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With an experimental arrangement similar to that for silver, an
aluminum foil (4.74 mg/cm?) was irradiated by photons of 13.9, 17.1, and
20.8 Mev energies, The proton distribution was spherically symmetric at
all energies, and the number of protons/atom/r x lO19 for an X-ray energy
of 20.8 Mev was 2.8.

The (¥ ,p) cross section in aluminum gave a maximum cross section
of 6 millibarns at an energy of 18 Mev, For (¥ ,n) reactions the maximum
cross section had not been attained at 22 Mev, For silver the (¥ ,n)
cross section reached a maximum of 0,32 barns at 16.5 Mev,

The applications discussed have been in using the betatron to pro-
duce various radioactive substances by (¥ ,n), (¥ ,p), and other processes.
The activities of these substances have been used to determine threshold
energies, yields, and cross sections for the various resctions, In most
cases, a Vietoreen r-meter has been used as the monitor, but other moni-

tors may be employed.

Neutron Yields from Gamma-Induced Reactions

Another method for obtaining cross section measurements of (¥ ,n)
reactions and for determining the absolute neutron yields from these re-
actions is to measure the activity produced by captured neutrons in a
foil. Price and Kerst (93) have obtained absolute neutron yields as a
function of Z, for 53 elements, using 18 and 22 Mev radiation. A sche-
matic diagram of their experimental arrangement is shown in Fig. 26a
(93a). TFig. 26b (93b) is a detailed diagram of the detector.

The detector was a rhodium foil in a large paraffin block placed
in a double-walled lucite box, Fast neutrons from the irradiated sample

passed through a layer of boron carbide, placed between the walls of the
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of various samples.
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lucite box, and were moderated by the paraffin. As slow neutrons, they
were captured by the rhodium, and the L4-second beta activity which re-
sulted was measured by a Geiger counter. Large paraffin blocks in con-
Junction with the boron carbide shielded the foil from stray neutrons.
The concrete wall shielded the detector from X-rays and helped to mode-
rate the fast neutrons from the betatron. The detector was calibrated by
a 25 milligram standard radium-beryllium neutron source placed at the
sample position,

To eliminate the effect of fluctuations in the X-ray beam intens-—
ity, a Rh foil was used as monitor. Since the number of neutrons gen-
erated in the betatron depends on the X~ray intensity, the activity of
the Rh monitor foil produced a megsure of the X-ray intensity, By plac—
ing a thick-walled Victoreen ionization chamber at the normal sample
position, the Rh monitor was calibrated,

Utilizing the small, portable detector, Fig. 26a, measurements
were made to determine the angular distribution of neutrons, Samples
tested were iron, lead, beryllium, and deuterium. Beryllium and deu-
terium were found to have the previously observed asymmetric distribution
with a meximum intensity of 90o from the X~ray beam, Iron and lead were
found to be spherically symmetric,

The counting scheme was to irradiate the sample at a fixed maximum
energy for three minutes, wait 30 seconds, and measure the Rh L)4~second
beta activity with a Geiger counter for three minutes. From the detector
calibration curve, the number of neutrons impinging on the Rh foil could
be determined. Then, by using the monitor calibration curve, the number

of photo-neutrons emitted by the sample per mole per roentgen could be
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determined. Fig. 27a (93c) shows the neutron yield for elements up to

Z equal 92. The curves are for maximum X-ray energies of 18 and 22 Mev.
Below Z equal 20, the curves are drawn to indicate general trends only.
Neutron yields from thorium and uranium do not fit the curves because of
the additional neutrons produced by photo-fission, Curve "A" is the yield
predicted by Goldhaber and Teller (9L4) for 22 Mev radiation and normalized
at Z eguals 90.

An experimental arrangement similar to that used by Price and Kerst
was utilized by Baldwin and Elder (95) to determine absolute neutron
yields., They measured the neutrons per mole per roentgen from elements
ranging in Z from 5 to 92 when irradiated with 50 Mev X-rays., Fig. 27b
(95) shows the neutron yield as a function of Z.

