AN ABSTRACT OF THE THESIS OF

for the

MASTER OF SCIENCE
(Degree)

in (Radiological Physics) presented on
(Major)

,20j /9.

RICHARD EUGENE GROSS
(Name)

General Science

(Date)

Title: A STUDY OF RELATIVE SPEEDS OF MEDICAL X-RAY
FILM AND INTENSIFYING SCREEN COMBIN4TIONS

Abstract approved:

Redacted for Privacy
E. Dale Trout

The objective of this study was to determine the relative speeds

of available medical x-ray films exposed directly to x-rays and exposed in combination with various types of intensifying screens. The

information obtained from this sensitometric data was used to obtain
factors by which a radiographic exposure technique with one filmscreen combination could be modified to obtain an adequate radio-

graph with any of the other films or film-screen combinations.
All of the films were exposed using a conventional diagnostic

x-ray machine and processed in an automatic processor. The sensitometric data were tested by producing radiographs with the various

films and film-screen combinations using the basic exposure technique and the exposure factors obtained from the relative speeds. The
radiographic subject was a phantom made of tissue equivalent plastic

which encased human skeletal parts. The radiographic results of the

testing indicated that adequate radiographs can be obtained using this

data. Assuming that the basic radiograph has an average density
of 1.0, a second radiograph using a different film-screen combination
will have an average density which will not deviate from 1.0 by more
than f 0. 15.

A Study of Relative Speeds of Medical X-ray Film
and Intensifying Screen Combinations
by

Richard Eugene Gross

A THESIS

submitted to

Oregon State University

in partial fulfillment of
the requirements for the
degree of
Master of Science
June 19 69

APPROVED:

Redacted for Privacy
Professor of Radiological PhYsic's
in charge of major

Redacted for Privacy
Chairman of the Deptment of Genal Scie),rC'e

Redacted for Privacy
Dean of Graduate School

Date thesis is presented
Typed by Gwendolyn Hansen for

Richard Eugene Gross

ACKNOWLEDGMENT

The author wishes to express his appreciation to those whom
have given of themselves in this effort: to Dr. E. Dale Trout for his

assistance and guidance, to John P. Kelley and George M. Corney

for their technical assistance and encouragement, and to my family
for their help with the pictures and moral support.
This project was made possible by the United States Public
Health Service who have supported my graduate study at Oregon
State University.

TABLE OF CONTENTS

Page
INTRODUCTION

History
The Beginnings of Radiography
Sensitometry in History
Objective of this Study
THE RADIOGRAPHIC PROCESS

The Film
Latent Image Formation
Radiography with Fluorescent Intensifying Screens
Reciprocity Law Failure
The Sensitometric Curve
MATERIALS AND METHOD

Measurement of Exposure
Peak Kilovoltage Measurement
Exposure of Sensitometric Films
Exposure of Films Showing Speed Variation
with kVp

1

1

10
15

20
22
22
23
28
31
35

44
44
46
48

Film Processing

50
51
53
57

EXPERIMENTAL RESULTS

58

SUMMARY AND CONCLUSIONS

67

BIBLIOGRAPHY

69

APPENDIX

73

Speed Determination
Exposure of Radiographs

LIST OF TABLES

Page

Table
1.

Film and Film-Screen Combination Speeds

65

2.

Exposure Factor Table

73

3.

Typical Radiographic Results

74

LIST OF FIGURES

Figure
1. Cross section of a medical x-ray film.

Page
23

2. Energy-band diagram for luminescent

inorganic crystals.

30

Reciprocity failure curve for Kodak Blue Brand
medical x-ray film (Estar base).

32

4.

Typical sensitometric curve.

38

5.

Modified Victoreen 25 R condenser R-meter
chamber.

45

3.

6,

7.

Circuit diagram of the beam monitor system
(modified chamber).

46

High voltage bleeder in x-ray tube circuit.

47

8. Circuit diagram of high voltage bleeder.

47

View of sensitometer with monitor chamber in
place.

49

X-ray machine control, kVp meas. oscilloscope,
and monitor chamber readout.

49

11.

Macbeth Quanta Log film densitometer, Model TD-102.

52

12.

Positioning for the radiographic exposures.

55

13.

Victoreen Model 555 Radocon II readout console.

55

14.

Sensitometric curves for four intensifying screens
with Blue Brand film and for direct exposure of the
film.

59

Sensitometric curves for four intensifying screens
with Royal Blue film and for direct exposure of the
film.

60

9.

10.

15.

Figure
16. Par Speed screens- - response variation with kVp.

Page
61

17.

Detail screens- -response variation with kVp.

62

18.

Hi Speed screens--response variation with kVp.

63

19.

Lightning Special screens- -response variation with kVp.

64

A STUDY OF RELATIVE SPEEDS OF MEDICAL X-RAY FILM
AND INTENSIFYING SCREEN COMBINATIONS
INTRODUCTION

History

Radiographs are made using emulsions that are related to those
used for photography. The current emulsions are improvements on

the photographic emulsions and for this reason an understanding of

the photographic process and its history will help in the understanding of the radiographic process because of the relationship between
the two,

Throughout history man has tried to retain experiences which
have affected his life. The caveman recorded history by drawing

pictures on the wall of his cave. As man progressed and became
more aware of his surroundings, he wanted to record in a more
accurate way the objects and the life about him. His recording medium

progressed from the cave wall to clay tablets and parchment to paper
and canvass. The professional recorders became the painters and

scribes. As their techniques improved more people wanted recordings of that which was dear. Since everyone was not talented in this

way the task of recording the daily life was left to those who could
write or paint well. This was not completely satisfactory to all and
the desire to capture that which was important to them continued
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to grow.

In the 16th Century, Giovanni Battista della Porta described
the camera obscura which was the prototype of modern cameras
(Fuchs, 1964). This consisted of a box with a small aperture that

projected the scene onto a translucent screen or paper so that a person could trace the details and make a picture of the scene. In 1568
Daniel Barbaro fitted a lens to a camera obscura to sharpen the
image. Lenses were used many years before Barbaro's version of

the camera obscura. Roger Bacon in 1276 mentioned the use of
spectacles (Bacon, 1962) and examples of crystal or glass lenses have
been found in the ruins at Nineveh, Pompeii and elsewhere (Newhall,
1956).

But man at times is slow in the application of new ideas and

it was 1568 before the camera obscura became a useable instrument
(Fuchs, 1964).

In the first century B. C. Vitruvius, a celebrated Roman
architect under Caeser and Augustus, wrote about the destructive
action of light on cinnabar used for decoration. Also, since the time
of Moses it has been known that the yellow mucus from the glands of

two species of the Purpura snail develops, upon the action of sun-

light, into a purple-red or violet dye. Robert Boyle (1680) became
the first to publish the observation that silver chloride darkens when
exposed to air but he believed that the action of darkening was due to

air and moisture, not light. Later a famous chemist by the name of
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Hoffmann, who worked with Boyle, wrote as an incidental remark

that a silver nitrate solution gradually darkened when exposed to the
open air and sun. There is no evidence that he had any conception

that the sun had any real action, he merely recorded the observation
(Eder, 1945).

By the middle of the 18th Century it was recognized that light did

darken silver nitrate. In 1777, Charles William Scheele, a Swedish
chemist, made the first scientific investigations of the behavior of silver chloride under the influence of light. He was the first to note that

different colors of light had different effects on the salt. He noted that
silver chloride was darkened quickly by violet and blue light while red

and yellow light had much less affect. He also proved that the action of
the light was to decompose the salt. His results were later confirmed
by Senebier in 1782 (Harrison, 1887; Mees, 1961).
Early in the 19th Century, Thomas Wedgewood, the son of the

famous potter, was assisted by Sir Humphrey Davey in a study of the

action of light on certain silver compounds. Wedgewood's best
results were obtained by coating paper or white leather with a dilute

solution of silver nitrate. They obtained the same results as
Senebier and Scheele but Harrison (1887) believed that Wedgewood and

Davey were not aware of prior published works. Davey and
Wedgewood tried to make photographs on paper treated with the silver

salts but were not successful. Later Davey used a solar microscope
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and readily obtained the images of small objects on paper treated
with silver chloride. Although he recognized the potential of this
achievement he let the subject drop, possibly because he could not fix

the image (Harrison, 1887).
The first man to obtain a permanent photograph was Joseph
Nicgphor Nigpce, who came closest to being the one man who could

be called the "Inventor of Photography" although in all fairness no
one man can be given that title (Newhall, 1967; Harrison, 1887;
Fuchs, 1967). Nigpce's method of spreading bitumen (asphalt) on

polished metal plates was called heliography. He exposed the bitu-

men surface, the sensitive medium, in a camera where light caused
the bitumen to become insoluble in proportion to the intensity of the
light. This produced an image when treated with a weak solvent (oil

of lavender). He never published his results but his correspondence

with scientists of the day records his endeavors. Nigpce also used
silver chloride as a sensitizing material but he could not fix the

image. With his associate, Louis J. J. Daguerre, he observed the
phenomenon of solarization and thought that it might be a method of
obtaining a positive picture (Newhall, 1967).

