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There has been a large increase in the number of three-phase

diagnostic x-ray systems installed in hospital special-procedure rooms

during the last decade. The reason for this is the capability of three-

phase systems of making possible the very short exposure times and

increased tube loading required for some of the recently developed

radiological procedures.

Analysis of the voltage waveforms indicates that x-ray beams

produced by three-phase systems have a higher effective energy and a

higher exposure rate than those produced by single-phase equipment

operated at the same kilovoltage and tube current.

This study compares dose distributions for single- and three-

phase x-ray systems operated under conditions similar to those used

in medical radiography.



Depth-dose data were taken using thermoluminescent dosimeters

in a tissue equivalent (Mix D) phantom at 40, 60, 80, 100, 125, and

150 kVp. Measurements were made at 1 cm intervals from the inci-

dent phantom surface to a depth of 13 cm, and at 2 cm intervals from

13 to 25 cm. The source to phantom surface distance was 30 inches.

Curves of equivalent kilovoltage, which would provide approxi-

mately the same radiographic results, were derived for single- and

three-phase systems.

The data were normalized for equal exposures for various phan-

tom thicknesses related to the energy used, and dose differentials were

determined for both equal and equivalent kilovoltages.
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A. COMPARATIVE STUDY OF THE DOSE
DISTRIBUTION FOR THREE-PHASE

A.ND SINGLE-PHASE X-RAY
EQUIPMENT

I. INTRODUCTION

Single- and Three-Phase Power

Electric power is almost universally generated and distributed

in three-phase for greatest efficiency and economy (33, 67, 80, 83).

Three-phase distribution systems employ four wires:, three lines con-

ducting alternating current, plus a ground line, as shown in Figure 1.

The current in each conductor is one-third cycle out of phase with

those in the other two, as in Figure 2.

Single-phase power, which is generally provided for domestic

applications and other low-power needs, may be obtained by tapping

between the ground line and any one of the other three conductors of a

three-phase line. The voltage and current between these conductors

varies with time as a sine function, as shown in Figure 3.

Large electric motors and other high-power devices are often

designed to use three-phase power because of the cost savings made

possible by the use of smaller diameter wiring than is required for

single-phase (78, 92).

X-Ray generating apparatus may be designed to operate either

with single-phase or with three-phase power. Virtually all of the



Four Wire Supply

Generator

L
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Figure 1. Three-phase generation and distribution system.
Load may be three-phase or, as is shown, three
single-phase loads.
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diagnostic x-ray equipment manufactured in the United States prior

to the 1960's has been single-phase (22, 102).

History of the Manufacture of Three-
Phase X-Ray Generating Equipment

In 1916, K. Lasser of Siemens and Halske Co. , an x-ray equip-

ment manufacturer in Germany, showed to the Berlin Medical Society,

the first three-phase x-ray generator. 1 However, it was not until the

early 1920's, when Heinrich Chantraine expressed and popularized the

desirability of low kilovoltage techniques as a means of obtaining better

contrast in chest radiography, that three-phase equipment appeared

to have any advantage over single-phase. Lower kilovoltage requires

increased milliamperage to maintain the use of short exposure-time,

thereby minimizing blurring due to motion. Three-phase apparatus

was able to provide higher milliamperage. Probably an even greater

influence in the development of three-phase x-ray generating equip-

ment in Europe, however, was the electrical power companies' dislike

of having a heavy load imposed on just one of the three phases at a

time (34). Such loading induces unbalanced voltage drops in the trans-

mission lines and transformers causing unbalanced voltages at the

1Dates and data concerning early manufacture of three-phase
x-ray equipment have been abstracted from reference (31).
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loads (2, 83)2. In some areas of Europe, there are restrictions

placed upon the load permitted on only one phase (33, 75).

In 1924, the Koch and Sterzel Co. of Germany marketed its first

three-phase x-ray transformer and in 1927, they introduced "Titanos",

a 2000 mA generator. In 1928, the Siemens-Reiniger-Werke Co. of

Erlangen, Germany introduced a three-phase generator providing

2000 mA at 80 kVp, and in 1929, Siemens and Halske brought out its

2000 mA. "Gigantos". In 1931, Compagnie Generale de Radiologie

(CGR) introduced the first French three-phase unit; the 1000 mA.

"Tripharix". In the later 1930's, Giampiero Clerici and Co. manu-

factured Italy's first three-phase generators at Milano. The DV6,

which was a diagnostic unit, was rated at 600 mA and 100 kVp. The

TVC6 was a six valve, two condensor unit for therapy and was rated

at 10 mA and 25 kVp.

From these early beginnings, the use of three-phase x-ray gen-

erating equipment spread throughout European countries and to a lesser

extent, to countries outside of Europe (64). In the United States, the

only company to manufacture three-phase generators, prior to the

1960's, was the Picker X-Ray Corporation. This equipment was pro-

duced from the middle 1930's until the beginning of World War II, at

2In the United States, this problem was often circumvented by
balancing several loads within a particular facility over all three
phases of the distribution system (95).
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which time it was discontinued.

There are several reasons for the prior lack of interest in the

development of three-phase generators in this country: (1) adequate

single-phase power has been readily available and unrestricted in its

use, (2) three-phase generators are significantly more complicated,

bulky, and costly, than comparable single-phase equipment, and (3)

single-phase generators have been able to provide enough milliamper-

age to insure adequately short exposure times for routine radiography

(2, 33, 6 5, 67, 1 03). During the past decade, however, there have

been developed certain specialized radiographic techniques, particu-

larly in the field of cardiovascular studies, which require very short

exposure times and correspondingly high milliamperages, as well as

highly demanding tube operating cycles (34, 41, 74). Since these re-

quirements are most easily accomplished through the use of- three-

phase generators (67, 75), interest in three-phase equipment has

greatly increased in the United States during the past five to ten years

(22, 23, 34).

The Appendix lists several of the world's major x-ray equip-

ment companies which are presently marketing three-phase apparatus,

Single- and Three-Phase X-Ray Circuits

Basically, an x-ray tube consists of an electronic filament and

a metal target contained within an evacuated envelope. Generation of



x rays is achieved when electrons emitted by heating the filament are

accelerated to high energy and strike the target. The electronic cir-

cuitry employed to accomplish this consists of a high-voltage 3 section

which provides the accelerating voltage, and a control section which

adjusts the rate of electron emission and the accelerating voltage

attained. Since any difference in the output4 and quality4 of x-ray

beams produced in a given x-ray tube by single-phase and three-phase

generators are due to the differences in waveform of the accelerating

voltages (53), the discussion will be limited to the high-voltage cir-

cuitry5.

Single-Phase Circuits

In its simplest form, the single-phase x-ray circuit consists of a

high-voltage step-up transformer with its secondary connected to the

31n this context, "high-voltage" refers to potentials in the order
of tens of thousands to hundreds of thousands of volts.

4 "Output" is a term used to describe exposure rate at a specified
point under standardized conditions (43). It is usually expressed in
roentgens per minute. The "quality" of an x-ray beam is related to
its ability to penetrate matter, which in turn, is dependent upon the
energy of the photons which make up the beam. The internationally
accepted method for specifying beam quality is to state the half value
layer (HVL), that is, the amount of a given material which is required
to attenuate the output by one (26).

5For more detailed discussion of both the low- and high-voltage
circuitry_used in x-ray generating apparatus, see the following refer-
ences: (49), (65), (78), and (106).
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anode (target) and cathode (filament) of an xray tube, as shown in

Figure 4. Since the x-ray tube normally will only conduct when the

anode is at a positive potential with respect to the cathode, this is

called a "self-rectified" circuit.