Recently, Kerst and Price (96) determined the neutron yield ob-
tained by bombarding samples with 320 Mev radiation. Except for the
determination of the X-~ray intensity by the temperature increase in an ir-
radiated lead block, the equipment was the same as that previously used,
With a Victoreen 100-r ionization chamber shielded by 1/8 in. of lead,
the intensity was 7.8 x 1o'h joules/cmz/r. The yield of neutrons per
mole/erg/cm2 as a function of Z is given in Fig. 27c (96).

Becker, Kirn, and Buck (97) developed a special probe with which
the betatron may be used to produce highly radiocactive samples of Cu62.

A thin, folded copper foil, spring-clipped to one side of a small probe,
is inserted in the donut. Since Skaggs et al. (98) found that the cross
section for photo-disintegration is about 400 times greater than that for
electro-disintegration, a thick lead block is placed on the other side of

the probe, When the electron beam is expanded, X-rays are produced at
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the probe and irradiate the copper foil. This technique produces acti-
vities more than a thousand times greater than those realized when the
betatron is used in the conventional manner, The probe is removed
through an air-lock in the donut. By this method of irradiation, speci-
fic activities in excess of 5 millicuries of Cu62 positron activity per
gram have been obtained. It should also be possible to increase activity

in other materials by this same method.

Electro-Disintegration

6 1
Experimental studies of the electro-disintegration of Cu 3, Ag 07,

and Ag109 have been made by Skaggs et al., (98) employing the electron
beam extracted from a 22 Mev betatron by a magnetic shunt. The beam
current was in the order of Q.01 microampere and concentrated in an area
5 cm wide and 2 cm high at a distance of 45 em from the donut window,
Different specimens, placed in the center of the beam were irradiated,
and the sample activity was measured by a thin window Geiger counter.
Another sample of the same material, placed just beneath the electron
beam, provided a means for measuring the photo-activity caused by stray
X~rays, The cross section for the electro—disintegration of Cu63 W&s
l.4, 16, and 32, with each value multiplied by 10—29cm2 for electron en~
ergies of 13, 16, and 17.5 Mev, respectively. Cross sections for elec-

1 o - 2
tro-disintegrations of Ag o7 and Agl ? were 54 and 79 x 10 29 cm Trespect-

ively when irradiated with 16 Mev electrons.

Elactron Scattering

The elastic scattering of 16.5 Mev electrons has been studied by

Lyman, Nanson, and Scott (99) to determine the scattering cross sections
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of different materials, The electron beam, focused to a 2 mm spot 4 meters
from 2 22 Mev betatron by a magnetic lens, passed through a low pressure
ion chamber and impinged upon a thin target at the center of an evacuated
scattering chamber, Scattered electrons were selected in angle by a lu-
cite aperture, analyzed and refocused by a 750 Nier type magnetic analyzer,
and detected by coincidence Geiger counters, Scattering cross sections in

barns per unit solid angle are given in Table VII (99).
TABLE VII

Cross Sections for the Elastic Scattering of Electrons

Element Cross Sections (in barms)
(30%) (90%) (150°)
C 0.13 0.0010 0.000044
Al 0.65 0.0051 0,00022
Cu 3.1 0.031 0,0013
Ag 9.6 0.104 0,004,

Au 30 0.37 0.021
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CHAPTER VI

RADIOGRAPHY WITH THE BETATRON

The application of the betatron to thick-section radiography has
been investigated. For a device to be of radiographic usefulness for in-
dustrial purposes, it must produce on a photographic plate a clear picture
showing as many of the details as possible, This means that the focal
spot must be small, the absorption of the radiation must be a minimum,
and there must be a minimum of X-ray scattering in the sample, These re-

guired conditions are fulfilled by a betatron.