Later in 1835, Daguerre worked out a process for the treatment of an exposed silver iodide plate with mercury vapor which
developed the image. It is not clear how he fixed his first plates

but it might have been done with strong sodium chloride solutions
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(Newhall, 1967). Later he also used "hypo" to fix the daguerreotypes

(Mees, 1961).

William Henry Fox Talbot on February 21, 1839 read his paper
before the Royal Society which described in detail his process for the
development of the latent image. He precipitated silver chloride on
a smooth paper which he then exposed. He stabilized the unexposed

silver chloride crystals by bathing the pictures in strong solutions
of sodium chloride and obtained positive prints (Newhall, 1967; Fuchs,
1964).

On January 22, 1839 Daguerre made the announcement that he

was able to produce a permanent image on a light sensitive material.
Among those who were aware of the announcement was Sir John

Fredrick William Herschel. One week later on January 29, Herschel
set out to solve the mystery of the process and eventually developed
a workable photographic system. He tried "hyposulphite of soda" to

stop the action of light on his silver plates and it worked. This, of
course, is the "hypo" used even today to fix photographic images
(Newhall, 1967).

About the same time, the Reverend Mr. Joseph Bancroft Reade
was using a microscope to take pictures and he used "an infusion of
galls" (supposed to have been a preparation from gall bladders) to
sensitize his photographic paper. To fix these images he also used
hypo and may have used it as much as a year before Herschel did
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(Newhall, 1967).

In the years following Reade's work, the photographic process rapidly improved with the use of silver salts contained in different types of emulsions. By the time the glass plate negative of
Frederick Scott-Archer was introduced in 1851 the word photography
had become universal. Archer introduced the collodian wet emulsion
in 1851 and in 1871 Richard L. Maddox invented the dry plate. In

1879, George Eastman invented the plate machine for mass production of the dry plates then used (Fuchs, 1964; Mees, 1961).
In the span of about 100 years from the time of Daguerre and

his famous daguerreotype to the time of Eastman's mass production,
the progress of photography was one of technical improvements. The

sensitivity of the materials used for photography increased so that

the time required for exposures was reduced from hours to seconds.
Even so the field of photography was still an area of endeavor where
experience determined how long the exposure should be.

It was this problem that led two men, a chemist and an engineer, into a study that took up most of their free time for a period of
about 14 years and which ultimately put photography on a scientific

basis. Vero Charles Driffield, an engineer for the chemical firm of

Gaskell, Deacon and Co. of Southport, England, had a great interest
in photography as a hobby and one to which he devoted much of his

leisure time. He had worked in the studio of a well known Southport
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photographer and was well acquainted with the practice and principles

of photography. While at the chemical firm he and the chief chemist,
Dr. Ferdinand Hurter, became friends and in 1876 Driffield induced
Hurter to take up photography. Hurter was a man accustomed to

scientific precision and he could not tolerate the practice of the art
of photography. It was governed by the rule-of-thumb because the

fundamentals of the process were not really well understood. Driffield

interested Hurter in the subject and this was enough to cause Hurter
to investigate photography with the aim of rendering it a quantitative
science. Driffield became his collaborator,
They realized that they needed a method by which they could

estimate the correct exposure. Since the plate had to be exposed to
suit the available light, they set out to determine the "actinic power
of daylight" -- the ability of light to produce a chemical reaction.
The studies made were extensive, leading to tables which gave com-

plete light data for every day of the year at various latitudes. They
made an actinometer with which they were able to measure the diffused daylight.

With the first step accomplished, they began a study of the
sensitometric properties of photographic emulsions which was to be

of great service to the field of photography. They began to study the

action of light on sensitive plates in a camera, as well as the action
of light as it passed through the camera lens and diaphragm. The
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action of light on the plates was represented numerically and they

defined such terms as density, opacity, and transparency by the
relation: Density = log10 Opacity = 1 ogio 1/Transparency. Probably

the most significant aspect of their contribution to photography as it
is now, was the manner in which they represented sensitivity; the
response of the sensitive emulsion to light. They plotted the density
produced on a plate against the logarithm of the exposure which pro-

duced the blackening. Such curves are called characteristic curves
or H and D curves after the two men who first used them.

After fourteen years of work in their leisure time they decided
that they should publish their findings for the benefit of the scientific
world and on May 31, 1890 their paper "Photochemical Investigations
and a New Method of Determination of the Sensitiveness of Photo-

graphic Plates" was presented before the Society of the Chemical
Industry at Liverpool. It was printed in volume nine, number five
of that society's journal in 1890. The greatest value of their work

to the practicing photographer, then and now, was the simplification
of the development process. They were able to show that for every

plate or film there was an optimum development time. This permitted negatives to be developed in total darkness without the need

for observing the appearance of the image as was the common
method then used for determining the required developing time
(Fe rgus on, 1920).
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In 1876, two German chemists, Robert Wilhelm Bunsen and

Henry E. Roscoe formulated a law which said that the photographic
effect of the light was dependent only on the total exposure to the plate.

They believed that if an exposure, E, was given to a sensitive emul-

sion, no matter what the intensity, I, the time, t, could be adjusted
to give the same exposure, E = I X t, and the photographic result
would be the same. This law, called the Reciprocity Law, was con-

sidered fundamental for several years and was accepted by Hurter
and Driffield in their work. However, in 1881, a French astronomer,

Pierre Jules C4sar Janssen, found that the low intensity light from
some of the stars did not respond according to the E = I X t law. He

found that the exposure times had to be increased to obtain a satisfactory plate. In the years 1892 to 1894 William de Wiveleslive Abney
studied the failure of the Bunsen and Roscoe law. He measured the
deviations and noted that the law failed when dealing with very low

light intensities. In 1894 he found that each photographic plate had
an optimum intensity. He was unable to formulate a law accounting

for his observations. Later, however, this was accomplished by

Karl Schwarzschild and his assistant, Erick Kron. Schwarzschild
found that he could represent the action of light by E = UP where

p

was a characteristic constant for a particular plate. Kron later
found a more precise formula based on absolute light intensities
(Eder, 1949). Subsequently, Eggert and Arens, Jones and Hall and
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others have amplified the information on and knowledge of the subject.

Jones and Hall also found that for all of the emulsions they tested
each had optimum light intensity (Bell, 1936).

The failure of the reciprocity law applies in a minor way to
some but not all x-ray exposure conditions. This will be treated

later.
The Beginnings of Radiography

The information on photographic materials and their response
to light was fairly well established by the time Wilhelm Konrad
Ririntgen began his studies that led to the discovery of x-rays.

Hurter and Driffield had given their paper more than five years before
the discovery of x-rays on November 8, 1895. The discovery led to
developments which are of extreme importance in physics, medicine
and allied fields. Although he used a fluorescent screen in his first

observations, the replacement of this screen with a photographic
plate was one of ROntgen's first steps in recording permanently the
effects of the new rays. One of the more dramatic results of his

early investigations was the radiograph he made of his wife's hand

which he reported in his first paper (Glasser, 1964).
Riintgen's first paper on the subject "Uber eine neue Art von
Strahlen" was published in 1895 in the annals of the Wiirzburg

Physical-Medical Society. His paper is a step by step report of his
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methods in the discovery of the new rays. On March 9, 1896, he

submitted a second paper on the same subject.

During this time, the common photographic material was a
glass plate coated on one side with the sensitive emulsion. In his
third paper he reported on studies made with photographic plates on

the x-rays coming from different types of tubes. He noticed that a
"hard" (high vacuum) and a "soft" (low vacuum) tube with equal

intensity outputs as determined with a fluorescent screen did not have
the same photographic effect. The harder tube did not produce as

high a photographic density on a plate as did the softer tube even

though the brightness of the screen was the same for both tubes.

This is the first recorded observation of the photographic density
varying with the conditions of exposure.

Röntgen was dissatisfied with the results he obtained with the

photographic plates so he asked the manufacturers of the photographic
plates if it would be possible "to produce plates that would be more
adapted to photography with x-rays than ordinary ones" (Glasser,
1964).

The result of this request was the first plate made strictly

for radiography. Dr. C. Schleussner, a German photographic plate

manufacturer, added more silver bromide to the emulsion in an
attempt to make the plates more suited for use with x-rays. The
plates became popular in Europe, England and America but there is
evidence that REintgen was not totally satisfied with the results (Fuchs,
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1964).

Later in 1897, Schleussner marketed a double emulsion plate- -

a plate coated on both sides with an emulsion.
In the year following Riintgen's first paper, about one thousand

papers concerned with the production and uses of x-rays (called
roentgen rays), appeared in the literature around the world. These
papers contained nearly all the fundamentals of the practices now used
in radiography. The men who were the pioneers in this field were

physicians, physicists, electrical engineers and photographers. Any
individual able to understand the electrical terminology and methods
could become a pioneer in this new field (Griggs, 1964).

