator for X-rays should possess

several characteristics:

a. Convert the radiation into light with a high scintillation effi-
ciency;

b. Be transparent to the light emitted to provide good light collec-
tion; and

c. Exhibit a short decay time.

A fiber optic scintillator should have these qualities and in most

cases should have an index of refraction (approximately 1.5) so that the light

can be coupled into glass fibers or image intensifier or camera tubes. The

scintillator should possess good optical properties, be capable of being

fabricated in small diameter fibers and be capable of being coated or graded

to maintain good internal reflection of the light generated.

There are many categories of X-ray scintillator materials. A common

division is organic and inorganic. The most widely used scintillators are

inorganics such as ZnS, Nal, CsI and others, properties of several inorganic

scintillator materials4 are given in Table 2.1. A common material5 not

included in this tabular listing is calcium tungstate, CaWO4 (density 6.1

g/cc; decay time 10 /As; peak of spectral emission about 430 nm). Also not

included in Table I are the widely used rare earth phosphors, 6 gadolinium and

lanthanum oxysulfides. These phosphors emit in the blue, blue-green spectral

region upon X-ray excitation and exhibit good X-ray attenuation in the medical

X-ray energy range, as shown in Figure 2.1. Additional spectral emission

information for common inorganic scintillators4 is given in Figure 2.2, along

with the response of widely used photocathodes.

Organic phosphors such as anthracene and stilbene have been used for

many years. A number of plastic and liquid scintillators are now commercially

available.4  Table 2.2 outlines the properties of many useful organic scintil-

lators.

The inorganic phosphors tend to have the best light output but show

relatively slow response. Organic scintillators give very fast response but

generally yield less light.

5
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Table 2.1. Properties of Common Inorganic Scintillators

Wavelength '/Scintillation
of Maximum Decay Index of Efficiency

Emission (nm) Constant Refraction Specific Relative
Material X (ups') at Xm Gravity to NaI(TI) Ref.

Nai(Tl) 410 0.23 1.85 3.67 100% A

CsI(Na) 420 0.63 1.84 4.51 85 A

CsI(TI) 565 1.0 1.80 4.51 45 A
6LiI(Eu) 470-485 1.4 1.96 4.08 35 A

ZnS(Ag)a 450 0.20 2.36 4.09 130b B

CaF2 (Eu) 435 0.9 1.44 3.19 50 A

Bi4 Ge3Ol2  480 0.30 2.15 7.13 8 A

CsF 390 0.005 1.48 4.11 5 A

Li glassc 395 0.075 1.55 2.5 10 B

apolycrystalline.

bFor alpha particles.

CTypical properties vary with exact formulation.

A. Scintillation Phosphor Catalog, The Harshaw Chemical Company.

B. Table of Physical Constants of Scintillators, Nuclear Enterprises, Inc.

6
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For X-ray detection, many inorganic scintillators contain high Z
4 materials and therefore show relatively good X-ray absorption. The organic

materials, on the other hand, are generally low Z materials so X-ray absorp-

tion tends to be less.

For the specific application of a fiber optic scintillator one could

consider inorganic scintillators in powder or crystal form. Actual fabrica-

tion of a fiber optic screen appears challenging except perhaps for special

cases such as Csl which can be grown in a columnar orientation which at least

simulates a fiber optic scintillator approach. The plastic scintillators can

be fabricated in fiber form and assembled into an area detector. However,

attempts to improve the detection efficiency of plastic scintillators by

adding high Z materials have met with only limited success. It has proven

difficult to find high Z compounds that are compatible with the complex

plastic matrix and that can be polymerized.

The most promising class of material to consider for a fiber optic

scintillator is glass; the remainder of this discussion will concern glass.

However, many of the general concepts discussed, including X-ray absorption,

Compton scatter, electron range, etc., apply to the other scintillator

materials, as well.

A scintillator for X-rays may be thought of as a three-part material.

There is a host material. In our present consideration, this is a glass.

There should be a high Z material involved in order to increase the X-ray

absorption. Finally, there should be a luminescence activator to control

light emission. There is strong interplay between these three areas that com-

bine to make an X-ray scintillator.

Glass scintillators normally contain about 50-60% SiO2. The high Z

loading is usually provided in the form of PbO2. Ideally, one wants to load

as much lead as possible into the glass to increase its density and its X-ray

absorption. Loadings of PbO2 in the order of 18% by weight are used in X-ray

scintillating glasses. The lead tends to precipitate out for loadings beyond

that value. This results in a glass density of 3 to 4 gm/cc.

Typical luminescence activators in glass scintillators 7,8 are Ce3+ ,

Tb3 + and UO6+ . These activators provide light outputs in different spectral

regions and also show different response times. Cerium activated scintilla-

tors usually emit in the near ultraviolet portion of the spectrum, 380 to

10!



400 nim; response time is in 60-80 ns time range. Terbium activated scintilla-

tors usually emit in the 500 to 600 m region and UO activation usually

produces a yellow emission at about 580 nm; both activators yield longer

response- time than cerium activated scintillators. Much work has been done

with cerium activation. The light output of a typical scintillating glass

increases with increasing cerium content to values in the order of 4 to 6

weight percent Ce203. The light output tends to saturate for further addi-

tions of cerium activator.