Characteristics of High-Energy Radiography

Measurement of the focal spot was accomplished by Almy and Adams
(100) with a pin hole camera, NMidway between the betatron target and
film was placed a lead plate having holes ranging from 0.0135 in. to
0.040 inches. From the spot size on the film the target focal size could
be determined. A wedge-shaped platinum target having a height of 0.0l in.
was used, and the X-ray origin was measured to be 0,01 in, high and less
than 0,005 in. wide,

Adams (80) determined experimentally the absorption coefficients
for lead, iron, and aluminum and found that these coefficients are essen-
tially the same as predicted by theory. The minimum absorption for these
materials occurs at an energy of about 4 Mev, 7 Mev, and 15 Mev, respect~
ively. High X-ray intensities for each of these energies are produced
with a betatron operating at 22 lMev, For a twenty-inch-thick section of

steel, the efficiency of penetration is 3 for a 10 Mev betatron, relative
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to a maximum efficiency of 100 for a 25 Mev betatron. Then the effi-
ciency decreases slowly to 40 for a 90 Mev betatron. For peak energies
from 90 Mev to 105 Mev, the penetration is approximately constant.

The radiographic figure of merit, F, is the ratioc of the total
exposure on the film, caused by the primary rays plus the secondary rays
originating in the specimen, to the film exposure caused by the primary
X-rays alone. Ideally, F is unity. From measurements, F is 1.2 for a
20 Mev betatron and increases to 1.7 for a 10 Mev betatron when a speci-
men of steel 4 inches thick is radiographed. At one or two Mev, F is
of the order of 10; therefore, at these low energies about 80 to 90 per
cent of the film density is produced by secondaries. Hence, it is found
that F increases as the X-ray energy decreases and also increases with
specimen thickness.,

As a result of the low intensity and diversions of the secondary
radiation, it is not necessary for the radiographed specimen to be of a
single thickness, Thus, the laborious job of blocking the specimen, often
required in low energy X-ray work, is eliminated,

Because of the X-ray beam characteristics, focal spot size, and
low intensity of scattered radiation, Almy and Adams (101) found that it
is possible to obtain magnification of the radiogrsphic image using the
betatron. An example of this was the radiograph taken of the jaws of a
caliper opened 0.001 inch. The caliper, between 1 in, thick sections of
iron, was placed one meter from the target while the film was 3.3 m from
the target. The developed film showed clearly the slit and all of the
mechanical details of the caliper enlarged 3.3 times,

Since the X-ray beam is primarily in the forward direction,
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o
intensity being 3 of the maximum 4% from the beam center, the correct
distance between the target and film is important for good film coverage.
A general working rule is that this distance should be at least five times

the largest dimension of the film.,

X-Ray Films and Techniques

There are several types of industrial X-ray films and many differ-
ent radiographic techniques (100a), To detect 1/32 in. flaws in steel
sections up to 8 in., thick, Eastman Industrial, Type A film is recommended,
and for sections up to 14 in, thick, Eastman No-Screen film should be
used., For detection of 1/16 in. flaws in steel or to inspect assemblies
with great variation in thickness, Eastman Industrial, Type F film with a
0.040 in. front lead screen for sections up to 12 in, thick or 0,030 in,
lead and "W" screens for sectioms up to 20 in. thick give the clearest
radiographs., In addition to "W' screens, which are fluorescent, Patterson
Hi-speed screens are used,

Fig. 28a (10la) shows the exposure time required to radiograph
various thicknesses of iron using different film and screen techniques,
The exposure time is that reguired to produce a density of 2 on the film
when it is developed 10 minutes in D-19B developer, ZX-ray intensity, as
measured by a thick-walled Victoreen r-meter, is 50 r/min at 1 m; the
target to film distance is 72 inches.

Fig. 28b (100b) is a graph of the quantity of radiation, in
roentgens, three feet from the betatron target required to produce a
density of 2 on the film for different thicknesses of steel., Industrial,
Type A film with a 0.040 in. front lead screen is used. The different

curves show the effect of changing the target to film distance, If
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Eastman No-~Screen film is used, the exposure given in Fig., 28b will be
21 times too much, Exposure time may be calculated by determining the
X-ray intensity in r/min at 3 ft.