The Europeans led in experimentation but it appears that Julius
Mount Bleyer of New York was the first person to photograph a
fluoroscopic image, a method now known as photofluorography. In

Berlin, Maritz Jastrowitz recorded the first diagnosis aided by an

x-ray plate. In Vienna, Eduard Haschek, a physicist, and Otto
Theodor Lindenthal, a physician, cooperated in producing the first
angiogram of the hand of a cadaver. They injected a contrast medium

of some form of chalk into the arteries of the severed hand. By this
method they were able to see the shadows of the arteries in the radiograph. The first time radiographs were made prior to surgery was

in January 1896 in Vienna when a surgeon, Albert Ritter von

Mosetig-Moorhof, made radiographs of a person who came to have a
bullet removed.
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Within two months after R8ntgen's first announcement, x-rays
were being used in the diagnosis of broken bones, imbedded bullets

and other foreign material as well as in the study of some cancers
(Griggs, 1964).

By the middle of 1897 there was further evidence that plates for

radiographic use should have some special characteristics. As
stated by John Garbutt, who made the first plates in America
specifically designed for use with x-rays: "It should be of medium
sensitiveness, have a good body of emulsion, be capable of absorbing

the x-rays, thereby giving more detail and perspective to the bones"
(Fuchs, 1964). More silver was added to the emulsion and by 1910 an

English manufacturer was successful with a popular plate known as

the Paragon X-ray Plate. The first double coated plates were patented
by Dr. Max Levy of Berlin in 1897 (Fuchs, 1964).
Since photographers were doing much of the radiography, posi-

tives were made from the radiographs (which were negatives) which

increased the contrast and toning made the images more pleasing.

In 1896, H. S. Ward and E. A. Robins of England in their

paper "Dry Plates for 'Röntgen Ray' Photography," tested 17 makes
of plates used for radiography and concluded that thick emulsions

were better than thin ones. They also indicated that the incorporation
of fluorescent materials in the emulsion served no useful purpose.

As special plates for radiography were in short supply, it has been
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estimated that 75 percent of all the radiography done in the year 1901
was done using plates made for photography (Fuchs, 1964).

During the year 1896, Thomas A. Edison and his associates, in
an effort to develop a new source of light, tested about 8,000 different
materials and found 1,800 substances which would fluoresce when

excited by x-rays. One of these was calcium tungstate which he found
emitted six times more light than the barium platinocyanide which
R8ntgen used for his fluoroscopic screen. Because of these findings
Edison recommended the use of calcium tungstate for fluoroscopic

screens.
Edison gave some fluorescent screens to Prof. Michael I. Pupin
of Columbia University, Pupin placed a screen on a photographic

plate and in February 1896 made his first radiograph with the platescreen combination (Fuchs, 1964; Bryan, 1926; Josephson, 1959).

About the same time, several other investigators reported on increasing the sensitivity of plates to x-rays with similar methods. In
London, on January 30, 1896, Mr. Alan A. C. Swinton suggested that
the use of fluorescent screens in conjunction with a plate would result

in more efficient x-ray absorption and shorten the exposure required
for a radiograph (Swinton, 1896).

For photography, the use of glass plates for the support of the
emulsion became an obsolete practice when flexible film bases were
introduced. The film was coated on one side with the emulsion and
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was used to some extent for radiography. In 1918 Eastman Kodak
Dupli-Tized film was placed on the market. It had an emulsion on

both sides of a transparent cellulose nitrate base so that double
screen technics were possible. This greatly increased the speed
and in the words of Fuchs (1964), ".

.

.

made all other forms of

radiographic recording media obsolete overnight."

About the same time, Carl V. S. Patterson and his associate,
Reuter, founded the Patterson Screen Co. and they devoted a lifetime
to the development and production of fluoroscopic screens. Their

work resulted in screens using pure, fine grained fluorescent materials which provided uniformity and freedom from after-glow not previously available.

Sensitometry in History

Although Hurter and Driffield did not use x-rays in their in-

vestigations, their paper of 1890 presented a method for studying

the response of photographic materials to exposure, either by light

or by x-rays. Since that time, investigators have used the method
with only slight variations, In 1914, Friedrich and Hock published

sensitometric work on x-ray response in sensitive emulsions. They
found that the shape of the characteristic curve was independent of

the quality (the hardness or softness) of the radiation but that different energy monochromatic x-rays caused a displacement of the
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curves on the log exposure axis. They found that the exact amount of
displacement depended upon the type of emulsion (Bell, 1936).

In 1917, Millard B. Hodgson developed a sensitometric method

using a lead sector wheel with which accurate exposures to the plate

could be made to provide the data for the characteristic curves.

He

noted that an increase in the wavelength of the x-rays increased the
contrast and found that the "rendering power" of a plate was dependent
upon both the type of emulsion and the "tube hardness" (Hodgson,
1917).

Hodgson reported that the method he used in studying the sensi-

tometric properties of x-ray plates would be an accurate method for
measuring the efficiency of intensifying screens and in 1918 his paper

on "The Physical Characteristics of X-ray Fluorescent Intensifying
Screens" was published. He found that calcium tungstate was the

best of the materials studied. He also saw the need for matching the
spectral sensitivity of the photographic plate to the spectral emission
of the fluorescent screen. He determined that fluorescence depended
upon three factors: (1) the selective absorption of the x-rays by the

elements in the screen, (2) the wave length of the incident radiation,

and (3) the structure of the calcium tungstate crystal.
Block and Renwick (1920) studied the response of photographic

plates to x-rays. They plotted the H & D curves but indicated that
they had no scientific criterion for expressing the speed of an x-ray
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plate due to the lack of a formula for expressing the sensitivity of a
plate. The H & D speed commonly used at that time was determined

by extending the straight line portion of the curve back to density zero.
The point of intersection was then used for the calculation of the

"interia" or the speed. One of Block and Renwick's important contributions was the following (Block & Renwick, 1920):

any classification of plates which relies only on the
straight line portion and ignores the important region
comprised within the very pronounced foot of the characteristic curve is undesirable because it would bear little relation to practice. In fact a speed number which depended
entirely upon the foot of the curve would possess a real
value denied to figures derived from the straight portion.
.

.

Block and Renwick also studied the action of commercial cal-

cium tungstate screens in contact with the x-ray plate and found that

these "intensifiers" reduced the exposure and increased contrast.
In 1918 Miss N. C. B. Allen and T. H. Laby presented a paper
before the Royal Society of Victoria in which they described their

work on the sensitometric properties of x-ray plates to x-rays. They
plotted the typical H & D curves but instead of defining the density as

log10 of the ratio of the incident intensity to the transmitted intensity
as Hurter and Driffield and most of the investigators had done they

used the natural logarithm of the ratio. They defined the exposure as:
V2

it /d2

where V, is the potential applied to their Coolidge tube; it, is the
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coulombs (total electrical charge = mA X time = mAs) passing through

the tube; and d, the distance in centimeters from the focal spot of the
tube to the plate. They indicated that "this expression gives the
energy of the incident rays" (Allen and Laby, 1918).

From the results obtained, Allen and Laby noted that the emul-

sion response resulted in a curve extending from density zero to
density one and then a straight line to a density of four. They found,

as had Hurter and Driffield, that the inertia of the plates was
independent of development but instead of using this as an indication

of speed, as had Hurter and Driffield, they defined the speed as the

reciprocal of the exposure required for a density of five. With the
exception of the use of density five this is similar to the method used

currently for the determination of speed. In these experiments they
found no variation in the speed with tube voltage.

R. B. Wilsey and H. A. Pritchard (1926) published the results
of work done in an extensive comparison of white light and x-rays on

photographic materials using sensitometric measurements. They
found that the curves produced were similar in form and that the
maximum density of the material was the same whether exposed to

white light or x-rays. They also found that the films exposed to xrays were more sensitive to development than the ones exposed to

light, that is, they developed faster.
By 1930 studies were being made of the effects on radiographic
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exposure technic using intensifying screens. Frank E. Swindells

(1930), an associate of Patterson and Reuter, was one of the con-

tributors in this field. He made sensitometric exposures and plotted
the results in the form of the sensitometric curves and calculated
speed at density one. He found that variations in the speeds of the

screens were due to changes in voltage and gave two factors as being

responsible for the variation: (1) the different wave lengths of x-

rays ".

.

.

have different relative abilities to expose the film and to

excite the screens to fluorescence." and (2) ".

.

.

the varying

absorption of the front screen for x-rays of different wave lengths,

results in a diminution of the intensification process at lower
voltages." Swindells used these results to conclude that when a subject to be radiographed is placed in the beam a small increase in the
intensification factor would be obtained.

About 1950 the United States Public Health Service established

a sensitometry laboratory in Rockville, Maryland. Dr. Russell H.
Morgan and Willard W. Van Allen (1949) presented some guidelines

for the sensitometry of radiographic films and screens. They chose
the reciprocal exposure definition of speed and said that since the

density of films could be measured fairly accurately ".

.

.

speed

ratings derived from such a specification should be generally

reliable."
The American Standards Association (ASA) has defined methods
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for determining the sensitometric properties of medical x-ray films
in their publication, PH 2.9-1964. The speed of films exposed

directly by x-rays is defined as ".