A short-coming of self-rectified circuits exists in the possibility

of heating the tube target to incandescence through excessive opera-

tion. When this occurs, electrons, emitted from the overheated target

during the time that the anode potential is negative with respect to the

cathode, are accelerated towards the filament and may damage it or

shorten its useful life. This condition is called "inverse emission".

For this reason, self-rectified circuits are only used in low-capacity

x-ray apparatus (92).

In order to forestall inverse emission, two rectifiers may be

placed in the circuit, as shown in Figure 5. The rectifiers limit tube

voltage and current to the positive cycle.

In both of the above described circuits, only one-half of the volt-

age waveform is used, producing one x-ray pulse per cycle. Thus,

they are referred to as "half-wave", or sometimes, "one-pulse"

devices.

For purposes of achieving greater output and more uniform

target loading, four rectifiers are often used in a "bridge" circuit, as

shown in Figure 6. This circuit, which is most commonly used in

medium- to high-capacity diagnostic x-ray equipment (92), uses the
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Cathode

Tube
Voltage

Anode

1 phase, (-\..J

High Voltage
Transformer

1 cycle 0.1

Figure 4. Single-phase, self-rectified
x-ray circuit.
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Tube
Voltage

1 phase, PN..)

H 1 cycle -H

Figure 5. Single-phase, half-wave rectified
(one-pulse) x-ray circuit.
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Voltage
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Figure 6. Single-phase, full-wave rectified
(two-pulse) x-ray circuit.
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full voltage waveform, producing two x-ray pulses per cycle. These

are called "full-wave rectified" or "two-pulse" devices.

Three-Phase Circuits

Three-phase transformers have three primary windings and

three secondary windings. These windings may be connected in a

"star" or "Y" pattern or in a "delta" (A) pattern, as shown in Figure

7 (59).

A. simple three-phase circuit uses six rectifiers to provide full-

wave rectification of each phase. The transformer primary is con-

nected in delta fashion and the secondary is connected in star fashion,

as in Figure 8. Since six pulses of x ray are produced for each com-

plete alternating current cycle, this circuit is referred to as "three-

phase, six-pulse".

A second type of three-phase x-ray circuit employs 12 rectifiers

and 2 three-phase transformers whose outputs are out of phase with

each other by 1/12 of one cycle. This phase-shift is accomplished by

having the primary of one transformer connected in star fashion and

the primary of the other connected in delta fashion. The secondaries

of both are connected in star fashion, as in Figure 9.



"Star" or "Y"
Winding

"Delta" (A)
Winding

Figure 7. Three-phase transformer windings.
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1 cycle --04

Figure 8. Three-phase, six-pulse
x-ray circuit.
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Figure 9. Three-phase , twelve-pulse x-ray circuit.
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Comparison of Voltage Waveforms

It was stated above that any differences in output and quality

between x-ray beams generated with single-phase and three-phase

equipment could be attributed to differences in the waveforms of the

voltage across the x-ray tube. Figure 10 shows idealized waveforms

for single-phase, two pulse; three-phase, six-pulse; and three-phase,

twelve-pulse generators. Obviously, three-phase provides a more

uniform voltage. Ripple6 for 6-pulse and 12-pulse is theoretically

13. 5% and 3. 4%, respectively (74). However, under load, the wave-

forms become distorted (78) and the effective values are approximately

20% and 5%, respectively (92)7. With single-phase, voltage varies be-

tween zero and the peak kilovoltage (kVp), and the ripple is 100%.

It is possible to calculate peak, average, and root-mean-square

(rms) tube voltages and currents for single-phase and three-phase

generators assuming sinusoidal waveforms. The results are summar-

ized in Table 1 for x-ray generators operating at 100 kVp with 100 mA

tube current. The calculations are shown in the Appendix.

6 Voltage ripple is defined as the peak-to-peak variation in volt-
age (79). Here it is expressed as a percentage of the maximum poten-
tial.

7The ripple value found in actual practice for any given unit is
also determined by the high-voltage cable capacitance which is pro-
portional to cable length.



ripple = 100%

Time

(a) Single-phase
Two-pulse

ripple = 13. 5% ripple = 3. 4%

Time Time

(b) Three-phase (c) Three-phase
Six-pulse Twelve-pulse

Figure 10. Single- and three-phase voltage waveforms,



Table 1. Voltage and current values for generators operating at one hundred
kilovolts and one hundred milliamperes.

Generator
Type

Voltage (kV)
Peak Avg Rms

Current (mA.)
Peak Avg Rms

Single-Phase 100 64 71 157 100 111

3-Phase, 6-Pulse 100 95 96 105 100 101

3 -Phase, 12-Pulse 100 99 99 101 100 100

(Actual values would be somewhat different due to waveform distortion. )

00
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Influence on X-Ray Beam Quality

An expression derived for the spectral distribution of x-ray

photon intensity produced within an x-ray tube target by monoenergetic

electrons of energy E is

dI = CZ(E - E)dE, 0< E < E
(1)

= 0, elsewhere

where dI is the intensity of photons with energy E, Z is the atomic

number of the target, and C is a constant of proportionality (13).

This result is in agreement with direct experiments (18).

When electrons of many different energies interact with the tar-

get, the overall intensity distribution of the x-ray photons produced is

just equal to the sum of the individual distributions, or

dI = C.Z(E - E)dE, 0 < E < E E.

(2)

= 0, elsewhere

where E
i

is the i
th initial electron energy and C. is the propor-

tionality E,

and Z are defined as for Equation 1. In effect, C. is a weighting

factor which takes into account the electron distribution, and is direct-

ly proportional to the number of electrons having initial energy E.



20

From the data in Table 1 and the ripple percentages listed above,

it is obvious that the electron energy distributions for 3-phase gener-

ators are very narrow, with the average electron energy for 6-pulse

and 12-pulse being equal to 0. 95 (Ei)max and 0. 99 (E .)max , respect-

ively. For single-phase, however, the electron distribution is quite

broad, extending all the way down to zero, with an average electron
O

energy of .64 (E1.)max. Thus, for the same maximum photon energy,

x-ray beams generated with single-phase units are not as rich in high

energy photons as are those generated by three-phase units (92).

Influence on X-Ray Beam Output

X-ray beam output is greater for three-phase generators than

for single-phase generators operated at the same kVp and mA. The

reasons for this are two-fold: (1) since the quality of the three-phase

x-ray beams is greater, they are better able to penetrate the tube

walls and the added filtration placed in the beam, (2) more total x-ray

energy is produced by three-phase generators.

The total x-ray energy produced, when a beam of electrons of

energy E interact within an x-ray tube target, may be found by inte-

grating the x-ray intensity over all energies. From Equation 1 above,

= dIE total



O

0

= CZ(E - E)dE
O

°CZ(E)2

(3)
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Thus, the total x-ray energy produced is proportional to the square of

the initial energy of the electrons. Since the average initial electron

energy is greater in three-phase, so too will be the total x-ray energy

and the beam output.

Influence on Tube Loading

The efficiency of x-ray production may be defined as the fraction

F, of the total electron energy incident upon the target which is con-

verted to x-ray energy or, from Equation 3 above,

F -
Etotal

O

nE

0CZ(E)2
O

2nE

where n is the number of electrons which strike the target. Since

the constant C varies linearly with n, (total x-ray energy produced

is directly proportional to the number of incident electrons), the term

C/ 2n may be taken as a new constant, k. Thus,
0

F = kZE (4)
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-6The value of k has been found to be 0. 9 x 10 where E is express-

ed in keV (5). Thus, for a typical tungsten target x-ray tube operating

at 100 kVp, the efficiency of x-ray production is only 0. 007. More

than 99% of the electron energy is converted to heat, which limits the

tube loading 8. Exposure factors (kVp, mA, time, number of exposures)

must be restricted so that none of the various tube-housing components

becomes overheated.