Fig. 29 (102) is a graph of exposure time versus plate thickness
to radiograph steel plates using various peak X-ray energies and screens,

The target to film distance is 48 inches,

The 4 Mev Betatron

Film~developing procedure is outlined in reference (100), and a
detailed discussion of films and screens is presented by Sproull (103).

A L Mev portable betatron has been developed for radiographic
purposes. The intensity output is approximately 0.04 r/min at 1 meter.
Since the ¥ -radiation from 1 kg of radium produces approximately 13.8
r/min at 1 m (105a), this betatron has an intensity equivalent to about
2.9 gm of radium, Since the focal spot is less than 0,010 in, along its
greatest dimension, the source of radiation is much smaller than that for
an equivalent radium source, The definition in detail is not so good as
with the 20 Mev machine since much more of the image is caused by second-
ary radiation., However, clear radiographs can be taken without blocking
the specimen., Using Industrial, Type F film and 0.02 in. lead screens at
a distance of 30 in,, an expoéure time of about one hour is required to
radiograph a 4 in. section of steel.

The intensity of radiation from this betatron was measured using a
Victoreen r-meter; the beam struck a masonry wall 4 ft. from the target.
The quantity of radiation received during an eight-hour day ten feet from
the target is small, In 1;50 increments, positive angles 10 ft from the

direct beam the intensity measured 0.30, 0,01, 0,05, 0,075, 0,05, 0.00
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and 0.42 r/8 hr day. Therefore, any position ten feet away directly to
the side or behind the betatron should be a safe location for personnel.
Since the details of the method of measurement were not stated, and since
the scattered radiation may increase when large metal specimens are ra-
diographed, this radiation survey is not too reliable.

Several 4 Mev units have been built at the University of Illinois,
at an estimated cost, in 1945, of $5,000 per unit. This price included

two sealed-off vacuum tubes which cost approximately $400 each (101),
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CHAPTER VII

MEDICAL APPLICATIONS

The aim of radiation therapy is to destroy completely malignant
growth while causing only a tolerable injury to the skin and surround-
ing tissue., All radiation therapy developments since ROntgen's discovery,
more than fifty years ago, are directed toward this objective. The use
of penetrating gamma-rays in beam and interstitial radiotherapy, higher
voltage equipment in X-ray therapy, neutron beam therapy, high energy
electrons therapy, and finally the treatment of localized tumors by the
selective absorption of artificially produced radicactive substances
seek primarily to improve the effectiveness with which a tumor is sub-

jected to high energy radiation,

High Voltage Radiology

Applicstions of external radiation sources such as X-rays, usually
referred to as roentgen rays in medical applications, are the most cus-
tomary appreoach to the deep therapy problem. A beam of the required
aperture and intensity may be directed toward any desired region. Such
therapy, however, has suffered in the past from the limitation that the
beam must enter through the radiosensitive skin and undergo considerable
absorption and scattering before it reaches the region of a deep tumor,
Many of these difficulties are reduced by an ingenious choice of treat-
ment distance, radiation field size, and the number of beam portals
through which the radiation enters the body, More often than not, how-

ever, in the treatment of deep-seated malignancies with roentgen rays of
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200 or LOO kev, the total dose and daily dose are established not by the
optimum amounts needed to destroy the tumor, but rather by the limitations
of surrounding normal tissue or the exposure of the skin through which the
radiation passes,

Approximately thirteen years age at the Collis P. Huntington Me-
morial Hospital, Boston, use of high voltage roentgen rays, having an
energy of 1 Mev, was initiated in the treatment of deep-seated malignan-—
cies (104). Since then, roentgen rays of energies to L Mev have been
utilized. This increase in energy was a definite step forward in the
more effective treatment of tumors well within the body, With 3 Mev
energy rays it became possible to deliver upwards of 5,000 r utilizing a
single port of entry, in daily doses of from 300 to LOO r, without skin
irritation or epilation of hair. The maximum jionization or dose received
is not at the skin, and the electrons within the body are scattered more
in the forward direction than when lower energy rays are used. The con-
ditions are a consequence of high energy radiation,

By utilizing the betatron, a beam of high energy roentgen rays be-
comes available for possible use in medical therapy. The instrument is
also a source of approximately monoenergetic electrons which mey be useful
to the radiologist., Electron therapy will be discussed in the latter part
of this chapter.