.

.

the reciprocal of the exposure

in roentgens required to produce a density of 1.0 above base and fog
density under standard conditions of exposure and processing. The

speed is therefore expressed in reciprocal roentgens" (Photo. Stand.
Bd. , 1964).

The effective energy and the field uniformity are

specified for film speed determination.

For films exposed to light, as is the case when fluorescent
screens are used, the ASA publication specifies that the exposure
should be made with light from a tungsten filament lamp properly

filtered and a neutral density sensitometric step tablet. For
reciprocity law failure control, the exposure is 0.1 seconds on both
sides of the film simultaneously. Temperature and moisture content
of the film during exposure and between exposure and processing,

the time delay between exposure and processing, definite conditions

for processing and the composition of the processing materials are
specified.

Objective of this Study

In the past few years emphasis has been placed on the reduction
of exposure to patients undergoing diagnostic x-ray examinations.

This has resulted in the development of faster films and faster
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intensifying screens. These fast film-screen combinations have not
proved to be the final answer because with the reduced film exposures
came a reduction in definition. In spite of this, some types of
diagnoses can be made with the reduced definition. For conditions

where the optimum detail visibility is required, the slower fine grain
films and fine intensifying screens have to be used. This requires a

department of radiology to have fast and slow films as well as a
variety of intensifying screens so that a radiograph providing the
desired clinical information can be obtained with the minimum expo-

sure.
It was the aim of this study to determine the sensitometric

properties of various films used for direct exposures (ie. without
intensifying screens) and film-screen combinations and from this

sensitometric data the relative speeds were determined. The relative speeds so determined were then tested by making radiographs of
a skeletal phantom. This should make it possible, once some one

basic technic is known, to use any film screen combination and pro-

duce a satisfactory radiograph.
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THE RADIOGRAPHIC PROCESS

The Film

As presented in the previous sections of this study, the first
radiographs were produced on glass plates coated with a sensitive
emulsion. Because of storage problems, breakage, etc., other mater-

ials to be used as the base for emulsions were needed. Cellulose
derivatives soon were substituted for the glass. Cellulose nitrate
was the first of these but being highly flammable was not well suited

to the storage of large amounts of film. In 1924 a new safety base
was introduced which was made of cellulose acetate. With the recent

advent of the automatic processors came higher processing tempera-

tures. These higher temperatures softened the acetate base enough
that it would, at times, jam in the processor. To solve the problems,
the acetate base was replaced with a polyester base which provided

the required rigidity at these high temperatures.
A radiographic film is a multilayer sheet (Figure 1) which con-

sists of the transparent film base which supports an emulsion (usually
on both sides) of finely precipitated silver bromide crystals (the
sensitive material) and any sensitizing materials used suspended in
gelatin. Some film manufacturers tint the base blue which makes the

radiograph more pleasing to view and therefore facilitates the
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interpretation of the film.

Adhesive

--'"*"

subcoating y

Emulsion Layer cont. A Br
Blue Tinted Transparent Base

NProtective
coating

Emulsion

Figure 1. Cross section of a medical x-ray film.
The gelatin serves two main purposes in the emulsion. It sup-

ports the various ingredients in the emulsion and it serves the
important purpose of absorbing x-rays during the exposure in order
to produce the latent image.
Latent Image Formation

Visible light, x-rays and gamma rays are a part of the electromagnetic spectrum. The primary difference between visible light and

x-rays or gamma rays is the wave length of the particular electromagnetic waves in question. X- and gamma-rays have much shorter

wave lengths and possess greater amounts of energy than do the visi-

ble light rays. These visible, x- and gamma-rays are emitted in
units known as photons which can be thought of as bundles of energy
which have the action of waves.

The interaction of electromagnetic radiation with matter
depends upon the energy of that radiation. If the energy is absorbed

it results in the excitation of the atomic structures in the material.
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If the photons are of sufficient energy to eject electrons from the
atoms, the photons are known as ionizing radiation. If there is not
enough energy to remove the electron from the atom, the photon may
give up its energy to the electron which remains with the atom but

causes the atom to be in an excited state.

Photons interact with matter in three prinbipal ways:
Compton scattering, photoelectric effect, and pair production. A photon can interact with an electron in orbit about an atomic nucleus in
such a way that the photon gives up only a part of its energy to the elec-

tron in a process known as Compton Scattering. The remaining photon

energy is scattered with reduced energy and a longer wavelength. Part
of the energy the photon gives up is used to overcome the binding

energy of the electron to the atom. The remaining energy is used

to accelerate the electron away from the nucleus usually at speeds
close to the speed of light. The scattered photon can continue to lose

energy in this manner until it interacts in photoelectric absorption.
A second method of energy absorption from x-rays is the photo-

electric absorption. This process occurs for relatively low energy
photons which lose all of their energy in ejecting an electron from its
orbit. Again, a part of the energy is used to overcome the binding

energy and the rest accelerates the electron.
Pair production cannot occur unless the photon has an energy

greater than 1.02 MeV. When this interaction occurs the photon
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disappears and two electrons, one negatively, the other positively

charged, are created. Since this requires photon energies that are
rare in medical radiography, this interaction is not important here
and will not be pursued further.

From the foregoing it can be seen that the absorption of x-rays
produces high speed electrons which because of their charge and high
speed can cause ionization and excitation of other atoms in the

material. It is this excitation and ionization due to the electrons
which results in the formation of the latent image in a photographic
emulsion exposed to x- and gamma radiation. For emulsions exposed

to visible light, as is the case when fluorescent screens are used in
radiography, the light photon has an effect similar to the high speed
electrons in causing excitation of the atoms in the emulsion. Visible
light does not cause ionization but the excitation in the silver bromide

crystals results in the formation of the latent image.
R. W. Gurney and N. F. Mott (1938) have proposed a general
mechanism for the photochemical process of the photolysis of silver
halides. From their work, the studies of Hilsch and Pohl on the

absorptior bands in large crystals of silver halides under illumination, and the studies of Eggert and Noddack on the direct photolytic

reduction of silver halides, Gurney and Mott concluded that silver

is formed by the migration of electrons raised by the absorption of
energy to the conduction band of the crystal where they move rather
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freely. These electrons move to special sites in the silver halide
grain. Mobile silver ions, which are always present in the crystal

then migrate to these special sites and combine with the electrons to

form silver atoms. These form silver specks on the crystal and can
grow in size by repeated electronic and ionic steps. This general
proposal is now known as the Gurney-Mott Principle. Whether the

electronic step occurs before the ionic step or not is still questioned
to some degree but the general idea is fairly well accepted.

The problem of the number of silver atoms in the specks required to render the speck developable is not one which can be
answered definitely as the configuration of the atoms in the speck as

well as the number of them affects the catalytic activity of the speck.

For these reasons, the addition of a single atom to a speck does not

have the same effect at all sites. A speck of one size may be
developable under one set of conditions of site, grain and emulsion
while in another situation the speck would not be developable
(Hamilton and Urback, 1966) .

The latent image is made visible by the action of a chemical
developer. H. D. Keith and J. W. Mitchell (1953) have shown that

the principle of any developer is the action of reduction on the exposed

silver halide. The silver halide is reduced to metallic silver with
the accompanied oxidation of the developer. Unexposed silver halide

will also be reduced by the developer if the developer acts on the

27

halide long enough but the action of the exposure is to initiate a
change which produces the latent image and results in a change in the

rate at which the developer reduces the silver in the emulsion (the
catalytic activity of the speck mentioned above). The exposed areas
of a photographic emulsion then have a high rate of image development

while the unexposed areas have a low rate of chemical fogging of the
emulsion.

Developability is a probability phenomenon, not one of certainty.
The term developable indicates that the probability of development is

one-half or better. This means that some sites which are not
developable by this terminology have some chance to,and actually
will, develop. This probability of development is determined by the

activity of the developer and the amount of time the developer is
allowed to act at the site of development (Hamilton and Urback, 1966).
By this definition the development of fog is possible. Keith

and Mitchell (1953) have concluded that fog is the result of several

factors which influence the ease with which the developer acts. They

found that centers of reduction occurred at:

(1) localized imperfections in the otherwise regular substructure of the crystals, (2) particles of foreign material, most probably silver oxide, and (3) particles of silver
produced by random processes at the beginning of reductions.

The primary purpose of the fixing in film processing is to
prevent the previously unexposed silver halide in the emulsion from

28

darkening and destroying the image on the film. The fixer, like the

developer, is composed of several ingredients. One of these dissolves the undeveloped silver halide and removes it from the emul-

sion, this process is done by the hypo (sodium thiosulphate) in regular
speed fixers and by ammonium thiosulphate for the rapid fixing

required in automatic processors. Hardeners to toughen the emulsion

and preservatives are also present in the fixer as well as an acid
which stops the action of the alkaline developer.
Radiography with Fluorescent Intensifying Screens

Because the action of x-rays on photographic emulsions is so

inefficient, long exposure times are required. In the early days of
radiography, increased speed was needed because the exposure times
were so long that the patient had difficulty in remaining motionless.