Most radiography today is performed with x-ray tubes which have

a rotating anode, in order to spread the area of electron bombardment

over a larger target area (65). With 60 Hz alternating current

frequency, the typical anode rotation speed is 3000 - 3600 rpm (78),

or approximately 1 revolution per 0. 02 seconds. Obviously, for single

exposures of 0. 02 seconds or less, no area of the target will be ex-

posed more than once.

For these short exposures, the surface temperature of the anode

is the limiting factor (65) and is determined by the peak power input to

the tube. However, with single-phase, the target loading is not uni-

form but varies from zero to maximum as do both the voltage and cur-

rent waveforms. Using the data in Table 1 for equipment operating at

8 Tube loading is generally expressed in terms of "heat-units"
(HU). 1HU = 1 kVp x mA x sec x W. W, a factor which takes into
account the waveform of the voltage, is taken as 1 for single-phase,
and 1, 25 for three-phase generators (24). One HU is approximately
equal to 0. 2 calories.
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100 mA. and 100 kVp, the peak power input (equal to peak voltage times

peak current) to a target for single-phase is 15.7 kVA. For three-

phase, the peak power input is only 10.5 kVA. Thus, for short expos-

ures on a given tube, it would be possible to increase the product of

kVp x mA by more than 50% using three-phase rather than single-phase.

It should be noted that the tube rating is independent of exposure time

in this region of operation.

For long exposures or for a series of short exposures, the temp-

erature of the x-ray tube-housing taken as a whole (tube envelope,

insulating oil, high-voltage cable terminals, etc. ) becomes the limit-

ing factor and is determined by the average heat-input to the tube and

the tube cooling characteristics. Heat-input is proportional to effec-

tive (rms) voltage times effective current. For the same kVp and mA,

the ratio of three-phase heat-input to that for single-phase is calcu-

lated to be approximately 1. 25. This ratio is, in fact, identical to

the factor "W" in Footnote 6 above.

Thus, the advantage of a higher three-phase tube rating steadily

decreases with increasing exposure time. The ratio of the three-

phase rating to that for single-phase varies from 1.5 to 0. 8. In the

transition region of intermediate length exposure (0. 1 to 1. 0 sec), the

temperature of the anode structure is the limiting factor (65).
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Influence on Minimum Exposure- Time

The most important advantage, that is claimed for three-phase

x-ray equipment over single-phase, is the ability to obtain a given

radiographic result in a shorter exposure-time (41, 52, 74, 75, 103).

This may be considered from three standpoints:

1. Comparing equipment operating at the same kVp and mA.

In this case, the decreased exposure-time is due to the greater beam

quality (penetrating power) and the greater beam output of three-phase

equipment.

2. Comparing equipment operating at different kVp and mA.

It has been claimed that a single-phase beam could be made equivalent

to a three-phase beam by merely raising the kVp sufficiently to com-

pensate for the difference in quality and output (34, 75). Although two

such beams could never be exactly equivalent due to the difference in

generating voltage waveform, it may be assumed, for practical pur-

poses, that this claim is correct. It is also assumed that the maxi-

mum possible mA, consistent with the tube rating, would be used for

minimum exposure-time. However, as shown above, the tube ratings

are independent of time for exposures less than 0. 02 seconds. For

these short exposures, therefore, raising the kVp necessitates lower-

ing the mA in order to hold the product of kVp x mA constant. This

decrease in mA requires a corresponding increase in exposure-time.
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On the other hand, for short exposures with three-phase equip-

ment, it is possible to use, with the same tube at a given kVp, an mA

value approximately 50% higher than is allowed for single-phase. This

mA increase allows a corresponding decrease in exposure-time. Thus,

the three-phase equipment will still provide the shortest exposure-

time.

3. Comparing the minimum available exposure-time setting.

Typically, the minimum exposure-time setting for a three-phase unit

is 0. 003 seconds; that for a single-phase unit is 1/120 or 0.0083

seconds, correspondingto one pulse. However, in single-phase, the

major portion of the radiation intensity is emitted during the central

half of the voltage pulse or within approximately 0. 004 seconds (33,

92). For three-phase, the elapsed time is essentially equal to the

radiation time. Therefore, at the minimum available time settings,

there is only a 33% actual increase in exposure time in going from

three-phase to single-phase.

If, however, the exposure is such that the next higher exposure-

time setting is required, the actual time difference increases to 105%.

This is because the next single-phase timer-setting is 2 x .0083 =

. 0166 seconds. The actual elapsed time from the start of the first

radiation pulse to the end of the second pulse is . 0166 - . 0043 = . 0123

seconds. The corresponding three-phase timer setting is 2 x . 003 =

. 006 seconds.
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The time differential continues to increase approaching 170% at

exposure time settings of . 083 seconds and . 03 seconds for single-

phase and three-phase, respectively.

Purpose of This Study

In the energy range used in diagnostic radiography, the x-ray

absorption coefficient is inversely proportional to photon energy.

Therefore, most of the lower-energy photons are preferentially ab-

sorbed within the patient and do not contribute to the exposure of the

film (94). Since x-ray beams generated by three-phase apparatus con-

tain a lesser proportion of lower-energy photons than those generated

by single-phase units, it has been claimed that use of three-phase

generators would result in a lower patient dose per film exposure (70).

It is the purpose of this study to measure and compare the dose distri-

butions within a phantom exposed under conditions resembling those

used in diagnostic radiography.
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II. EXPERIMENTAL TECHNIQUE

X-Ray Apparatus

The output and quality of an x- ray beam are affected by many

factors. These include kVp, mA, total filtration in the beam, distance

from the source to the point of observation, and the voltage waveform.

The voltage waveform is determined by the generator phase, type of

rectification, and the capacitance of the high-voltage cables (3, 67, 99).

In this study, in order to isolate effects due only to phase differences,

both the single-phase and three-phase generators used, had the same

type of rectifiers, and were connected to the same tube-housing assem-

bly by means of the same set of high voltage cables.

The single-phase generator 9 used, was a full-wave unit rated at

a maximum voltage of 150 kVp and a maximum current of 300 mA.

The three-phase generator
10 was a 12-pulse unit with maximum rat-

ings of 150 kVp and 700 mA. The generators were alternately con-

nected to a rotating anode x-ray tube
11 with 30 foot high-voltage cables.

Target angle was 17 1/2 degrees and nominal rotation speed was 3200

9 Model DXS 350 X-Ray Unit manufactured by General Electric
Medical Systems Department, Milwaukee, Wisconsin.

10 Model DXR 750-II X-Ray Unit manufactured by General Electric
Medical Systems Department, Milwaukee, Wisconsin.

11 General Electric Model HDN
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rpm. The total filtration of the tube unit and adjustable collimator was

equivalent to three millimeters of aluminum which exceeds the mini-

mum recommended by the National Council on Radiation Protection and

Measurements (68).

The kilovoltage was calibrated with a resistance divider which

samples 1/1000 of the total tube potential. The voltage waveforms

were displayed and measured on a dual trace oscilloscope
12

with

memory and voltage calibration modules. The absolute kVp error was

estimated to be less than +5% and the kVp agreement between the two

generators was estimated to be within +3%. The tube current, which

was read by means of the same milliameter externally connected to

each of the generators, was maintained at 100 + 2 mA.

Choice of Dosimeters

Thermoluminescent dosimeters (TLD's), rather than ionization

chambers, were chosen to measure exposures within the phantom.

The primary objection to using ion chambers for these measurements

is the error which results from the insertion of an air volume within

the phantom material. This causes both an increase in the measured

exposure due to decreased attenuation of the primary and scattered

radiation, as well as less actual exposure adjacent to the chamber due

12Model 564 manufactured by Tektronix Inc., Portland, Oregon.
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to the loss of scattered radiation from the displaced material (12, 76).