Once a fiber optic scintillator is chosen it may be sized for a

particular application based on a number of factors. The first item to con-

sider is X-ray absorption. Ideally one wants absorption close to 100% in the

length of fiber for the X-ray energy under consideration. Further, it is

desirable that the absorption mechanism be in a form that will stimulate

emission from the luminescence activated fiber and such that the secondary

radiation produced will remain in the detection fiber. The predominant

absorption mechanisms9 are the photoelectric effect, Compton effect and pair

production. In the photoelectric effect, the X-ray photon is absorbed; its

energy is transferred to an electron which is ejected from an atom with suffi-

cient energy to conserve momentum. In Compton scattering, the photon ejects

an electron but does not transfer all its energy; the output is an electron

and a reduced energy photon. Pair production occurs only for photons which

have an energy in excess of 1.02 MeV. The photon disappears and an electron-

positron pair is created.

These absorption mechanisms tend to predominate in certain energy

regions, as shown in Figure 2.3. For absorbing materials with Z greater than

*about 20, the photoelectric effect is the primary absorption mechanism up to

X-ray energies of about 100 keV. For absorbing material with a Z of about 50,

the photoelectric is the dominant abosrption mechanism for X-ray energies up

to 300 keV.

Therefore, for a medical diagnostic system, the photoelectric effect

will be the major absorption mechanism for detection. This is fortunate

because the electron produced will stimulate the emission of light. Further,

the range of the charged electron will not be so great as to cause significant

problems with cross talk between fibers. Compton scatter and pair production,II
1.. on the other hand, yield radiation that would be expected to cause cross talk

between fibers.

" ' 11- - - --.. - "'
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The absorption of the X-rays can be readily calculated from the

familiar absorption equation:

I = Ioe-ux (Eqn. 2.1)

where Io is the X-ray intensity incident on a material of thickness x,

having a linear absorption coefficient, u, and I is the transmitted X-

ray intensity.

The value of u is energy dependent. The value of u for a compound

takes into account the various components of the compound in proportion. For

a typical X-ray glass scintillator for example,

uTotal - 55% uSio 2 + 18% PbO 2 + 5% Ce203 + 22% A1203  (Eqn. 2.2)

Table 2.3 lists the linear absorption coefficients for these materials

for several X-ray energies of interest in the medical diagnostic range. It

can be seen that the value of u is much higher for the additives (PbO 2 and

Ce203 ) than for the glass matrix materials. Therefore, the additives control

the X-ray absorption. Since the absorption takes place in these higher Z

materials, it is clear from Figure 2.3 that the photoelectric effect is the

main absorption mechanism for the medical diagnostic X-ray energy range. In

Figure 2.4, the absorption of this typical glass (see Eqn. 2.2) is plotted as

a function of X-ray energy for several different glass thicknesses. It is

noted that a glass thickness of 1 cm is almost totally absorbing to X-ray

energies as high as 150 keV.

It is appropriate to further examine the electrons ejected in the

photoelectric process. Studies of the angle at which the electron is released

have shown a dependence with X-ray energy. For high X-ray energies the elec-

tron is mostly forward directed (emitted in the same direction as the incident

X-ray photon). At energies in the medical diagnostic range, the predominant

angle of emission for the photoelectron is about 450. This is shown in Figure

2.5.

It is also known that about 80% of photoelectron absorption takes

place in the K shell of the atom.10  This permits us to calculate the energy

of the released electron since the maximum electron energy, Ee, will be:

.13



Table 2.3. Absorption Coefficients of Typical X-Ray
Scintillating Glass Components

Photon Energy u (cm-1 )

keV SiO 2  PbO2  Ce2O3  A1203

50 0.318 6.86 13.93 0.292

100 0.619 4.84 2.08 0.163

150 0.140 1.74 0.74 0.137

1 14
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Figure 2.4. X-Ray Attenuation in Scintillating Glass
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I
Ee = Ep -EB (Eqn. 2.3)

where Ep = energy of the incident photon and EB = binding energy of

the electron (assumed to be the K shell).

It has been shown that most of the absorption in an X-ray scintillat-

ing glass will take place in the Pb or Ce atoms. The binding energies for the

K-shell electrons are about 88 keV for lead and about 40 keV for cerium.

Therefore, in the medical diagnostic range, the emitted photoelectron will

have an energy of less than 100 keV in most cases.

The range of the emitted electron can be calculated. Glocker,1 1 for

example, gives the following equation:

R = 4.9 (10-6 )E 1 " 7 2  (Eqn. 2.4)

where R is the range of the electron in g/cm 2 and E is the electron

energy in keV.

For a typical glass having a density of about 4, a 40 keV electron (as

might be emitted for a 128 keV photon absorbed in the lead K shell, for

example), will have range of about 7 um. Recognizing that it comes off at an

angle (see Figure 2.5), the actual radius of glass fiber needed to contain

such an electron would be about 6 um or a glass fiber diameter of 12 pm.