To increase the speed many, radiologists used fluorescent screens
which exposed the film primarily by the action of the fluorescent light

emitted by the screens.
An inorganic phosphor is a pure insulating crystal which, in
general, is made luminescent by the addition of a small number of
impurity atoms. There is some evidence (Coltman, Ebbighausen, and

Alter, 1947) that some of the phosphors, such as calcium tungstate,

are pure inorganic substances but it is difficult to be sure that no

trace impurities are present particularly if the impurity is of the
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same material but different in structure.
Most of the fluorescent inorganic substances are actually

impurity phosphors. An impurity, called an activator, is added in
minute quantities to cause the substance to become fluorescent.
These additional impurity ions can occupy one of three types of sites
which cause- the activation of a phosphor: (1) on the crystal in surface

sites including internal crevices, (2) in the- crystal holding sub-

stitutional sites in which the activator ion takes the place of a regular
atom in the lattice of the crystal, and (3) in the- crystal located be-

tween regular atoms of the host crystal--interstitial sites. These
impurity ions add local energy levels or narrow bands in addition to

adding discrete excitation levels in the crystal (Figure 2). These
impurity positions are known as centers and when they can capture an
excited electron produced anywhere in the crystal without letting the

electron fall back to a normally filled level (ground state) they are
called traps (Leverenz, 1950).
Fluorescence is due to the spontaneous transition of a molecule

from an excited state to a lower energy level and it is almost independent of temperature. In order to excite fluorescence, energy must
be absorbed; no more energy can be emitted by an individual molecule

than it has absorbed. The composition and structure of the material

determines the energy levels. This in turn determines the energies
which the system can absorb from the exciting radiation. Also, the
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energies of the photons which the phosphor can emit are determined
by, the energy levels. This means that a phosphor which has absorbed

the required energy can only emit the energy in certain predefined
wavelengths (colors). Luminescence emission occurs when an elec-

tron makes a radiative jump from a level near the lower edge of the
conduction band to join with a positive hole (place from which an

electron was ejected) in the normally filled activator band. The difference in energy between the two energy levels is emitted as a photon.
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Figure Z. Energy-band diagram for luminescent

inorganic crystals.

As previously noted, x-radiation is absorbed in matter with the
production of high velocity electrons. These electrons can in turn,

eject electrons from their normal locations in the crystal lattice,
the energy received causes them to be raised to a higher energy
level so that the processes of luminescence can begin.
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The light that is emitted from the excited fluorescent screen
is the primary factor in exposing the film. Generally less than five

percent of the exposure to the film is due to the x-rays themselves.
Reciprocity Law Failure

As stated previously, the reciprocity law was formulated in
1876 by Bunsen and Roscoe. This law was considered fundamental

for several years but in 1881 Janssen found that the low light
intensity which came from some stars did not respond according to

the E=IXt law. Subsequent studies showed that in reality,
reciprocity law failure was the rule and not the exception for photographic emulsions exposed to light of either high or low intensity.
The method for depicting reciprocity failure was introduced
by Kron in about 1913. This method is a graph in which the logarithm

of the relative exposure (intensity times the exposure time) required

for a particular density is plotted along the ordinant and the
logarithm of the relative intensity is plotted along the abcissa
(Figure 3). If the two axes are plotted with the same scale then lines

of equal time run at 45° angles to the axes. If the emulsion shows no

reciprocity failure, the curves produced are straight lines parallel
to the horizontal axis. If there is a deviation from reciprocity the
curve opens upward and indicates an optimum intensity by the minimum of the curve. The loss of sensitivity at intensities less than the
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Figure 3. Reciprocity failure curve for Kodak Blue Brand
medical x-ray film (Estar base).
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optimum is called low intensity reciprocity failure and at intensities
higher than optimum, high intensity reciprocity failure.

Figure 3 is a portion of a reciprocity failure curve provided
by Eastman Kodak Company for Kodak Blue Brand film (Estar Base)

processed at 68° F. It shows that the reciprocity failure for this

film in the range of exposure times used in most medical procedures
(0.01 to 1.0 seconds) contains the optimum intensity and the very

small loss of sensitivity due to reciprocity failure in this emulsion.
Mr. George Corney (1968), technical associate for Eastman Kodak,

has indicated that the curve is typical and not greatly different
from that obtained with Royal Blue film.

Therefore, it is assumed

that as long as the exposure times for the film-screen combinations

are in the range, 0.01 to 1.0 second, the failure of the reciprocity
law is negligible.

The effect of x- and gamma-rays on a photographic emulsion
is not that of the photons themselves. The ejected electrons can
have very high kinetic energy. This energy makes it possible for

the electrons to have fairly long ranges in matter and the possibility
exists that one electron will penetrate several grains within an emulsion, cause them to become exposed and subsequently developable.

The sensitivity of an emulsion to x-rays depends upon the
volume of the grain (Corney, 1966). The larger the target the grain

represents to the x-ray photon the better the chance of x-ray
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exposure (actually the electrons produced by that photon). This

action results in a single hit nature of exposure, that is, a single hit
by an x-ray or gamma photon will render an entire grain developable.

One result of this is that for nearly all photographic emulsions and
exposing conditions there is no failure of the reciprocity law in the
practice of radiography.
Even though the actual reciprocity law failure in the light sen-

sitive films used today is small, several effects which are due to the
conditions under which the exposure are made, make changes due to

reciprocity law failure even less significant. One of the factors was
noted by E. D. Trout (1945). The high voltage wave form of an x-

ray machine is different for a wide range of x-ray tube currents
because of transformer loading and this may be more important in the
density of the radiographs than the failure of the reciprocity law.
In medical radiography the effect of the patient is to result in

a variety of different x-ray intensities which are converted to light
intensities by means of the intensifying screen. The film then

records these light intensities. For this reason, the failure of the
reciprocity law is intimately involved in the image produced on the
film. Inefficiencies in recording certain light intensities will result

in slightly less film blackening than would be expected if there were
no inefficiency. Increased thickness of the subject also results in

lighter areas on the film, therefore any lighter areas caused by
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recording inefficiencies will not be distinguishable from the areas
which are light because of the subject thickness. Small changes in
the effective energy of the radiation or in the developing conditions

used in processing the radiographs would mask the very small changes

due to reciprocity failure.
The Sensitometric Curve

The sensitometric curve was first used by Hurter and Driffield
in their extensive work on the response of photographic emulsions to

light. From these curves they were able to determine such parameters as speed and contrast. The curves for x-ray film are
developed in the manner of Hurter and Driffield by giving a film a
series of known exposures and then plotting the density obtained as

a result of the exposures against the logarithm of the exposures. In

most cases in radiography it is the ratios of exposures that are more
significant than the absolute values of the exposures so the procedure

often used is to express the exposures to the film in terms of some

particular exposure and give a relative exposure scale.
The major advantage of using a logarithmic scale for the

exposure axis of the characteristic curve is that ratios of exposures
reaching the film through different regions of a subject being radio-

graphed are always the same no matter what the tube current or
exposure time might be, as long as the kilovoltage remains a constant.
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These two exposures whose ratio is constant will always be separated
by the same distance on the log exposure axis no matter what the
absolute values of these exposure might be (Corney, 1968).

The shape of the curve is not a function of the subject or its

scattering properties, the kilovoltage, or the tube current. For films
exposed to light, as is the case when using fluorescent intensifying

screens, the shape of the curve is determined in part by the color of
the light which exposes the film. The curves are also determined by

the type of film and developing conditions used in processing the film
(Eastman Kodak Co. , X-ray Sales Div. , n. d. ).

The contrast that enables a radiographic image to be observed
is known as radiographic contrast and is the difference between the

densities of two areas of a radiograph. It is this property which
allows the visualization of the image. This radiographic contrast

depends upon both subject contrast and film contrast.

Subject contrast is the ratio of the radiation intensity transmitted by two areas of the subject. It is sometimes defined as the

logarithm of the ratio of the intensities transmitted by the two areas
but this use is optional and governed only by convenience. Subject

contrast depends upon the nature of the subject, the quality of the
radiation and the amount and distribution of the scattered radiation.
It does not, however, depend upon the total exposure given to the

subject or the type and processing of the film used to record the
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intensities.

Film contrast is a property of the film only and refers to the
slope of the characteristic curve. This is determined by the type of
film, how it is processed and the density to which it is exposed. It
is independent of such things as the quality of the x-radiation (kVp)

and its distribution (Eastman Kodak Co. , X-ray Sales Div. , n. d. ).

From observation of the characteristic curve (Figure 4) it can
be seen that the contrast (slope of the curve) increases with increasing
density and, as the maximum obtainable density is approached, the

contrast begins to decrease. (If the exposure is continued the density

will decrease and the reversal effect occurs.) These changes have
a definite relationship to the visibility of details in the radiograph.