Measurements of these errors have been made for x rays of 80 to

150 kVp and have been found to be as large as 15 percent, depending

upon chamber size, depth in the phantom, and radiation quality (1, 56,

73).

Since the lithium fluotide TLD's used in this project are very

small (rods, 1. 25 mm diameter by 6. 5 mm long) and since they have

nearly the same energy absorbing qualities as tissue (21, 49), errors

due to material displacement are negligible. Other problems associ-

ated with the use of chambers, such as scatter losses due to shielding by

heavy metal stems (66, 71, 76), dose rate dependence (96), and errors

due to large dose gradients (96), are not applicable to these dosimeters.

Another advantage of using TLD's in this study was that many

dosimeters could be placed within the phantom at one time and data

for a complete dose distribution curve could be obtained with one ex-

posure rather than making seperate exposures for each depth-dose

measured]. 3. This technique has greater precision since any contri-

bution to within-curve variance due to variability in x-ray machine out-

put is eliminated.

1 3 The effects of dosimeter "stacking" are discussed in the sec-
tion on "Dosimeter Arrangement".
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General Theory of Thermo luminescent Dosimetry

The use of thermoluniriescent (TL) media for radiation dosi-

metry has been well investigated and reported. Five hundred and six

references pertaining to this subject have been compiled by Lin and

Cameron (57) and an additional one hundred and seventy-two have been

listed by Spurney (88).

Though the chemical and physical theory of thermoluminescence

is not completely known, the basic phenomenon is qualitatively under-

stood (10). Ionizing radiation interacting with a TL crystal raises

electrons from the valence band to the conduction band, leaving behind

holes. The electrons and holes are then free to move through the

crystal until they recombine or are trapped at impurities or other im-

perfections in the crystal lattice. Heating of the crystal releases the

trapped electron-hole pairs, which then recombine and release the

stored excitation energy in the form of a photon of light (Figure 11).

The temperature required to release the trapped electrons is a

function of the trap depth. As the crystal is heated, the probability of

releasing any particular electron increases until at some temperature,

it becomes virtually one hundred percent. Thus, the light emitted

will increase in intensity, reach a maximum, and then return to zero.

The plot of this light as a function of temperature (or heating time) is

called a glow-curve.



Electron
-Ix- Trap

Ionizing
Radiation

Hole
Trap

Conduction Band

Light
Photon

Valence Band

(a) Exposure to ionizing (b) Release of stored energy
radiation by heating

Figure 11. Energy-level diagram of a crystal exhibiting thermo-
luminescence due to ionizing radiation.
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If the TL material has only one trap depth, then it will exhibit

only one glow-curve peak. Manganese activated calcium fluoride

(CaF
2
:Mn) is an example of this type (25, 82). On the other hand,

some TL materials, such as lithium fluoride (LiF), have several trap

depths and therefore several glow-curve peaks associated with them

(90, 107).

The dose absorbed by the thermoluminescent dosimeter (TLD)

is proportional to the total amount of light emitted upon heating. This

may be measured by integrating the glow-curve. However, if the

heating rate is held constant, it is necessary only to read the peak of

the glow-curve, since this also will be proportional to dose. Readout

systems of both types have been designed and are presently in use (8).

The reader14 used in this project provides complete glow-curves with

a constant heating rate enabling peak-height measurement. An example

of a typical glow-curve readout is shown in Figure 12.

Characteristics of Lithium Fluoride Phosphor

The characteristics of LiF make it quite suitable for depth-dose

dosimetry. It has an effective atomic number of 8.14 compared to

7. 42 for that of tissue and 7.62 for that of air (45, 62). It is inert,

14 Model TL-3B Thermo luminescent Dosimeter Reader manu-
factured by Edgerton, Germeshausen and Grier, Inc., (EG&G),
Goleta, California.



Figure 12. Glow- curve readout of a lithium fluoride thermoluminescent
dosimeter.
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insoluble, non-toxic, and stable in air (10). The five glow-peaks

associated with it have half-lives at room temperature of five minutes,

ten hours, one-half year, seven years, and eighty years (107).

Prior to exposure, the phosphor is returned to ground state by

annealing to remove any trapped electrons. The generally specified

80°regimen for this is 1 hour at 400 C followed by 24 hours at 80 C

80°(8, 11, 36, 107). The 24 hours at 80 C essentially removes the first

two low-temperature glow-curve peaks, thereby reducing the problem

of fading between exposure and readout (8, 36, 107). Since, in this

study, only the height of the high-temperature peak was read, low-

temperature annealing was unnecessary. LiF read out in this manner

has been found to exhibit very little fading (9, 10, 54, 69, 89, 90,

105).

Repeated annealing cycles have not been shown to alter its

sensitivity (37, 60) and response is independent of humidity (36) and

-50°temperature during irradiation between -50 C and 100 C (28).

The useful range of LiF dosimeters is from a few mR to greater

than 109 R (15, 27, 62, 69). No dose-rate dependence has been ob-

served over this entire range for dose-rates from less than 0.1 R/sec

to 10 R/sec (16, 54, 62, 69, 93). However, response is only linear

up to approximately 1000 R, beyond which, sensitivity increases, and

it becomes supralinear (15, 72, 84, 101).
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LiF is only slightly energy dependent, as would be expected,

since its effective atomic number is quite close to that of air. Response

at 30 keV is approximately 30 percent greater than that at 1.2 5MeV (9,

10, 11, 55, 100).

Energy Calibration

Hendee et al (39) have shown that the increased LiF response at

low photon energies causes a displacement of percent depth-dose curves

from those measured with ionization chambers. Therefore, a means

was devised to correct for the energy dependence of the LiF and at the

same time to monitor the quality of the x-ray beam as a function of

depth in the phantom. CaF
2
:Mn has an effective atomic number of 16. 5

and its response at 30 keV is about 13 times that at 1. 25 MeV (8, 25).

Thus the ratio of CaF2 :Mn response to LiF response is a function of

beam quality and may be used in conjunction with a LiF energy-response

curve to correct the LiF measurements.

Similar techniques for beam quality measurements have been

reported in the literature; Kenney and Cameron (55) have used a mix-

ture of LiF and A1203 powder; Facey (19) has used LiF and CaS0
4

:Sm.

and Gorbics and A.ttix (28) have used tandem dosimeters of LiF and

CaF2 :Mn read out simultaneously.

CaF
2
:Mn is quite similar to LiF in its pertinent phosphor chari-

acteristics; it exhibits little fading (20, 81), it is linear over its entire
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useful range which extends from a few mR to over 105R (20, 60, 81,

84), it is dose rate independent from less than 10 -2 mR/sec to 1 OR/sec

(20, 81, 93), and its response is independent of temperature up to

150 C during irradiation (29). The dosimeters used in this study are

sealed glass ampoules, 0. 9 mm in diameter by 6 mm long containing

approximately 0. 8 mg of CaF2:Mn phosphor.

Choice of Phantom Material

In order for different materials to have closely similar x-ray

scattering and absorbing properties, they must have nearly the same

(1) atomic number, (2) mass density, and (3) electron density (86).

For muscle tissue, the respective values are: 7. 42, 1. 0 g/cm3,
and

3. 36 x 1 0 23 electrons/g (86).

The common material which comes closest to tissue in these

properties is water, which has the following corresponding values:

7. 42, 1. 0 g/cm3
, and 3. 34 x 1 0 23 electrons /g (65). Since water is

readily available with constant composition and is low in cost, it is

often used as the material of choice for radiation dosimetry. However,

in this study, a solid material was required to serve as a support

matrix for the thermoluminescent dosimeters used.

In addition to the physical properties listed above, a solid phan-

tom material should be available in she et s so that incremental

changes in thickness can be conveniently made (35, 5 8). Dry
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pressed-woods, such as Masonite or "hardboard", have been used for

this purpose. However, it has been found that these do not absorb

x rays in the same manner as water (3) and are not suitable as phantom

material for energies below 200 keV (6).