Calculations such as this permit one to determine the fiber diameter

needed to absorb an X-ray photoelectron. The calculation assumes that the

absorbing event takes place in the center of the fiber, that the electron is

emitted at the full energy (this would not be the case because the X-ray beam

will have a spectrum; there will be relatively few photons at the peak energy)

and that the electron does not recombine before it stimulates a luminescence

center. Overall, the fiber diameter so calculated tends to be conservative.

There are several factors that must be considered to determine rela-

tionships for specific scintillators in terms of light output as functions of

the scintillator geometry, X-ray energy, reabsorption, light self-absorption,

etc. One factor is the photofraction, 1 2 in *effect the percentage of the total

X-ray photon input converted into detectable light as a function of detector

type and geometry. For most luminescence materials, the photofraction is on

17
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the order of 80- 100% for lower energy X-rays (in the medical diagnostic

range). Therefore, the light output will tend to vary primarily with the X-

ray absorption - as already calculated and shown for a specific glass scintil-

lator (Eqn. 2.2 and Figure 2.4). A plot of relative light output versus

thickness for this glass is given in Figure 2.6. The light output value is

arbitrarily shown as 100 for an X-ray energy of 150 kV. For lower energy X-

rays, the peak light output occurs for a smaller thickness of glass scintilla-

tor because the lower energy X-rays are more readily absorbed. The relative

light output for the lower X-ray energies is reduced, however, because there

is less energy available to create ion pairs, which in turn leads to light

stimulation. The relative values were calculated based on the X-ray energy

for maximum intensity (about 2/3 the peak X-ray energy values shown in Figure

2.6).

For a nontransparent phosphor, such as a reasonably thick (approxi-

mately 0.2 mm) granular screen of zinc sulfide, calcium tungstate or

gadolinium oxysulfide, the curves in Figure 2.6 would show a decrease in light

output as screen thicknesses increased; some scintillations stimulated at the

X-ray source side of the phosphor screen would be attenuated by scatter

between the grains or by absorption within the grains. For the transparent

scintillators such as glass, one must normally deal with lengths approaching a

meter before light attenuation becomes of concern.

2.1.2 Material Test Procedure. All available samples of scintillating

materials were mounted into a single plane matrix. This allowed all samples

to be in direct contact with a sheet of 4 x 5 inch photographic film. The

materials mounted for testing were the following:

1. Anthracene C14HIO - A 42 mm diameter by 14 mm thick sample of the
organic crystal dispersed in a transparent castable plastic
resin.

2. UV phosphor - a 35 mm diameter by 14 mm thick sample of an
unknown UV phosphor dispersed in 2 mm tubes (straws) filled with
plastic resin.

3. Bismuth Germanate Bi4 Ge3Ol2 - An 18 mm diameter by 18 mm thick
fiber optic stack composed of 1 mm square BGO fibers.

4a. Calcium Fluoride CaF2(Eu) - A 12.5 mm diameter by 12 mm long

sample of the inorganic crystal doped with Europium.

4b. Calcium Fluoride CaF2 (Eu) - An 8 mm diameter by 18 mm long sample
of the same material to study the effects of lengths on output
light energy.

I iS
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4c. Calcium Fluoride CaF2 (Eu) - A 10 mm x 15 mm stack of I mm square

by 16 - long fibers machined from calcium fluoride crystals.

5. Cerium Scintillating Glass I - A 10 mm diameter by 10 mm long
sample of cerium doped phosphate glass manufactured by Kigre,
Inc. and coded P423.

6. Europium - Terbium Scintillating Glass - A 10 mm diameter by
10 mm long sample of rare earth doped phosphate glass manufac-
tured by Kigre, Inc. and coded P421.

7. Samarium Scintillating Glass - A 10 mm diameter by 10 mm long
sample of samarium doped silicate glass manufactured by Kigre,
Inc. and coded KSF-5.

8. Cerium Scintillating Glass II - A 6 mm diameter by 25 mm long
sample of cerium doped phosphate glass manufactured by EOTEC
Corporation and coded SBL048-SP.

9. Scintillating Glass - A 24 mm fractured piece of doped sili-
con/barium/lithum glass manufactured by Ohara Optical Company and
coded SCG-1.

10. Sodium Iodide Nal (Th) - A 12.5 mm diameter by 12.5 mm long
sample of the most sensitive scintillating material known. The
sample is thallium doped and encased in a air/water tight cell.

A plot of X-ray source potential and exposure time was drawn (Figure

2.7) to predict exposure requirements. Samples were exposed at a variety of

parameters and the film evaluated for optimum exposure. With this plot,

source potential and source distance can be put together to select the proper

exposure time.

2.1.3 Material Test Results. The mounted scintillating material samples

were exposed to X-rays as follows:

Code Potential Time Current Distance

1 20 kVp 3.5 min. 3 mA 13 in.
2 30 kVp 54 sec. 3 mA 13 in.
3 50 kVp 12 sec. 3 mA 13 in.
4 75 kVp 3 sec. 3 mA 13 in.
5 100 kVp 1.2 sec. 3 mA 13 in.
6 140 kVp 1.0 sec. 3 mA 13 in.