For instance, two slightly different thicknesses of the subject will
transmit slightly different intensities to the film. Because of the
nature of the logarithm, the ratio of these two intensities can be
represented by a constant log exposure difference no matter what the
total exposure transmitted by the subject happens to be. Therefore,

in the area of the curve where the contrast is low (as in the toe and
shoulder of the curve), the small log exposure difference will be
represented by an even smaller density difference. In the mid por-

tion of the curve, this log exposure difference could represent a
sizable density difference and make the two areas of the subject
visible in the radiograph.
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Figure 4. Typical Sensitometric Curve

Another value which can be determined from the characteristic

curve is the sensitivity or speed of the emulsion. This factor is
indicated by the location of the curve along the log exposure axis.

Quantitatively the speed is usually given as the reciprocal of the

exposure required to produce a certain density on the film. Often
in the practical application of the speed of films it is more convenient and equally useful to use relative speeds. This is used in rela-

tion to the speed of a particular film such as the one used most often
in the laboratory.

When the characteristic curves of several films are plotted to-

gether, the faster films lie to the left of the ones which require more
exposure to produce the same density and therefore are slower to

respond to the exposure. From such a plot, the relative exposures
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required to produce a fixed density can be determined and the rela-

tive speeds are the inverse of these exposures. For medical x-ray
films a net density of 1.00 (a density of 1.00 above the density of the
base and fog) is usually chosen to compute the film speeds. This
density is not the only one possible as any density could be used to

fit the particular needs of the problem at hand (Corney, 1968). The

American Standards Association has, for standardization purposes,

placed net density 1.0 as the reference density but for a person using
film, that particular density may not be representative of the work that

he is doing and a greater or lesser density may be more useful.
Dr. Russell H. Morgan has been interested in the factors affecting radiographic procedures for many years. In 1949 he and Willard
Van Allen developed some "rules" for the sensitometry of radiographic films. They preferred density specification of film speed

for several reasons. They suggested that a density on the order of
1.0 be used because it was in the middle of the useful range of film
blackening, and because of this ".

.

.

represents the average density

of the significant portions of a correctly exposed roentgenogram"
(Morgan and Van Allen, 1949).

J. F. Roderick (1951), however, decided that ".

.

.

the

average roentgenographic density of the diagnostic areas of a

roentgenogram is generally considered to be 0.7.

.

." and used that

density in his sensitometric studies of medical films and intensifying
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screens.
In an extensive study of x-ray films primarily for the use of
recording x-ray diffraction pattern, H. Morimoto and R. Uyeda (1956,
1963) used the net density of 1.0 as the density for the specification
of film speed.

It is well known among people in radiography that the use of

fluorescent screens reduces the amount of radiation required to make
a radiograph. On a graph of the characteristic curves of a film, the
one made with intensifying screens will lie well left of the one made

without these screens. The separation of the two curves depends upon

the intensification factor of the screens, which is defined as the ratio
of the exposures required to produce a certain density without screens
to that required to produce that density with screens. For a particular film the intensification factor depends upon the type of screen,
the kilovoltage applied to the tube, the length of the exposure, and
the thickness and composition of the radiographic subject (Roderick,
1951; Seeman, 1968). For a particular subject and set of radiographic

conditions, the intensification factor depends on the sensitivities of

the film to the light and to x-rays. Because all of these factors are
difficult to specify, the experimentally determined intensification

factor applies only to the particular set of experimental conditions
used (Eastman Kodak Co. , X-ray Sales Div. , n.d.).

The shape of the curve is affected by several factors. In the
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case of a film-screen combination, the sensitivity of the film to the
blue light emitted by the screens is the only factor of importance to
the radiologist (Corney, 1968). The direct x-ray has a negligible

effect on the film characteristics as only about two to seven percent

of the exposure to the film is due to the x-rays themselves. Since
the color of the light that is emitted is independent of the type of

radiation which excites the screens, the film characteristic curve is
not sensitive to the change in wave length of the radiation as con-

trolled by the kilovoltage of the x-ray tube. Neither does the

scattered radiation affect the color of the light any differently than

does non-scattered radiation, as can be determined from the previous
section on the mechanism of fluorescence. From one screen type to
another, however, the spectral emission will change with the fluorescent chemical and this change in the spectrum will affect the slope

of the characteristic curve. Different fluorescent chemicals emit
slightly different colors of light.

For a given film exposed directly to x-rays there is no change
in the shape of the curve with change in kilovoltage and therefore no

effect on the film contrast. The effect of kilovoltage on the contrast
seen in a radiograph is due solely to the change of the subject contrast with change in kilovoltage. The speed of a film exposed directly
will be dependent upon the tube potential because of the sensitivity

differences of the emulsion to different qualities of radiation (Morgan
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and Van Allen, 1949).

One of the factors which is difficult to control and which does

affect the shape of the characteristic curve for both direct x-ray
exposures and intensifying screen exposures is the processing of the
film. The degree of development can affect the relative speeds of the

films (Morgan and Van Allen, 1949). As development increases up to

a point, the speed and contrast of a film increase and the increase
may affect two films differently so that their speed in relation to
each other will change. For this reason the processing conditions

must be specified when using the characteristic curves. Extensive
discussions on the specification of these conditions have been reported
in the work of Dr. Morgan and Mr. Van Allen (1949). The American

Standards Association has also given specifications for the composition of the developer and the conditions of development (Photo. Stand.
Bd.

,

1964).

A study has been made on the consistency of an automatic processor at a hospital in London (Stanford and Hills, 1956) which

showed that by far the most significant change in the constituents of

the developer was an increase in the bromide concentration. It was
found that the bromide concentration could be maintained by two
methods: (1) the addition of bromide-free developer known as

replenishment or by (2) regenerating the developer with additional

replenisher and in each case maintain the level of developer. This
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study also indicated that the variations from the average level of
activity, which may have been due to non-average runs of film

through the processor and some inconsistancies in mixing and replen-

ishing the chemicals, were for the two years of the study within certain acceptable limits. As a result of this, modern developing
techniques use a system of replenishment using the bromide

(restrainer)-free developing solution.
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MATERIALS AND METHOD

Measurement of Exposure

The quantity of x-radiation incident on the cassette or film
holder was measured using a modified Victoreen 25 R condenser R-

meter chamber (Figure 5). The major part of the condenser tube
was cut off leaving the thimble portion and a small portion of the con-

denser tube for support. This was attached to a metal stem and a
coaxial cable connector. The readout system consisted of a 100 pF,

0.1 percent three terminal standard air capacitor, a dynamic capacitor electrometer which was used as a null detector in the Townsend

balance circuit, and a 0.1 percent potentiometer which was used as
the readout element. See schematic drawing (Figure 6) for the details
of connection. In order to maintain chamber collection efficiency over

a wide range of intensities, the chamber voltage was maintained at
315 volts d. c. (Trout and Kelley, 1964).

The system was calibrated against a Victoreen R-meter which is

used as the secondary standard in the laboratory. The volts per
roentgen was determined for the system and the instrument range

permitted measurement of exposures from 0.05 milliroentgens (mR)
to several roentgens (R).
For the measurement of exposures with the chamber placed
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Figure 5. Modified Victoreen 25 R condenser R-meter chamber.
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close to the film holders, backscatter might result in higher readings
than those where exposures were made with the chamber at great dis-

tances from the film. A lead shield was placed adjacent to the
chamber between the chamber and the film to provide a constant

scatter contribution regardless of the chamber-film distance. The
exposure to the film was determined in mR by measuring the voltage

required to produce a null condition on the electrometer and then
dividing that value by the volts per roentgen constant determined by
calibration. Corrections for source chamber distance, source film

distance, temperature and pressure gave the exposure in mR to the
front of the cassette or film holder.
Peak Kilovoltage Measurement

The kVp (peak kilovolts) was measured for each sensitometric
exposure. The system consists of a center grounded ZOO megohm

voltage divider placed in the high voltage circuit of the x-ray
machine (Figure 7 and 8). The voltage across the 0.1 megohm por-

tions of the divider is fed to a dual trace oscilloscope with a memory
module and the capability of algebraic addition of the two voltage
signals. The oscilloscope used also had a calibration module making

it possible to read out voltage across the 0.1 megohm portions of the
divider. Multiplying this value by 1,000 gave the peak kilovoltage

across the tube. This system of kVp measurement was checked
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Figure 7. High voltage bleeder in x-ray tube circuit.
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Figure 8. Circuit diagram of high voltage bleeder.
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against a calibration made by the characteristic x-ray emission
method of calibration and was found to agree within the ability to

determine the oscilloscope measurement.

This system also made it possible to determine the number of

voltage pulses across the tube and therefore check the x-ray expo-

sure timer. It allowed a cross check between exposure time and the
measured radiation. This also made possible a first approximation
check on wave form variations with tube current so that some uniformity in wave form could be maintained.