Before a patient can be subjected to the intense ionization pro-
duced by a beam, 20 Mev or higher, energy X-rays, the early snd late re-
actions caused by irradiation must be known as accurately as possible.

It is not the purpose of this chapter to present a medical interpretation

or evaluation of these reactions, but to present the physical properties
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of the high energy radiation when it is absorbed in a tissue-like ma-
terial. The auxiliary equipment required for the medical application

of a betatron will also be discussed, and the physical characteristics of
200--400 kev, 2 Mev, and 22 Mev radiations will be compared.

Radiation from the betatron cannot be used effectively for medical
therapy before problems involving stray radiation, collimation of the
beam, production of radiation fields of a variety of different sizes,
depth~dose distribution, bioclogical effectiveness of betatron radiation,
and construction of a betatron which is flexible with respect to its po-
sition and orientation of the beam are investigated. The problem in-
volving the fluxibility of the beam has been solved by Allis-Chalmers in

their new 24 lMev instrument, Fig., 18,

Auxilisry Equipment

Successful shielding of the betatron to reduce the stray radiation
to a safe level has been effected by Quastler, Adams et al., (105), and
later modified by Johns et al. (106). The stray radiation consists of
electrons from the betatron, unabsorbed primary roentgen rays, and second-
aries produced in the absorption and scattering of the primary rays by
any material placed in the beam. Fig. 30 a (107a) shows the arrangement
for shielding. Lead sheets, 1/32 in. thick, separated by fish paper, form
an inner shield placed between the coil boxes, On each side of this
shield and in the region near the X-ray target are placed blocks of lucite,
The electron-shielding material, lucite, was selected so that the X-rays
produced in the absorber would be minimized, Lead was the absorber for

the primary stray X-radiation. A second 3 in. thick lead shield covered
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the entire front of the betatron to absorb any radiation which was not
absorbed by the other shield. In addition to lucite being a shield for
electrons, it also reduces the intensity of the stray neutrons produced,
By employing the basic shielding arrangement shown in Fig., 30a with pos~
sible modifications for a specific instrument, a 22 Mev betatron can be
adequately shielded for medical applications.

To make the high-energy X-ray beam useful, it is necessary to be
able to select the size of the radiation field conveniently, and to be
sure that the radiation outside this field is biologically insignificant.
The apparatus required to meet these requirements is illustrated in Fig.
30a and Fig. 30b (107a). A master collimator 4 (Fig. 30b), consisting
of a stainless—-steel nonmagnetic rectangular case, filled with a mixture
of lead pellets, lead oxide and glycerine, is inserted through the two
shields so that its central axis is coincident with the X-ray beam axis.
A square step-shaped hole passes through the collimator. Into this hole
may be inserted a lead plug D (Fig. 30b), which determines the shaspe of
the radiation field, To increase the accuracy in the determination of
the exact size and position of the field as the radiation enters the
body, a treatment cone, E (Fig. 30b) is comnected to the face plate of
the master collimator. The treatment cone acts only to indicate the beam
position and has no collimating effects., A different lead plug and cone
are required for each radiation field size. Because of the pronounced
intensity of the X~rays in the forward direction, the intensity varies
considerably across the beam, For a betatron operating at 22 Mev, a 10
cm diameter field 75 cm from the target has an intensity at the edge of

only 1/2 that at the center (105), Ideally, the intensity should be
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uniform over the entire field. This condition can be approximated by
utilizing a conical filter. At conventional energies, 200 to LOO kev,
filters of high atomic number are generally used to absorb the low energy
components in the beam, but for energies of several Mev these filters

are not satisfactory because of the absorption by pair formation. How-
ever, filters of carbon, aluminum, or copper can be utilized in the high
energy region. Since the total absorption coefficient for copper is
approximately constant from 5 Mev to 25 Mev, and since a copper filter is
the easiest to make, this material is usually employed. Fig. 30a and
Fig. 30b show the copper~compensating filter, The filter and a monitor