Several wax mixtures containing mostly paraffin wax with addi-

tives of beeswax, resins, or other materials have been tried (65). Of

these, a mixture described by Jones (51) called "Mix D", is the most

nearly equivalent to tissue (35, 47) and is recommended for use as a

phantom material by the International Commission on Radiological

Units and Measurements (ICRU) (43).

Mix D, which was used in this study, is commercially available 15

in 30 x 30 cm sheets, nominally 1 cm thick. It is composed of 60. 8

percent paraffin, 30. 4 percent polyethylene, 6. 4 percent magnesium

oxide, and 2.4 percent titanium dioxide (all percentages by weight).

It has an effective atomic number of 7. 47, a density of 0. 99 g/cm3,

and an electron density of 3. 36 x 1023 electrons/g. Depth dose and

scatter measurements made with Mix D differ from those made with

water by less than three percent over the energy range from 18 keV

to 78 keV (51).

15 From Astor, Boisselier and Lawrence Ltd., London, England.
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III. EXPERIMENTAL PROCEDURE

Dosimeter Calibration

Normalization of LiF and CaF
2
:Mn Dosimeters

Twenty dosimeters of each of the LiF and the CaF2 :Mn type were

available for this study. The LiF dosimeters were in the form of hot-

pressed rods, 1. 25 mm in diameter by 6. 5 mm long, each containing

approximately 21 mg of natural LiF. The CaF2:Mn dosimeters were

glass ampoules, 0.9 mm in diameter by 6 mm long, each containing

approximately 0. 8 mg of phosphor.

The annealing procedure used throughout this study was as

follows:

The dosimeters were inserted in a 7 x 5 x 0. 5 cm aluminum

block which had been drilled with 20 pairs of 4 mm deep holes,
0

shown in Figure 13. The block was then placed in a pre-heated 400 C

oven / 6. At the end of one hour, the block was removed from the oven

and placed on a thick aluminum heat- sink which allowed cooling to

room temperature in approximately 15 minutes. Uniform cooling con-

ditions are important since the dosimeter sensitivity has been shown

to be somewhat affected by changes in cooling rate (8, 37, 107).

16 Type 1400 Furnace manufactured by Thermolyne Corp. ,

Dubuque, Iowa.



Figure 13. Aluminum block used for annealing
TL dosimeters. In front of annealing
block are shown a LiF dosimeter (left)
and a CaF 2:Mn

dosimeter.

Figure 14. Styrofoam block used to hold TL
dosimeters for calibration exposures.
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Cameron (8) believes a 10-20 minute cooling time from 400 C to be

optimum.

A styrofoam block 3 x 8 x 33 cm was used to support the dosi-

meters for calibration. Twenty holes were drilled on 8 mm centers

along a line parallel to, and 6 mm from the edge of the block placed

nearest the x-ray machine (Figure 14). The hole positions were num-

bered consecutively from one to twenty and the LiF dosimeters were

inserted with dosimeter number one in hole number one, dosimeter

number two in hole number two, etc. (Although neither the LiF nor the

CaF
2
:Mn dosimeters are individually numbered, identification is main-

tained through proper placement in numbered-hole storage cases. )

The x-ray unit17 used for the dosimeter calibrations was capable

of continuous operation at tube voltages from 70 to 300 kVp and tube

currents up to 20 mA. The ability to make exposures over extended

periods of time eliminated exposure measurement errors due to ex-

cessive exposure rates and non-reproducibility of timing intervals.

Exposures were measured with an integrating ratemeter ioniza-

tion chamber 1 8. Two air-equivalent plastic-wall probes were used:

Model 10 LA low energy chamber for x rays of effective energy less

17 Maxitron 300 X-Ray Therapy Unit manufactured by General
Electric Medical Systems Dept. , Milwaukee, Wisconsin.

1 8Model 555 Radocon II Integrating Ratemeter manufactured by
the Instrument Division of Victoreen, Inc. Cleveland, Ohio.
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than 30 keV, and Model 1 MA medium energy chamber for x rays of

effective energy equal to or greater than 30 keV. Correction factors

supplied by the manufacturer for these chambers were obtained by

intercomparison with instruments whose calibrations are traceable to

the U. S. National Bureau of Standards and are accurate to within

+ 3%.

The dosimeters were exposed at 150 kVp and 20 mA with a total

filtration of 3 mm of aluminum equivalent. Two minutes yielded an

approximate exposure of three roentgens. The field size at the dosi-

meters was 50 by 50 cm with a source-dosimeter distance (SDD) of

240 cm.

A long SDD was chosen to decrease the angle subtended by the

dosimeter array in order to minimize variations in beam intensity.

Beam uniformity was checked by exposing a radiographic film in place

of the dosimeters and measuring the variations in photographic density.

There was less than one percent difference in exposure between any

two dosimeter positions.

The dosimeters were read out and the mean reading was deter-

mined. Multiplicative factors were then calculated to normalize each

dosimeter reading to the mean. This procedure was replicated three

times. However, the arrangement of dosimeters was altered each

time by choosing at random, the number of the dosimeter which was

placed in position number one. The remaining dosimeters were then
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inserted in consecutive order. The same procedure was followed using

the CaF2:Mn dosimeters.

The means of the three normalization factors derived for each of

the dosimeters are shown in Table 2. The standard errors of the

normalized LiF and CaF
2
:Mn readings were found to be 3. 6% and 4. 2%,

respectively. These figures are consistent with the findings of Becker

(4), Palmer (72), and Svarcer (91).

Linearity Tests

In order to check the linearity of the overall dosimetry system,

a series of exposures was made covering the range from 20 mR to

90 R. Twelve each of the LiF and CaF
2
:Mn dosimeters were exposed

to x rays at 140 kVp with a total filtration of 1. 35 mm of Al and 0. 68

mm of Cu. Three additional dosimeters of each type were used as

zero-exposure controls. Linear regression lines, fitted to the data by

means of least squares analysis, are shown in Figure 15. The slopes

of the fitted lines for LiF and CaF
2
:Mn are 0.997 and 0.992, respec-

tively.

Energy Calibration

Measurements of unique half-value-layer, as described by

Trout et al (99), were made at a source-chamber distance (SCD) of

200 cm for effective energies from 18 keV to 140 keV. Effective
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Table 2. Normalization factors for thermoluminescent dosimeters,

LiF Dosimeters CaF :Mn Dosimeters

No. Factor

2

No. Factor

1

2

1. 08

1.04

1

2

. 93

.97

3 1. 00 3 . 97

4 1. 05 4 . 98

5 1. 05 5 . 97

6 . 94 6 1.02

7 1. 01 7 1. 01

8 . 98 8 . 99

9 1. 02 9 . 95

10 .96 10 1.06

11 .96 11 .93

12 . 97 1 2 1. 00

13 . 96 13 1. 01

14 1. 01 14 . 96

15 1. 01 15 1.08

16 1. 01 16 1.02

17 . 97 17 1.04

18 1. 00 18 . 95

19 .98 19 .99

20 . 97 20 . 99
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energies were calculated using the linear attenuation coefficients

determined by Grodstein (32) and McGinnies (63). Kilovoltages,

filtration, half-value-layers, and corresponding effective energies

are shown in Table 3.

After annealing for one hour at 400 C, 16 pairs of dosimeters

were formed: LiF number one with CaF
2
:Mn number one, etc. A

different dosimeter pair was then exposed in the styrofoam block, at

a SDD of 200 cm, for each different effective energy.