The Calcium Fluoride CaF2 (Eu) samples fluoresce most strongly at the

lower X-ray potentials (see Photo 1). None of the glass or plastic samples

scintillate strong enough to be detected. The Sodium Iodide Nal (Th) sample

is the strongest scintillator at 140 kVp (see Photo 2). The Calcium Fluoride

i/iA 20
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CaF 2 (Eu) stack fluoresces at all energies. The samples were mounted in a

matrix so the output surface was in contact with a sheet of Tri-X film.

The matrix of scintillating materials was exposed to X-ray radiation

with another type of photographic film, Vericolor L, which is a long exposure

(over I second) negative color film. With the use of color film, the general

spectral characteristics of the scintillating radiation was observed (see

Photo 3). It was found that all dopings being studied had strong emissions in

the blue and violet spectrum. It was also noted that the stronger emitting

materials masked the weak emissions so another test setup was designed to

photograph only the direct output light.

A series of exposures were made with the scintillating material matrix

on color film in a defocused configuration (see Photos 4 and 5). A piece of 2

millimeter and 5.5 millimeter plate glass was placed between the samples and

an X-ray shield so only the output scintillating radiation would be recorded

on film. This experiment also demonstrated the defocusing effect of a 2 mil-

limeter faceplate separation.

The luminous intensity of all the scintillation samples described in

Section 2.1.2 of an image on film is a good measure of total visible flux

presented to that film. For quantitative purposes, film exposure must be kept

in the straight portion of the Gamma curve. The Gamma curve (characteristic

curve or contrast index curve) is a plot of film optical density versus the

log to the base 10 of the exposure. The Gamma curve for the film used is

shown in Figure 2.8. Film development times and temperatures must be care-

fully controlled for precise measurements. Stray light and direct exposure to

X-rays must be minimized. By measuring the density of a scintillation image,

the quantity of energy producing that image may be determined. By dividing

the exposure by the time period required to produce that density, the luminous

intensity of the scintillation source may be quantified. The radiant luminous

intensity is the image brightness in laymen's terms. The inorganic crystal

samples of NaI(Th), CaF 2(Eu) and BGO were measured at 140 kVp and their

intensities plotted in Figure 2.9 with the curves of the inorganic crystals.

The most important curve of course is the data on the CaF 2 (Eu) crystal stack.

The stack intensities are 10-15% low due to the opaque epoxy between indi-

vidual crystals. The interesting point is that the crystal stack or crude
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fiber optic scintillation has a sensitivity approaching the best bulk radia-

tion detectors and yet is capable in principle of producing a high resolution

image.

2.1.4 Fiber Drawing Technology. Several methods of drawing glass into fine

fibers have been developed but significant technical breakthroughs occurred in

the early 1970's when fabrication of low-loss optical fiber was accomplished

through doped-deposited silica technology. Very low-loss fibers require

impurity levels of some transition metals of 10-50 parts per billion. Glass

quality restrictions must also be controlled very tightly to limit internal

scattering. The two most common versions of the doped-deposited silica

process are the outside vapor-phase oxidation technique and the inside vapor-

phase oxidation process. Earlier processes that can not produce very low-loss

fibers include the: rod-in-tube precision drawing process, stratified melt

process, and plastic spray clad technique.

The outside vapor-phase oxidation process is the process in which a

fuel lean torch deposits reactants, typically Si0 4 , GeO4 and B03 , on a mandrel

of a glass working lathe. The metal halides react with excess oxygen at an

elevated temperature in the flame to produce a stream of fine doped silica

soot particles that impact on the -otating mandrel. Composition changes with

successive deposited layers and is designed to yield the desired refractive

index profile for core glass and cladding glass. This process allows the

greatest flexibility in glass composition for both core and cladding glasses,

and has resulted in cladding compositions of as high as 25% B203 for stress

balancing. After enough glass has been deposited, the blank is removed from

the lathe, the mandrel is removed and the blank consolidated to a dense glass

preform, ready for fiber drawing.

The inside vapor-phase oxidation process starts with a high silica

glass tube mounted in a glass-working lathe. Heat is applied to the outside

of the glass tube by oxygen hydrogen burners while the tube is rotating. At

an elevated temperature, the reactants in the tube oxidize with excess oxygen

to form a fine doped silica soot on the inside surface of the glass tube.

Upon subsequent heating, clear, glassy layers are formed and fused together.

Reactant flow rate is changed with consecutive glass layers to control compo-

sition.

25
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The doped-deposited silica technology of producing glass preform

blanks for graded index optical fibers has maximum control over the composi-

tion and material distribution.

The actual fiber drawing technology has not changed in recent years

but control mechanisms have been added to improve consistency of both optical

and mechanical properties. Fibers are drawn by placing a blank of glass into

a furnace, and subsequently heating the tip of the blank until the glass

softens. During drawing, the core and cladding glasses maintain their respec-

tive geometric relationships, even though their diameter is drawn down by a

ratio as great as 300:1. The core-to-cladding ratio and the refractive index

profile of the core in the blank form are faithfully reproduced in the fiber.