are mounted in the master collimator,

Depth-Dose Distribution

The depth-dose distribution and the biological effectiveness of
the radiation from the betatron are the two factors which primarily de-
termine the therapeutic usefulness of high voltage roentgen rays. Koch,
Kerst, and Morrison (108) measured the intensity distribution of the ra=-
diation as a function of depth in an absorber for 5, 10, 15, and 20 Mev
X-rays. Charlton and Breed (109) have made depth-dose studies of roent~
gen rays of energies from 20 to 100 Mev, and Johns et al. (106) have
investigated the depth-~dose for radiation in the 22 Mev region. Also,
Trump et al. (110) have investigated the characteristics of roentgen ra-
diation from 1 to L Mev energy from an electrostatic generator. Quastler
has studied the biological effectiveness of betatron radiation and has
published several papers on this subject. One of the more recent articles
is given in reference (111).

The intensity distribution of radiation in an absorber can be
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determined by making approximately point measurements using a small ion-
ization chamber. Since the density of water is nearly the same as that
of tissue, water is often employed as the absorbing medium, 4 remote-
control probe type of ionization chamber and a positioner (106) have been
developed by the betatron group at the University of Saskatchewan for
depth-dose measurements, (A similar probe and positioner were developed
by Laughlin and Davies (112).) With this movable probe, a 22 Mev beta-
tron, and the auxiliary equipment previously described, measurements were
obtained of the dose distribution for a variety of sizes of the radiation
field (106). The target to entrance surface distance, referred to as
the focal skin distance (F.S.D.) was 70 cm and 105 cm for two sets of
data. Curve A, Fig. 31 (106a) illustrates the per cent depth~dose for a
15 cm diameter circular field at 105 F, S, D,; curve B shows the condi-
tions for a 10 cm diameter circular field at 70 em F, S. D. By measuring
the dose distribution throughout the volume, isodose curves may be plotted.
Each curve represents a region of egual ionization and has a per cent
value based on a maximum ionization of 100, Fig. 32a (106b) shows the
isodose curves for 22 Mev radiation using a copper compensating filter,
an F, 8. D, of 105 em, and a 6 cm x 15 cm rectangular-shaped field,
Because of the high energy of the incident radiation, the maximum
depth~dose does not occur at the surface of the absorber, For a tissue-
like substance, the radiation is absorbed prinecipally by the Compton
process. The Compton electrons are scattered primarily in the forward
direction and produce, by collision, thousands of low energy secondary
electrons, The maximum ionization is reached at that distance below the

surface at which the first Compton electrons have on the average expended
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their energy in ionization and stopped. Fig. 32a shows that this dis-
tance is about 4 cms This maximum depth-dose distance is not appre~
ciably affected by variations of 70, 105 (106), or 196 (109) cm in the F,
S. D, for copper-filtered 22 Mev radiation. However, because of the
effect of the inverse square law, there is a slight increase in this depth
for unfiltered 50 Mev radiation as the F. S, D. is increased from 132 to
510 cm (109).

The action of the compensating filter not only produces a beam
having a uniform cross-sectional intensity but also reduces the low
energy components, Therefore, by utilization of a filter, the maximum
depth-~dose distance is increased from about 1.5 em (109) to approximately
L-em (106).

Exact measurements of the dose at the surface are critically de-
pendent upon the wall thickness of the ionization chamber and the con-
tamination of the beam by stray electrons. Therefore, the surface dose
cannot be accurately determined, but this dose 1s estimated to be less
than 30 per cent of the maximum,

Another interesting fact obtained by comparing the isodose curves
for different sizes of radiation fields is that the ionization density for
a specific depth is not a function of the field area for a constant tar-
get—-skin distance. This can be illustrated by a comparison between a 9
cm circular field (106) and a 6 x 15 em® rectangular field, Fig. 32a,
when both have a F. S. D. of 105 cm. Both fields produce maximum ioni-
zation 4 cm within the absorber, 90% at 8 cm, 80% at 11 cm, 70% at 14 cm,
60% at 18 em, and 50% at 23 cm.