A systematic random sampling procedure was used to select

which LiF - CaF
2
:Mn dosimeter pair would be used for each calibra-

tion energy. A number between one and sixteen was randomly chosen

to select the dosimeter pair to be used for the lowest energy calibra-

tion. The remaining dosimeters were then used in consecutive order

for increasing energy calibration points. This procedure was repli-

cated five times choosing a different random number each time.

Exposures, which were in the order of 10 R, were measured with

the ionization chambers described above. Chamber readings were

corrected for energy dependence, temperature, and barometric pres-

sure. TLD readings were normalized using the factors in Table 2.

The mean LiF response and CaF
2
:Mn response per unit exposure

were calculated for each energy. From these data, the ratio of

CaF2 :Mn response to that of LiF was derived. These response ratios

are listed in Table 4 and are shown plotted as a function of effective
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Table 3. Energy calibration data.

kVp
Total Filtration
mm Al mm Cu Unique HVL

Effective
Energy (keV)

100

100

100

100

0. 35

0.48

0. 73

1. 25

0

0

0

0

0. 575 mm Al

0. 825

1. 23

1.63

18

20

23

26

100 1.47 0 2. 07 28

140 1.60 0 3. 10 3 2

140 3.67 0 5.10 39

140 4. 49 0 6. 30 44

140 5. 74 0 0. 33 mm Cu 51

140 1.35 . 38 0. 56 62

140 1.35 . 68 0. 73 69

200 1. 35 . 50 0. 97 76

200 1.35 1. 15 1. 33 87

300 1.35 . 75 1.71 96

300 1.35 1. 75 2. 66 120

300 1.35 4. 00 3.53 140
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Table 4. Thermo luminescent dosimeter response as a function of
x-ray beam effective energy.

Effective
Energy
(keV)

Response Per
Unit Exposure

LiF CaF
2

:Mn

Relative
Response

CaF V
Mn/ LiF

18 . 334 .184 . 549

20 .353 .199 . 566

23 .361 . 220 . 606

26 .363 . 241 . 664

28 . 360 . 241 .671

32 . 353 . 214 . 607

39 .343 .193 . 559

44 .348 .191 . 548

51 .335 .176 . 521

62 . 331 .148 . 443

69 .315 .123 .392

76 .320 .106 . 324

87 .317 . 082 . 259

96 .306 . 073 . 238

120 . 293 . 047 .162

140 . 294 . 033 .112
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energy in Figures 16 and 17. Included in these figures are the stand-

ard errors about each data point.

Depth Dose Measurement

Dosimeter Arrangement

The ICRU recommends that phantoms used for dosimetry be

30 x 30 cm in cross-sectional area and at least 20 cm in depth (43).

For the phantom used in this study, 30 x 30 cm sheets of Mix D,

which had been machined to a thickness of 1 + 0. 05 cm, were stacked

to a depth of 25 cm. Both sides of the sheets were milled to insure

close fitting surfaces.

Two grooves were carved into the surface of 20 of the sheets to

accept a LiF and a CaF
2
:Mn dosimeter, as shown in Figure 18. In

assembling the phantom, the orientation was such that the grooves in

adjacent sheets were at right angles to each other. Thus, dosimeters

directly above each other were separated by a minimum of two centi-

meters of Mix D.

Trial exposures were made to determine if the dosimeters,

stacked above each other in this manner, would cause interference

with each other. The Maxitron 300 x-ray unit was used for this pur-

pose and the incident exposures to the phantom were monitored with

the integrating ratemeter. Exposures were measured at depths of 5,
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15, and 25 cm with only a single pair of dosimeters placed in the phan-

tom in each case. The results were normalized to a constant incident

exposure. Similar measurements were then made with pairs of dosi-

meters placed at 1 cm intervals for depths from 0 to 13 cm, and at

2 cm intervals for depths from 15 to 25 cm, for a total loading of 20

dosimeter pairs.

The mean of the single-pair observations was compared to that

for the twenty-pair observations, at each depth, using Student T tests

at the 95 percent confidence level. Pooled estimates of the standard

error of the means were used for this purpose. This procedure was

replicated at 40, 100 and 150 kVp. The tests did not indicate that

there were statisically significant differences in the measurements at

any of the kVp-depth levels checked.

This result concurs with that of Hendee et al (38), who found

that LiF capsules placed at one centimeter intervals in a phantom did

not noticeably perturb the dose at any point along the central axis.

Therefore, in all subsequent measurements, all twenty pairs of dosi-

meters were exposed in the phantom simultaneously.

Phantom Exposures

The phantom was placed on a standard radiographic table with a

source-table distance of 40 inches; a distance often used for table-top

radiography. Beam size at the table-top was 17 x 17 inches. The
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dosimeters were arranged in the phantom as described above and were

exposed at 40 kVp and 100 mA using the single-phase generator. The

large dose range of the TLD allowed multiple exposures to be made to

integrate sufficient dose for accurate readout of dosimeters at the

greater depths, as well as for those placed in the upperportions of the

phantom. Minimum and maximum exposure levels obtained were

approximately 100 and 100,000 mR, respectively. After readout and

annealing, the dosimeters were replaced in the same positions within

the phantom and the exposure was repeated using the three-phase

generator. KVp, mA, distance, and timer settings were the same as

those used for the single-phase exposure. Two sets of measurements

were made in this manner at 40, 60, 80 100, 125, and 150 kVp.
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IV. RESULTS AND DISCUSSION

Effective X-Ray Beam Energy

The ratio of CaF
2
:Mn to LiF dosimeter response was plotted as

a function of depth within the phantom. The data appeared to fit

straight lines with slopes equal or close to zero, indicating slight

change in the effective energy of the x-ray beam as it passed through

the phantom. Regression lines of response ratio on depth were fitted

to the data for each combination of kilovoltage and power-phase.

Figure 19 is an example of such a fit. Statistical F and T tests

were used to test the hypotheses that the slopes of the individual lines

were equal to zero. The hypotheses could not be rejected at the 95%

confidence level, and it was decided to use the average response ratios

for the energy determinations. The energy data were then used to

read relative LiF response from Figure 16. From these, correction

factors were determined for the LiF dosimeters and are shown in

Table 5.

The fact that the effective energy of the x-ray beam may change

only slightly within a tissue equivalent medium has been previously

reported in the literature (17, 40, 77). The effective energy at depth

is a function of the area of the phantom irradiated, the depth within the

phantom, and the energy spectrum of the incident x-ray beam. The

occurrence of two opposing effects leads to the small change in
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Table 5. X-ray beam effective energy and LiF dosimeter correction
factors listed as a function of the kVp and power-phase.

kVp-phase Effective Energy (keV) LiF Correction Factor

40 - 1 18.0 2,99

40 - 3 18.3 2.94

60 - 1 19.2 2.88

60 - 3 20.9 2.81

80 - 1 21.8 2.78

80 - 3 22.2 2.77

100 - 1 22.4 2.76

100 - 3 23.9 2.75

125 - 1 24.9 2.75

125 - 3 25.4 2,75

150 - 1 25.7 2,75

150 - 3 27.5 2.76
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effective energy (30).

The primary beam increases in effective energy as the lower

energy components are selectively filtered out. This effect is inde-

pendent of beam area and quality (85). However, in a material of low

atomic number, a major proportion of the x-ray interactions in the

diagnostic energy region occur by ComptOn effect which produces

scattered photons of lower energy than the primary photons, These

scattered photons tend to compensate for the loss of the low-energy

primary photons with the result that the effective energy of the x-ray

beam along the central axis is almost unchanged.

At low incident photon energies, the contribution to the central

axis from scatter is relatively small due to the short range of the low-

energy scatter photons. Thus, there is a tendency toward a slight

increase in effective energy with depth (17).

As the incident x-ray energy increases, the contribution from

scattered radiation also increases (97). At beam energies in the upper

range of, and above the diagnostic kilovoltage range, this effect tends

to produce a decrease in effective energy with increasing phantom

depth (30).