2.1.5 Construction of the FOS Conversion Screen. The construction of fiber

optic faceplates is somewhat different than the fabrication of low-loss opti-

cal transmission fibers. A scintillating glass is melted in a non-oxidizing

furnace with a low refractive index glass floating on the surface. A glass

preform is produced by drawing a 5 mm (0.20 in.) rod from the melt in a smooth

continuous pull. The cladding glass is only 0.25 mm (0.01 in. ) thick on the

preform rod. Twenty preforms are configured into two rows of ten. All twenty

preforms are drawn simultaneously into twenty 0.0158 nm (0.00062 in.) round

fibers. These fibers are extended and fused together to form a flat double

layer strip. After shaping and fusing a strip 0.028 mm (0.0011 in.) by

0.14 = (0.0055 in.) is formed of approximately 0.014 mm (0.00055 in.) square

fibers. Five strips or layers are fused together to form a complex fiber

bundle containing 10 by 10 individual fibers. These bundles are 0.14 mm

(0.0055 in.) square. A twelve by twelve stack of fiber bundles is assembled

and fused together. This stack is 1.70 mm (0.067 in.) square and contains 120

by 120 fibers. A total of 14,400 fibers are in each stack. At this stage,

the material looks like a one sixteenth inch clear glass rod with a square

cross section. These stacks are grouped together in a 17 x 17 array to form a

28.9 = (1.14 in.) square block of scintillating glass fibers. The block is

fused together by heating to the softening point for 2 minutes and annealed.

This block is sliced into various thickness plates which can be further fused

together to form large area arrays. Each plate or screen is polished to a

fine optical surface on both sides and one side is evaporation coated with a

0.005 mm (0.00002 in.) layer of aluminum and 0.00025 mm (0.00001 in.) layer of
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SiO 2 (silicon dioxide) to form a hard quartz overcoat. After this assembly

process, the fiber optic scintillating faceplate is inspected and tested.

2.1.6 Test of the FOS Conversion Screen. A fine fiber optic screen 22 x 28

millimeters (0.87 x 1.10 inches) was fabricated, sliced, and polished to 4 mm

(0.16 inches) thick. The screen is a coherent fiber optic plate composed of

0.015 mm (0.0006 in.) diameter scintillating glass fibers. The screen has 67

fibers per linear millimeter which corresponds to a theoretical resolution of

33 line pairs per millimeter. The measurable resolution will be somewhat less

than the theoretical value. The luminescence output of this screen material

is in the yellow-green band of visible light.

To record the fluoroscopic image of luminescence energy the screen was

placed on a thick slab of lead glass and photographed during exposure to X-

rays. The camera and macro lens were placed in the the X-ray chamber during

exposure. Three samples of fiber optic scintillators were exposed and photo-

graphed. These samples were CaF 2 (Eu) (see Photo 6), BGO (see Photo 7), and

the fine fiber optic scintillator screen (see Photo 8) which will be referred

to as FOS. The CaF 2 (Eu) crystal stack provided a brilliant blue image with a

12 minute exposure. The BGO crystal stack provided an equally bright image

with 8 minutes of exposure. The luminescence was a bright green color. The

FOS image was equally bright with only a 0.5 minute exposure and the lumi-

nescence a yellow-green color.

Resolution of the FOS was measured from the photographic negatives at

16 lp/mm. This is very good considering image intensifier tubes are typically

2 lp/mm and film with intensifying screens only about 4 lp/mm. This measure-

ment also includes the MTF of the macro lens and the film, so the actual

screen resolution is probably close to 20 lp/mm.

2.2 The Image Intensifier

2.2.1 Description. The Varo model 3603 is a 25 mm second generation light

image intensifier with single stage electron focusing. This intensifier

yields an inverted image at the output. There is a fiber optic faceplate to

couple the output side with a CCD detector array. An automatic brightness

control maintains an output of 5 foot lamberts by varying the gain from 10 to

10,000. The resolution of the intensifier is 1200 lines or greater over the

24 mm input diameter (greater than 25 lp/mm).
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The Varo 3603 utilizes the latest technology in phosphor screens and

fiber optic coupling to yield a high dynamic range of image brightness while

maintaining high resolution.

2.2.2 Features

a. Automatic brightness control to give gain of 10 to 10,000 main-
taining approximately 5 foot lamberts output.

b. Less than 20% vignetting at 24 mm.

c. Resolution of 1200 lines or greater over 24 mm diameter.

d. Photo-cathode with quantum efficiency of 14% or greater at
550 nm.

e. Fiber optic input and output faceplates.

f. Built-in converter from 3 volts dc to required internal high-
voltage.

g. 3 volt dc supply box.