Exposure of Sensitometric Films
The films to be exposed were placed in the sensitometer which

consisted of a tray which held the film holder or cassette and allowed
the film to be positioned behind a slot in the lead shield which covered

the film (Figure 9). This slot allowed an 8" X 1/2" area on the film
to be exposed. Successive strips were exposed with a 1/2" space

between exposed strips to prevent scattered radiation from adding
to the density of adjacent exposed strips. This precaution was par-

ticularly necessary for the strips exposed to the higher densities.
The exposure of the films in this manner permitted a sufficient num-

ber of density strips on one 8" X 10" film to complete a characteristic
curve. This resulted in all of the steps receiving the same processing

treatment.
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Figure 9. View of sensitometer with monitor chamber
in place.

Figure 10. X-ray machine control, kVp meas. oscilloscope,
and monitor chamber readout.
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Only one pair of screens of each type and film from the same

box was used in this experiment to rule out any variability of screens
or film in the experiment.

To keep reciprocity failure in the intensifying screen exposures
to a minimum, the exposure times were always 1/120 second to 1
second. This range of exposure times brackets the optimum intensity

for the film used in this study. The tube current and source-film
distance were adjusted so that these exposure times were obtained
and the full characteristic curve could be obtained (the tube current
was not changed in the process of obtaining a single curve but from
curve to curve). Films that were to be intercompared were stored,

until they could all be processed together, in a cool,desiccated box
and were not held for more than 24 hours so that latent image fading
was kept to an insignificant level.
Exposure of Films Showing Speed Variation
with kVp

To study the film-screen combination speed variation with kVp,

the cassettes containing the film were exposed to the x-ray beam at

60, 80, 125, and 150 kVp. Two sheets of film were used for each

screen. On the first film, enough exposures were made to determine
the characteristic curve at 80 kVp. On the second film, three exposures were made at each of the other voltages. The two films were
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then processed simultaneously. The three points determined the posi-

tion of the characteristic curve along the log exposure axis. This
method is possible only because the color of the light emitted by the

fluorescent screen is independent of the exciting radiation, in other
words, the curve shape is independent of the energy of the exciting
radiation. Only the intensity of the light is affected by the energy.

After the curves were plotted,the speeds were determined in the
manner described below.
Speed Determination

The speed of the films exposed to x-rays and of the film-screen
combinations was determined from a graph of net film density vs the

exposure required to produce that density. The density produced on
the film was determined using a quality film densitometer (Figure 11).
Net density was determined by subtracting the density of the base and
fog from the total density. The net density was then plotted against
the exposure in milli-roentgens which produced the density.

The

same procedure was used for both direct film exposures and the filmscreen combinations.
In the manner of Morgan (1949) speeds were determined for

direct film exposures and for screen-film conbinations. The absolute
speed of the films and film-screen combinations was defined as the

reciprocal of the exposure in milliroentgens required to produce a
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Figure 11. Macbeth Quanta Log film densitometer,
Model TD-102.
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net density of 1.00, and was determined from the characteristic
curves. Since the film-screen combinations were exposed at various

kilovoltages, speeds were determined for each kilovoltage used.

Because of the method used to test these sensitometric results,
relative speeds were much more convenient and therefore the absolute
speeds were transformed into relative speeds in the following manner:

The basic film-screen combination was chosen as Par Speed screens
with Blue Brand film, and for the 80 kVp curve, the speed was given

a relative value of 1.00. Simple ratios of the speeds for other filmscreen, kilovoltage combinations to the basic one determined the

relative speeds.
Exposure of Radiographs

The testing of the sensitometric results was accomplished by
making radiographs of a medical phantom. The phantom, a com-

mercial product, consists of tissue equivalent plastic in which portions of the human skeleton are embedded.

The parts used in this

study were: foot, knee, pelvis, chest, skull, elbow, and hand.
The exposure for the radiographs was calculated from the

speeds determined from the sensitometric curves. The required
exposure was given as a fraction of the exposure required to produce

an adequate radiograph of the part with the basic film-screen combination. In each case the exposure technic from which all other
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technics for the same view were calculated was the Par Speed
screen-Blue Brand film combination. The calculated exposure

factor for this combination was defined as 1.00 and subsequent

exposure factors were calculated from the relationship:
Calculated Exposure Factor =

Speed of Par Speed-Blue Brand combination
Speed of film-screen combination used

For this study the relative speeds were used to determine the calculated exposure factor. The radiograph to which the calculated

exposure factor was applied was made with Par Speed screens and
Blue Brand film, the exact exposure for which was determined from
a technic chart previously made for the phantom. Multiplication of

the milliampere-seconds value for the basic radiograph by the calculated exposure factor gave the milliampere-seconds exposure for
the same radiographic view with a new film-screen combination at
the same kilovoltage and milliamperage. Since it was rarely possible
on the diagnostic x-ray machine used to obtain the calculated mAs

(milliampere-seconds), two radiographs were made which were the

closest values greater than and less than the calculated exposure.
To determine the exposures given to a film, a monitoring ionization chamber was placed in the beam so that the exposure could
be monitored for each radiograph made (Figures 12 and 13). The

x-ray beam was larger than the film size to permit exposure of the
monitoring chamber but not have the shadow of the monitoring chamber

IE
1

Figure 13. Victoreen Model 555 Radocon II
readout console.

Figure 12. Positioning for the radiographic exposures.
Ui
Ui
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on the radiograph. The monitoring system used was the Victoreen
Model 555, Radocon II (Figure 13) which has the capability of inte-

grating the exposures. Because of the intensity limitations of the

instrument, a lower sensitivity chamber had to be used and placed
close to the x-ray tube so that readable values could be obtained.
These values were recorded and compared to the exposure given to

the basic radiograph and the results presented as the "Given Exposure
Factor" which is defined as:
The exposure given to produce the radiograph
Given Exposure Factor

The exposure given to produce the basic radiograph

This definition results in a Given Exposure Factor of 1.00 for the
radiograph made with Blue Brand film in Par Speed screens, the
basic radiograph.

In order to determine the precision of the calculated exposure

factors, a small copper step tablet was placed on each cassette or
film holder in approximately the same place, not covered by the

phantom, so that a density could be measured. A step was chosen on
the basic radiograph which approached as nearly as possible a
density of 1.00 and on each subsequent film the density of the same

step was measured.

To minimize processing errors for the radiographs of the

same part, all the films were processed together, one after the
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other, in the automatic processor.
Film Processing
The light sensitive, screen type films used in this study were
processed in an automatic processor made by the same company that
produced the film and the chemicals used in this study. Both the

sensitometric films and the radiographs were processed in this manner because the characteristics of the film are dependent upon processing and the sensitometric and radiographic exposures are to be
compared to determine the precision of the sensitometric method.
The processor maintained a constant developer temperature
(± 0.25 °C) and a constant developing time. The chemicals were

constantly replenished automatically, the amount of replenishment
determined automatically by the amount of film processed. The

processing was not constant from day to day so all films where intercomparisons were to be made were processed one after the other.
Processing checks on this method showed that the degree of processing was maintained very well. This processing method required

that the processor be kept clean and that the level of the supply tank
of replenisher chemicals be maintained so that slight changes in the
mixing of the chemicals would not cause large changes in processing.

Since this was not under this experimenter's control, the previously
mentioned precautions prevented some complications.
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EXPERIMENTAL RESULTS

The results of the sensitometric measurements are presented
in Figures 14 and 15. These characteristic curves were determined

at 80 kVp and exposure times, in the case of the film-screen combinations, from 1/120 second, to 1 second. Two films were used to
obtain the data for the curves and taken such that every other point
on the curve was taken from the same sheet of film.
The effect of tube voltage on curve displacement with the film-

screen combinations is shown in Figures 16 through 19 and the result-

ant effect on speed is reflected in Table 1. Table 1 contains the
speeds of the various films and film-screen combinations. These

numbers represent the characteristic curves to some degree and
are therefore subject to conditions under which the curves were made.

This includes variations in films, screens and processing to name a
few.

The processor changes enough from week to week to be

noticeable especially when some type of measurable check on the

processing is made. This change is not noticeable under most conditions of radiography but is a factor which must be recognized when
making quantitative measurements. In this study this problem was

circumvented by processing the films which were to be intercompared
together or as nearly so as the processing equipment would allow.

This was possible because the processor was not noticeably variable
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Figure 14. Sensitometric curves for four intensifying
screens with Blue Brand film and for direct
exposure of the film.
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Figure 15. Sensitometric curves for four intensifying
screens with Royal Blue film and for direct
exposure of the film.
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Figure 16. Par Speed screens--response variation with kVp.
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Figure 17. Detail screens- - response variation with kVp.
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Figure 18. Hi Speed screens--response variation with kVp.
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Table 1. Film and Film-Screen Combination Speeds

Film

Screen

kVp

Blue Brand

None

all

Detail

150
125
80
60

Par Speed

150
125
80
60

Hi Speed

150
125
80
60

Lightning
Special

150
125
80
60

Royal Blue

None

Detail

all
150
125
80
60

Par Speed

150
125
80
60

Hi Speed

150
125
80
60

Lightning
Special

150
125
80
60

Relative Speed
0.022
0.32
0.32
0.30
0.29
1.15
1.15
1.00
0.89
1.59
1.59
1.29
1.04
1.88
1.88
1.76
1.56

0.037
0.75
0.75
0.71
0.68
2.88
2.88
2.51
2.24
3.95
3.95
3.20
2.58
4.41
4.41
4.17
3.66
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over periods of a few hours.