Depth Dose Measurements

In determining absorbed dose, it is often convenient to first

measure the exposure, and from this, calculate the absorbed dose
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(104). The following equation may be used for this purpose:

= X fmedDmed

where Dmed is the absorbed dose at the point of interest iii the med-

ium, expressed in rads, X is the exposure at the point of interest in

the medium, expressed in roentgens, and fined is the roentgen to rad

conversion factor (14). The value of fined varies as a function of

the x-ray beam energy. Mean values integrated over typical x-ray

spectra are listed in ICRU report 10b (44).

The practice followed in this study has been to use exposure

measurements in all graphs and calculations. When absorbed dose is

specifically required, the exposure is multiplied by the appropriate

factor. The conversion factor for tissue in the x-ray energy range in-

volved here is a constant having value of 0.923 (44).

Figures 20 through 25 show the relative single-and three-phase

exposures vs. phantom depth. These measurements were made for a

source to table-top distance of 40 inches. This data however, may

be converted to other distances by means of formulae developed for

this purpose (42, 46, 48, 61). Agreement with experimental data using

these methods, has been reported to be within + 2% (7) whereas conver-

sion by merely applying inverse-square-law leads to greater error

(50).
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Figure 20. Relative exposure of 40 kVp x rays vs. depth in
Mix D phantom.
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Figure 21. Relative exposure of 60 kVp x rays vs. depth in
Mix D phantom.
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Figure 22. Relative exposure of 80 kVp x rays vs. depth in
Mix D phantom.
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Figure 23, Relative exposure of 100 kVp x rays vs. depth in
Mix D phantom.
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Figure 24. Relative exposure of 1 25 kVp x rays vs. depth in
Mix D phantom.
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Figure 25. Relative exposure of 150 kVp x rays vs. depth in
Mix D phantom.
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X-Ray Beam Output

The surface exposures are an indication of the output differences

between single- and three-phase x-ray generators operating at the

same kilovoltage. Because of the difference in beam quality, the ex-

posure differences become greater with increasing phantom depth.

Table 6 lists the ratio of three-phase to single-phase exposure

per milliampere-second (mAs) as a function of kilovoltage and depth

within the phantom. As seen from this Table, the increase in mAs

required to achieve the same exposure within the phantom, for single-

phase as for three-phase, varies from 1. 55 to 2.40.

Dose Differential Using Equal Kilovoltages

A derivation was made of the dose increase resulting from the

use of single-phase rather than three-phase x-ray equipment operating

at the same kilovoltage. To do this, the single-phase curves were

multiplied by normalizing factors which were chosen such that the

single- and three-phase exposures would be equal at a specified depth

within the phantom. The depths, which were chosen to be consistent

with anatomical thicknesses typically radiographed at each particular

kilovoltage, are shown in Table 7.



Table 6. Ratio of three-phase to single-phase exposure per milliampere-
second as a function of kVp and Mix D phantom depth.

Kilovoltage

Phantom Depth (cm of Mix D)

0 5 10 15 25

Exposure Ratio

40 1.55 1. 74 1. 77 1. 78 1. 78

60 1.69 2. 00 2.11 2.22 2. 28

80 1.96 2. 14 2. 25 2. 36 2. 40

100 1.77 1. 86 2. 01 2. 13 2. 20

125 1.68 1. 80 1. 91 1. 98 2. 05

150 I. 55 1. 65 1. 71 1. 74 1. 80
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Table 7. Phantom depths at which single- and
three-phase roentgen exposures were
normalized to be equal.

Kilovoltage (kVp) Phantom Depth (cm)

40 5

60 10

80 15

100 25

1 25 25

150 25

The difference in dose resulting from the use of single-phase

equipment is shown plotted as a function of depth within the phantom in

Figures 26 and 27. As can be seen from these graphs, dose differen-

tial, which is expressed as a percent of the three-phase dose, increases

with increasing kilovoltage, reaching a peak at 100 kVp. It then de-

creases as the kVp continues to increase. In every case, the greatest

percent difference in dose occurs at the phantom surface.

A possible explaination for this variance of dose differential with

kilovoltage is that, at the lower kilovoltages, only the photons relative-

ly close to the peak photon energy are able to contribute significantly

to the dose. The lower energy photons are readily absorbed by the

x-ray tube-housing filtration. Thus, the difference between the lower

kilovoltage single- and three-phase x-ray beams, as they leave the
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Figure 26. The difference between single- and three-phase depth-doses at 40, 60,
80 and 100 kVp. Data is normalized for equal exit exposures and dose
differential is expressed as a percent of the three-phase dose.
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Figure 27. The difference between single- and three-phase depth-doses at
125 and 150 kVp. Data is normalized for equal exit exposures
and dose differential is expressed as a percent of the three-
phase dose.
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tube-housing, is due primarily to a difference in the number of photons

rather than in the energy of the photons.

As the kilovoltage increases, a greater proportion of the x rays

produced by the lower energy electrons are able to penetrate the filtra-

tion and contribute to the dose in the phantom. The dose differential

increases as the difference in the effective energy of the x-ray beams

increases.

This effect, however, is eventually counteracted by scattered

radiation. As indicated above, the proportion of the dose contributed

by scattered radiation increases with increasing kilovoltage. Because

high energy photons suffer a greater percentage change in energy in a

given Compton scatter interaction than do lower energy photons,
19

the

difference in the energy spectrum between single-phase and three-

phase generated x rays scattered within a phantom is less than that of

the primary beams.

Equivalent Kilovoltages

If a single-phase x-ray generator was actually being used inter-

changeably with a three-phase unit, the kilovoltage would probably be

adjusted to provide, as nearly as possible, the same radiographic

19 As an example of this, x-ray photons of energy 100 and 150 keV
are considered in 90 Compton scatter interactions. The scatter pho-
tons from these events will be 116 and 84 keV, representing energy
losses of 23 and 16 percent, respectively.
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results.

For a given subject, screen-film combination, and source-sub-

ject-film geometry, the visibility of a detail in a radiograph is govern-

ed by degree of film darkening and subject contrast. Though these two

aspects of a radiograph are not totally independent, they may, for

practical purposes, be thought of as being related to x-ray beam quan-

tity and quality, respectively.

It was previously shown that the quantity and quality differences

between the single- and three-phase x-ray beams are due to differen-

ces in kilovoltage waveform. These two factors were each used as

a criterion for determining equivalent single-phase and three-phase

kilovoltages.

X-Ray Beam Quantity as Criterion

From Figures 20 through 25, curves of relative exposure

(mR/mAs) vs. kilovoltage were derived for phantom depths of 5, 10,

15, and 25 cm, for both single- and three-phase x-ray units. They

are shown in Figures 28 and 29. From these, equivalent kilovoltages

were derived with the criterion that the relative exposure for single-

phase be equal to that for the three-phase at each of the phantom

depths measured. The results are shown in Table 8. Since the change

in single-phase kilovoltage, as a function of phantom depth, is consid-

ered too small to be of practical significance, the data were averaged
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Figure 28. Relative exposure vs. kilovoltage for
phantom depths of 0, 5, and 10 cm.
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Figure 29. Relative exposure vs. kilovoltage for
phantom depths of 15 and 25 cm.



Table 9. Equivalent kilovoltages based upon equal single- and three-phase
relative exposures (mR/mAs) at phantom depths shown.

Three-Phase
Kilovoltage

Phantom Depth (cm of Mix D)

5 10 15 25 Average

Single-Phase Kilovoltage

40 46 46 44 44 45

50 59 59 58 58 58

60 73 73 72 72 72

70 87 86 85 85 86

80 102 99 98 98 99

100 130 128 127 127 128

120 - - 150 150 150
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over all depths and are shown plotted in Figure 30.