2.3 CCD Image Detector

2.3.1 Description. The Fairchild CCD222 is a 488 x 380 element solid-state

charge-coupled device area image sensor which is intended for use as a high-

resolution detector in television compatible imaging systems and a variety of

other scientific and industrial optical instrumentation systems. The CCD222

is organized as a matrix array of 488 horizontal lines by 380 vertical columns

of charge-coupled photoelements. The dimensions of these 185,440 photoele-

ments are 12 um horizontally by 18 pm vertically. The photoelements are

precisely positioned on 30 um horizontal centers and 18 um vertical centers.

CCD222 has an active optical area of 8.8 by 11.4 mm, with a diagonal of

14.4 m-.

The low noise performance of the buried channel CCD structure provides

excellent low-light-level capabilities when the sensor is cooled; performance

adequate for most applications can be achieved with the sensor at room

temperature or above. The geometric accuracy of the device structure, com-

bined with a video readout which is controlled by digital clock signals,

allows the signal output from each photoelement to be precisely identified for

easy realization of computer-based image processing systems. The devices can

be used in video cameras that require low power, small size, high sensitivity,

j high reliability and rugged construction.
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2.3.2 Features

a. 185,440 Sensing Elements on a Single Chip

b. Available Horizontal Resolution : 380 Elements per Line

c. Available Vertical Resolution: 488 Lines

d. No Lag, No Geometric Distortion

e. A Gamma of Unity

f. High Dynamic Range - Typically greater than 1,000:1 at 250C
(Excluding Dark Signal Non-uniformity)

g. Low Light Level Capability, Low Noise Equivalent Exposure

h. Video Data Rates up to 20 MHz, Frame Rates to 90 Hz

i. Sample-and-Hold Video Output

j. Low Power Dissipation, Solid-State Reliability and Small Size

k. Standard TV Aspect Ratio (4:3)

1. Satisfies NTSC Resolution Standards

m. Two-Phase Register Clocking

n. Digitally-Controlled Readout

2.4 The FOS Radiographic Viewing System

2.4.1 Description of Equipment. A fiber optic scintillator (FOS) X-ray sen-

sor has been assembled and tested. The unit consists of a sensor assembly, an

interconnecting cable and a video processing electronic package. The sensor

assembly is 155 mm (6.1 in.) long and 89 mm (3.5 in.) in diameter.

The sensor housing is anodized and dyed satin black. The intercon-

necting cable is 3.5 m (11.5 ft.) long with two connectors on each end.

Figure 2.10 is a sketch of the sensor assembly. The electronic package as

shown on Figure 2.11 has sufficient inputs and outputs for evaluation of

fluoroscopic images. The unit is 305 - (12 in.) by 320 mm (12.5 in.) by

110 mm (4.3 in.) tall.

The system (see Figure 2.12) is composed of a FOS conversion screen,

an image intensifier and a TV camera. Two high resolution FOS screens are

provided with the system. One is 2 mm thick and the other 3.6 mm thick. Both
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are approximately 25 mm (I in.) square. These screens are made from 15 um

(0.0006 in.) diameter glass fibers with cladding of a different index of

refraction. Both surfaces are optically polished and one surface is coated

with a 1.5/tm (0.00006 in.) layer of aluminum for total light reflection. A

second generation image intensifier is used to bring the scintillation image

up to a 5 foot-lambert brightness level. The automatic gain control circuit

operates the high voltage potential of the image intensifier tube to control

the gain from 10 to 10,000 automatically. The TV camera is a charged coupled

device (CCD) with 488 by 380 active scan lines.

2.4.2 Performance of the FOS System. For the test of the FOS system, the 25

x 25 x 2 mm scintillator plate was installed in the FOS system. A micro-focus

X-ray source, a Quantex image digitizer and processor, and a TV monitor were

used as support equipment. A human hand phantom and an X-ray resolution tar-

get were imaged by the FOS system in this test.

Figure 2.13 is an unprocessed image of the joint between the second

and third phalanges of the little finger in the human hand phantom. The

picture was taken directly from the TV monitor which was the output for the

test system. Trabecular patterns can be discerned within the bone in this

picture. The mottle across the image is believed to be due to the scintilla-

tion of the individual fibers in the FOS. This image was made using 34.8 kVp

and 1.8 mA, an indication of superb sensitivity.

Figure 2.14 is the electronically processed image of Figure 2.13.

Note the more clearly defined edges and trabecular detail as well as the

improved contrast. This image was obtained in a few seconds by selecting the

proper parameters on the Quantex image processor. The mottle in the image has

become less noticeable, but there is a slight graininess to the image.

Figure 2.15 is the processed image of a resolution target which was

placed as close to the fiber optic scintillator as was physically possible.

The apparent resolving power of the system seems to be about 10 or 12 line

4pairs per millimeter, very good resolution for a fluoroscopic system of such

high sensitivity.