The results of the radiographic testing of the speeds determined
in this study are presented in the appendix. If the speeds were per-

fect, and if the x-ray machine could actually give the exact exposure
factor recommended by perfect speeds, the column marked "Ref.
Step Density" would contain the same number for each screen. The

reason that column does not is due primarily to the fact that the exact
recommended exposure could not be given by the x-ray machine.

Limited current and time stations limit the exposures which can be
given. Also, because of the effect of changing the current on the

kilovoltage, the radiographs of a view were limited to only one cur-

rent station.

Careful observation of the results of the reference step densities indicate that the speeds may be only correct to predict exposures
to within ± 15% but an observation of the radiographs themselves

shows that this is close enough to provide adequate radiographs, at

least in most cases. The speeds at 150 kVp were used because the
speeds at lower voltages tend to approach those at 150 kVp due to

absorption in the subject.
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SUMMARY AND CONCLUSIONS

The results of this study indicate that the speeds of films and
film-screen combinations determined under practical conditions
using a diagnostic x-ray machine and good processing conditions can

be useful. Where a basic radiographic technic is known, the relative
speeds of the various films and film-screen combinations determined
under the users own conditions can be used to produce radiographs
using any of the film-screen combinations. The most important

factor is the film processing. Where the processing conditions are
uniform,the speeds determined will be more precise in predicting the
exposures.
The effect of the kilovoltage on film speed noted in this experi-

ment may be exaggerated because of the lack of filtration in the beam

when the sensitometric curves were determined. The magnitude of the
variations is reasonable when the effective energy of the exposing

(or exciting, in the case of fluorescent intensifying screens) radiation
is kept in mind. The x-ray beam filtered with 3.0 mm Al used in

the sensitometric work has a lower effective energy at the same kilovoltage than the beam which has passed through the subject. The low

energy x-rays are absorbed more readily in the subject than the high
energy x-rays and this increases the effective energy of the beam.
As noted in Figures 16 through 19, the increased beam energy causes
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an increase in the relative speed of the film-screen combinations.
For the energies used in this study no significant change in speed was

observed in the direct film exposures and it was therefore assumed
that the speed would be independent of kilovoltage in the radiographs
produced under these conditions.
The exaggerated effect of kilovoltage on speed when using the

intensifying screens could be reduced by adding some "average"
filtration corresponding to an average patient or an average examination. This filtration would be added to the beam when the sensito-

metric exposures are made. The filtration would increase the effective energy of the beam to approach that which results in the production of a medical radiograph. For the sensitometric measurements

to be applicable to practice, the conditions of exposure should be,

as nearly as possible, the same. This applies not only to the exposure conditions but the processing conditions as well. In this experi-

ment it was the exposure conditions which, at least in part, fell
short of what they could have been; a more accurate relative speed
could have been obtained using more filtration.
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Table 2. Exposure Factor Table
kVp

Film-Screen
Combinations

60

Blue Brand - Par Speed
Detail

125

150

1.00
3.33

1.00
3.60

1.00
3.60

Hi Speed

.86

.

78

.

72

.

72

Lightning Special

.

57

.

57

.

61

.

61

None

Royal Blue

1.00
3.07

80

Par Speed
Detail

40.4
.

40

1.32

45.5
.

40

40

.

40

1.54

1.54
29

.

29

26

.

26

. 34

.

31

Lightning Special

.

24

.

24

24.0

.

52.3

1.41

Hi Speed
None

52.3

26. 1

.

31.1

31. 1
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Table 3. Typical Radiographic Results
Table 3a. AP knee 86 kVp (16:1 Grid)

Screen

Blue
Brand

Par Speed

Detail
Detail
Hi Speed
Hi Speed
Lightning

Special
Lightning
Special
Royal

Par Speed

Blue

Detail
Detail
Hi Speed
Hi Speed
Lightning
Special
Lightning
Special

7/8/68

Ca lc.
mAs

Monitor

Exp. fact.
1.00
3.60

12. 5
45. 0

Ca lc.

Film

40" SFD

. 72

.61

9.0
7.6

Given

Ref. Step.

Exp. fact.

Density

54
174
214
28
43

1. 00
3. 23

. 70

.81

. 56
. 82

28

.52

.52

42

.79

. 80

(mR)

3.96
, S2

.59
.69

. 40
1. 54

5.0

21

. 39

19.3

68

1. 26

.77
.60
.71

3.6

86
14

1.60

. 29

.26

. 26

3.2

20.5

. 38

. 78
. 92

10.5

. 19

.61

14.

. 26

.72
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Table 3b. AP Pelvis 80 kVp (16:1 Grid)
Ca lc.

Film
Blue
Brand

Royal
Blue

Screen
Par Speed

Detail
Detail

Exp. fact.
1.00
3.60

Hi Speed
Hi Speed
Lightning
Special

. 72
. 62

Par Speed
Par Speed

. 40

Detail
Detail
Hi Speed
Hi Speed
Lightning
Special

40" SFD
Ca lc.
mAs
40
144

7/9/68
Monitor
(mR)
156

470
560

.29
. 26

Ref. Step.

Exp. fact.

Density

1.00
3.02

0. 97

3. 70

. 84

.72

96
115

.62

.88

.74

1.07

24, 5

96

. 62

. 82

16

60

. 37
. 50

. 79
. 94

228
308

1.46

.78

1. 97

38
50

.24
. 32

. 96
. 89
1. 10

38

.24

. 86

29

78

1.54

Given

62

11.6
10. 4

Table 3c. Lateral Foot 60 kVp (no grid) 40" SFD 7/15/68

Film

Screen

Blue
Brand

Par Speed

Detail
Detail
Hi Speed
Hi Speed
Lightning
Special
Lightning
Special
None

Royal
Blue

Par Speed
Par Speed

Detail
Hi Speed
Hi Speed
Lightning
Special
Lightning
Special
None

Calc.
Exp. fact.

1.00
3.60
. 72
. 61

52.3
. 40

Calc.
mAs

5. 0
18

3. 6
3. 1

263

2, 0

Monitor
(mR)

. 26

31.1

7.7
1. 5

1. 3

155

Ref. Step.
Density

7.0

1.00

22. 2

3. 17

28.6
4.6

4.09
.66

7. 1

1. 01

0. 78
0. 64
0. 82
0. 78
1. 24

3. 5

. 50

0. 64

4. 6

.66

0.85

378
2. 2

3.6
1. 54
. 29

Given

Exp. fact.

54.0
. 31
. 51
1. S7

0.96
0. 86

1.24

. 24

0. 99
0. 96

2. 4

.34

1. 27

1. 7

. 24

1. 04

2..4

. 34

1. 31

11. 0
1. 7

212

30.3

1.09
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Table 3d. PA Chest 80 kVp (no grid) 72" SFD 7/26/68

Film

Screen

Blue
Brand

Par Speed
Detail
Hi Speed
Lightning
Special
Lightning
Special

Royal
Blue

Par Speed
Par Speed

Detail
Detail
Hi Speed
Hi Speed
Lightning
Special
Lightning
Special

Calc.
Exp. fact.

Calc.
mAs

2, 40

3. 80
. 73

1. 11
1. 08
1. 28

2.03

5.2

.48

.96

8.0

. 73

1.45

3. 8

. 35
. 46
1. 44
1. 76

0. 67
0. 88

.61

1. 38

5.0

.26

0.87

Screen

Blue
Brand

Par Speed

Detail
Detail

Calc.
Exp. fact.

1.00
3.60

mAs

40
144

0.85
0.66

3. 8

2.5

.23

0.74

3.7

. 34

1. 13

1.01

7/26/68

Monitor
(mR)
102

305
370
63

Given

Exp. fact.
1. 00
3. 00

Ref. Step.
Density
1. 88
1. 62
1. 84

76

3.60
0.62
0.74

2.00
2.23

24. 4

63

0. 62

1. 98

39. 5
150
199

. 39

1.54

16.0
61.6

1. 95

1. 08
1. 10
1. 50

. 29

11.6

23.7
29.1

.22

1.20

.29

1. 40

23.4

.22

1.22

28.7

.28

1.42

Hi Speed
Hi Speed
Lightning
Special

. 72

.61

Royal

Par Speed

. 40

Blue

Detail
Detail
Hi Speed
Hi Speed
Lightning
Special
Lightning
Special

Calc.

SFD

0. 71

.24
.35

2.6

0.97

Table 3e. AP Dorsal Spine 76 kVp (16:1 Grid) 40"

Film

15. 7

5. 12

19.2
. 29

Density

1.00

. 72

1. 54

Ref. Step.

10. 9

3.33
12.0

. 40

Given
Exp. fact.

41.5
8.0

3.60

1, 00

Monitor
(mR)

.26

28.8

10.4

1.47