X-Ray Beam Quality as Criterion

Figures 20 through 25 were used to calculate percent depth ex-

posure, that is, the relative depth exposure expressed as a percent of

the surface exposure. This factor is obviously determined by the pen-

etrating ability of the x-ray beam, i. e. its quality. The percent depth

exposure for each combination of kilovoltage and power-phase are

shown plotted in Figure 31. From these, percent depth exposure vs.

kilovoltage curves were derived for phantom depths of 5, 10, 15, and

25 cm, for both single-phase and three-phase units. They are shown

in Figure 32. Equivalent kilovoltages were then derived with the

criterion that the percent depth exposure for single-phase be equal

to that for three-phase at each phantom depth measured. The results

are shown in Table 9. As before, the change in single-phase kilovolt-

age as a function of phantom depth is not considered to be of practical

significance and the data were averaged over all depths. They are

shown plotted in Figure 30.

Dose Differential Using Equivalent Kilovoltages

Three phantom depth exposure comparisons were made using

equivalent kilovoltages. Values which had given the greater percent

dose differentials when using equal single-phase and three-phase kVp



200

150

100

80

60

40

MEW

40 60 80 100 150 200

Single-Phase Kilovoltage

Figure 30. Equivalent ki1ovoltages for single-phase
and three-phase x-ray systems.

Curve A. is based upon percent depth
exposure Curve B is based upon
relative depth exposure.
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Figure 31. Percent depth exposure vs. depth in Mix D phantom.
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Table 9. Equivalent kilovoltages based upon equal single- and three-phase
percent depth exposure* at phantom depths shown.

Phantom Depth (cm of Mix D)

5 10 15 25 Average
Three-Phase
Kilovoltage Single-Phase Kilovoltage

40

50

44

58

42 42 42

54 54 56

43

56

60 69 67 67 67 68

70 82 79 80 79 80

80 95 92 93 91 93

100 122 118 118 115 118

125 1 50 i47 147 143 147

Percent depth exposure is the relative depth exposure expressed as a
percent of the surface exposure.
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were selected for the three-phase kilovoltages in this trial: 60, 80,

and 100 kVp. Equivalent single-phase kilovoltages, which were taken

from the percent depth dose curve in Figure 30, were 68, 93, and

11 8 kVp, respectively.

The three-phase depth exposure curves for 60, 80, and 100 kVp

are shown in Figure 33. The data points shown are for single-phase

measurements made at equivalent kilovoltages. Adjustments equiva-

lent to approximately a 1 2% increase in mAs have been made to nor-

malize the single-phase exposure to be equal to the 60, 80, and 100

kVp three-phase exposures at phantom thicknesses of 10, 15, and

25 cm, respectively. This is the same procedure used previously to

derive dose differential. As can be seen from Figure 33, there was

negligible difference in dose when equivalent kilovoltages were used.
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40
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Figure 33. Three-phase depth exposure curves with equivalent
kilovoltage single-phase data points superimposed.
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V. CONCLUSIONS

The information derived from this study leads to the following

conclusions:

(1) Three-phase diagnostic x-ray systems, having kilovoltage

waveforms with less ripple, produce x-ray beams of higher effective

energy than do single-phase systems operating at the same peak kilo-

voltage.

(2) When single-phase and three-phase systems are used to per-

form a given radiographic examination, the kilovoltages can be adjusted

to provide equivalent x-ray beam quality to produce similar radio-

graphic results. There is no appreciable difference in the dose distri-

butions when this is done.

If equal tube currents are used under these conditions, the ex-

posure time required by three-phase systems will be 80 to 90 percent

of that required by single-phase.

(3) When single-phase and three-phase systems are operated at

equal peak kilovoltages to perform a given radiographic examination,

there is a divergence in the dose distributions, with the dose at a given

depth being greater for single-phase systems. The dose differential

is greatest at the incident surface, decreasing to zero at the exit

surface.
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(4) Single- and three-phase systems operated at equal peak kilo-

voltages do not produce radiographs of the same quality. The higher

effective energy of the x-ray beam produced by the three-phase system

results in lower contrast with less visibility of detail.

(5) When equal kilovoltages and tube currents are used, three-

phase systems can produce radiographic exposures in 40 to 60 percent

of the time required by single-phase systems.

(6) The higher tube-currents and greater tube-loading charac-

teristics of three-phase systems make possible the very short expos-

ure times required for certain radiographic procedures.
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APPENDIX

X-RAY EQUIPMENT MANUFACTURERS PRESENTLY
MARKETING THREE-PHASE APPARATUS

Balteau Co.

Chenailie Corp.

Chirana Naradni Podnik Co.

Liege, Belgium

Saint- Cloud, France

Prague, Czechoslovakia

Compagnie Generale de
Radiologie Is sy- les -Moulineaux, France

Elema-Schonander Co. Solna, Sweden

General Electric Co. Milwaukee, Wis. , U. S. A.

Gilardoni Co. Mandell° Lario, Italy

Keleket/ CGR Waltham, Mass. , U. S. A.

Koch and Sterzei Berlin, West Germany

North American Philips, Inc. New York, N. Y. , U. S. A.

Picker X-Ray Corp. Cleveland, 0. , U. S. A.

Profexray Des Plaines, Ill. , U. S. A.

Rangoni and Puricelle Bologna, Italy

Siemens Corp. Erlangen, West Germany

Sierex Ltd. London, England

Transformatoren and
Rontgenwerk Dresden, East Germany

Watson and Sons Wembley, England

Westinghouse Corp. Baltimore, Md. , U. S. A.



94

CALCULATION OF PEAK, AVERAGE, AND ROOT-MEAN-SQUARE
VOLTAGE AND CURRENT FOR SINGLE- AND THREE-PHASE

X-RAY GENERATORS

These calculations are for generators operating at a peak voltage

of 100 kilovolts and an average current of 100 milliamperes and as-

sume sinusoidal waveforms.

The average and root-mean-square (rms) values of the positive

cycle of a sine wave are 0.637 and 0.707 times the peak value, re-

spectively (79).

For single-phase:

Average voltage = .637 x 100 kV = 63.7 kV

Rms voltage = .707 x 100 kV = 70.7 kV

Peak current = 100/.637 = 157 mA

Rms current = .707 x 157 = 111 mA

Three-phase waveforms may be considered to be composed of a

constant component with a ripple superimposed. The voltage ripples

for 6-pulse and 12-pulse generators are 13.5 kV and 3.4 kV, respec-

tively. The corresponding constant components are 86.5 kV and

96.6 kV, respectively.

The average and rms three-phase voltages are equal to the con-

stant components plus the respective average and rms components.

Average 6-pulse kilovoltage = 86.5 + .637 x 13.5 = 95.1 kV

Average 12-pulse kilovoltage = 96.6 + .637 x 3.4 = 98.8 kV
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Rms 6-pulse kilovoltage = 86.5 + .707 x 13.5 = 96.0 kV

Rms 12-pulse kilovoltage = 96.6 + .707 x 3.4 = 99.0 kV

The current ripples for 6-pulse and 12-pulse generators are

.135 and .034 times the peak current, respectively. The corres-

ponding constant components are .865 and .966 times the peak current,

respectively.

The average three-phase current is equal to the constant com-

ponent plus the average of the ripple.

For 6-pulse generators:

100 = .865 x peak + .637 x .135 x peak

peak current = 105 mA

For 12-pulse generators:

100 = .966 x peak + .637 x .034 x peak

peak current = 101 mA

The rms three-phase current is equal to the constant component

plus the rms of the ripple.

For 6-pulse generators:

rms current = .865 x 105 + .707 x .135 x 105

= 105 mA

For 12-pulse generators:

rms current = .966 x 101 + .707 x .034 x 101

= 100 mA