2.5 Conclusions to Work Sunmmary

The design objectives of this effort were to construct a radiographic

viewing system with the following attributes:
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Figure 2.13. Unprocessed Image
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Figure 2.14. Processed Image
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a. Compact
b. Lightweight
c. Rugged
d. Good Resolution
e. Good Sensitivity
f. Digital Imaging

The system which was designed, constructed, and tested under this

effort met each of the design objectives as follows:

a. Compact - The sensor housing is 155 mm (6.1 in) long by 89 mm
(3.5 in.) in diameter and the electronics package is 305 mm (12
in.) by 320 mm (12.5 in.) by 110 mm (4.3 in.) tall.

b. Lightweight - Sensor weighs approximately 1 kg, (2 lbs.) and the
electronics package weighs approximately 7 kg (15 lbs.).

c. Rugged - All sensor elements are proximity focused and, there-
fore, in direct contact with one another and are completely
enclosed in a strong aluminum housing.

d. Good Resolution - The system displayed a resolution of approxi-
mately 10 lp/mm. This compares with 2 lp/m. for a typical
fluoroscopic system and 4 lp/mm for a typical screen/film combi-
nation.

e. Good Sensitivity - The system imaged bones of the little finger
with approximately 35 kVp and 0.3 mAs. This is about an order of
magnitude more sensitive than current fluoroscopic systems.

f. Digital Imaging - The system's CCD detector allows easy conver-
sion of analog image data to digital form.

The image area of this prototype was 25 mm x 25 mm (1 in. x 1 in.).

The volume and weight will increase for a larger area, but it is anticipated

that the size and weight of a FOS radiographic sensor will be smaller and will

weigh less than a fluoroscopic sensor with the same image format.
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SECTION 3. RELATED RESEARCH TOPICS

3.1 Digital Image Processing

A major advantage of digital radiographic images is the ability to use

a computer to control the image display. This control, or processing, of the

image allows one to optimize the visualization of desired image data. With

present film techniques, the image may only be altered by ordering another

exposure at different settings on the X-ray source or film processor. With

digital imaging, a single exposure may be electronically manipulated in a

number of different ways to yield:

a. Subtraction;
b. Spatial filtering;
c. Pixel shifting;
d. Temporal filtering;
e. Intensity transformations;
f. Parametric imaging; and
g. Quantitative imaging.

The ability to control the image display to such a high degree and

with merely a flick of a switch or twist of a knob will be a major factor in

luring radiologists and other doctors away from the traditional film and light

box which offers no image control.

3.1.1 Subtraction. Subtraction is the process by which one image is

"subtracted" from another on a pixel by pixel basis. This is done by arith-

metically substracting the value of each pixel in one image from its

corresponding pixel in the other image. The resulting image displays a can-

cellation of all features common to both images and an enhancement of all

features which were different between the two images. Thus, subtraction pro-

duces a "difference" image and this difference is usually based on the

parameters of depth, time, energy, or some combination of the three.

By utilizing depth dependent information, the effects of superimposed

shadows can !, removed or diminished. Depth subtraction was first utilized in

motion tomography and is used most elegantly in computerized tomography (CT).

Time-dependent or temporal subtraction shows changes that occur over

time. Most often temporal subtraction is used in conjunction with the admin-

istration of radiographic contrast agents. One or more precontrast images may[ then be subtracted from postcontrast images and, if no unwanted changes have

occurred between the two, the processed image will show only the location of
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the contrast medium with all other details cancelled out. This technique is

used in Digital Subtraction Angiography (DSA).

Energy subtraction is based on taking an image using one energy, or
wavelength, of X-ray photons and then another image at a second energy. These

two images are then subtracted, yielding an image which displays the differ-

ences in the attenuation of the two energy levels of X-rays. As X-ray energy

increases, the attenuation of X-ray photons will drop more rapidly in material

such as bone or iodine than in material such as fat or water. This physical

characteristic allows energy subtraction to be used to selectively remove cer-

tain materials from the image. Thus, energy subtraction allows soft-tissue

cancellation yielding an image of only bone and iodine and it allows bone can-

cellation yielding an image of only soft tissue and iodine.

3.1.2 Spatial Filtering. Spatial filtering is a method of selectively

enhancing or diminishing specific spatial frequency components in an image.

Edges or boundaries in an image contain a large component of high-spatial-

frequency information. The sharper the edge, the higher the frequencies it

will contain. Thus, edge enhancement may be done by amplifying high fre-

quencies and attenuating low frequencies in the image. The converse of edge

enhancement is called smoothing and may be done by amplifying low frequencies

and attenuating high frequencies.

3.1.3 Pixel Shifting. Pixel shifting, as the name implies, is a class of

image processing operations where pixels, or picture elements, are moved from

one location to another. This allows the image to be rotated, translated,

magnified, or minified. Pixel shifting has been used in conjunction with

temporal subtraction to compensate for motion which occurred between the pre-

contrast and postcontrast images.

3.1.4 Temporal Filtering. Similar to spatial filtering, temporal filtering

selectively attenuates either high or low temporal frequencies. In spatial

filtering, the processed pixels are imaged at the same time but in different

spatial locations. In temporal filtering, the processed pixels are imaged at

the same spatial location but at different times. Temporal subtraction is a

type of temporal filtering and so is image integration (addition) which is the

process of arithmetically adding together images on a pixel by pixel basis.

I' ~Image noise, especially quantum mottle, is reduced by the temporal integration

of images.
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3.1.5 Intensity Transformations. Another set of image processing opera-

tions, intensity transformations involve the alterations of the intensity of

each image pixel based on a defined formula. Two examples familiar to radi-

ologists are the "window" and "level" controls found on CT displays. The

window setting multiplies the intensity of each pixel by a constant, thus

increasing or decreasing the contrast, while the level control adds or sub-

tracts a fixed value from each pixel, thus increasing or decreasing the

brightness of the image. These two controls correspond to the contrast and

brightness control knobs on a common TV. Much more complex intensity trans-

formations are available for digital images. For instance, log conversion

replaces each pixel value by its natural log, thus reducing the dynamic range

of the image. Gamma correction is an operation where the value of each pixel

is replaced by another value, defined by a curve, to give a straight line on

the energy-density (or H-D) curve of the image. Histogram equalization is an

operation that yields a final image which has equal numbers of pixels at each

gray scale level, thus utilizing the dynamic range of the display to its

fullest extent.

3.1.6 Parametric Imaging. In parametric imaging, each pixel value

represents an estimate of a desired parameter for that pixel's location.

Parameters which have been used include: time to peak enhancement, mean

transit time, maximum pixel attenuation, integrated attenuation change, and

local volume of distribution. Parametric imaging has been used primarily in

nuclear medicine to display information about the dynamics of contrast

kinetics. Parametric imaging has also been used to distinguish transplant

kidney rejection and acute tubular necrosis by measuring the attenuation

levels at relevant pixels as a function of time.

3.1.7 Quantitative Imaging. Since image data are in digital format, quanti-

tative information may be easily extracted from the image by the computer.

For instance, automated boundary recognition algorithms have been developed

for tracing the outlines of blood vessels in order to provide quantitative

estimates of narrowing. Another boundary detection algorithm has been used in

the determination of ejection fraction and regional wall motion of the left

ventricle of the heart from intravenous DSA images.
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3.2 Optical Data Storage (ODS)

Since the FOS radiographic viewing system initially yields an elec-

jtronically digitized image, it would be most convenient to store the images in

that form. A digitized image contains a great many bits of information. For

I example, a medium resolution image of 512 x 512 pixels (or picture elements) x

256 gray levels (8 bits) contains 2 million bits of information and a high

resolution image of 1024 x 1024 pixels x 256 gray levels contains 8 million

bits of information. This high information content requires a storage medium

with equally high capacity. A good candidate for the storage of these images

jseems to be optical data storage (ODS).
ODS is the technology used to produce laser video-discs. Lasers are

used to burn very small holes (5 pm in diameter) in the metallic coating of a

film base. Once the information is stored it cannot be erased for reuse of

the medium and this makes it perfect for the archival storage of medical

records. Optical storage is more compact than magnetic storage by more than

an order of magnitude and the cost of optical storage is less then 5c per

megabyte compared with $3 per megabyte for magnetic storage. A credit-card

size ODS with a storage strip on one side will currently hold 16 million bits

of information (two high resolution pictures). With strips on two sides it

would hold four pictures and, in a few years, when the 5pm holes are reduced

to 2.5 um holes, the information capacity will double again. ODS discs and

tapes provide greater capacities for a central storage file. A 30 cm ODS disc

is currently capable of storing 2 gigabits of data on one side (or 250 high

resolution pictures). An ODS tape 2,400 feet long and 70 m wide can now

store 400 gigabits of information (or 50,000 high resolution pictures).

ODS technology has only recently been made commercially available for

general computer usage. It is expected that cost will decline while technical

performance and data capacity increase over the next few years.
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SECTION 4. GENERAL CONCLUSIONS AND RECOMMENDATIONS

The scope-of-work for this contract required the following:

a. A study of CaF2 (Eu) crystals;

b. A 16 mm fiber optic scintillator (FOS) shall be assembled from

0.1 mm fibers;

c. Techniques for the manufacture of fine fibers and larger FOS
screens shall be studied; and

d. A report documenting the above shall be written.

In the performance of this contract, the following were completed:

a. Several large crystals, including Nal (Th) and CaF 2(Eu), were

tested and studied;

b. A 25 mm FOS screen was assembled from 0.015 mm fibers;

c. Techniques for the manufacture of finer fibers and larger FOS

screens were studied; and

d. This report is a document of the above.

In addition to fulfilling the scope-of-work of this contract, a .small

scale FOS radiographic viewing system was designed, constructed, and tested.

The design objectives were to build a system which was compact, lightweight,

and rugged with good resolution, sensitivity, and a digital image. As can be

seen in Section 2.5, the FOS radiographic viewing system met each of these

j design objectives. The constructed systen was a prototype with a viewing area

of only one square inch, but the results of this effort have been very

encouraging and indicate that it would be feasible to build a larger system

based on the same design concepts. It is, therefore, recommended that a pro-

totype of a field system with a viewing area of 200 mm x 250 mm (8 in. x 10

Jin.) be designed, constructed, and tested.

1
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