Although the depth of the maximum dose does not vary with changes
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in the field cross section or focal skin distance, the per cent dose in
the surrounding region does vary as the F, S, D, changes, This fact is
illustrated in Fig. 31 for F, S, D, of 105 cm and 70 ecm. If a specimen
thickness of 16 cm is assumed, the exit doses are approximately 65 per
cent and 57 per cent of the maximum for the two distances when 22 Mev
radiation is used., If higher energy radiation is employed (109), the
maximum dose appears at a depth greater than 4 em. The entrance dose is
decreased, but the exit dose is substantially increased. It is quite
possible that the exit dose will determine the maximum energy which may
be used, as well as the focal skin distance,

A method by which the per cent depth-dose may be calculated for

any depth within a specimen and any F. S. D. is given in reference (106).

22 Mev, 2 Mev, and 400 Kev Radiation Compared

For deep therapy the application of radiation having an energy in
the million volt region has several advantages over lower energy radia-
tion, 400 kv and below, One of the primary advantages is that the
maximum dose received does not occur on the skin but at a distance below
the surface, which increases as higher energy X-rays are used., Fig. 32
shows the depth-dose distribution for 22 Mev, 2 Mev and 40O Kev radia-
tion. This reduction in surface dose partially explains why the tolerance
of the skin to radiation increasses as the X-ray energy is increased (113).

The reduction in erythems is another advantage of million volt ra-
diation in the treatment of deep—seated lesions,

In the application of 400 kv radiation to a region, the depth-—dose
is critically dependent on the size of the radiation field. Hence,

for a region to receive a specified dose, it is quite possible that the



133

field must be so large that the surrounding tissue will receive a dose
which prohibits the application of roentgen ray therapy. This disad-
vantage does not exist for 22 million volt radiation because now the in-
tensity is independent of the radiation field size,

To apply low voltage X-rays in the treatment of deep-seated malig-
nancies, it is often necessary to direct the beam toward the tumor from
several directions. This technique, known as cross firing, enables the
radiation to be distributed in the surrounding tissue while still being
concentrated in the tumor region, Cross firing requires the movement of
either the X-ray machine or the patient., Often six or even eight portals
of entry are required to produce a given depth-dose,

By using radiation in the million volt region, however, cross
firing becomes less important. For 22 Mev radiation, the maximum dose
occurs 4 cm below the surface and reduces to only one-half of this maxi-
mun 22 cm within the specimen (Fig. 32a). Therefore, it is now possible
to irradiate a deep—seated tumor utilizing only one portal. However, when
a depth—dose greater than that obtainable from a single beam at a specified
depth is required, cross firing using any number of beams may be employed.
Johns et al. (114) have made an extensive study of the depth-dose distri-
bution of 22 Mev radiation for cross firing utilizing 2, 3, 4, and 6 field
portals. Studies were also made of the distribution in dose when cross
firing was applied to 400 kva X-rays, Fig. 33a (114a) and Fig, 336 (114a)
show the dose distribution when four fields are applied to a region,

Trump et al. (110) have obtained isodose curves for 2 Mev I-rays,
and they have studied the ionization density within a specimen when

single portal, three portal and continuous portal cross fire techniques
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were employed using 200 kev and 2 Mev radiations, From Fig. 32b (110a),
it is evident that the dose distribution is approaching that for 22 Mev
X-rays, However, in this low million volt region, the intensity distri-
bution is partially controlled by the size of the radiation field,
Fig. 33c (110a) shows the relative intensity of 2 Mev radiation necessary
to produce an intensity of 100 at a depth of 10 cm using single beam and
cross firing techniques.

Fig. 34 (105a) shows the relative intensities of 20 Mev and 200
kev radiation as a function of depth within an absorber. The curves have
been normslized so that the same intensity is produced by the two beams

at a depth of 7 cm and 12 cm in a tissue-like material.

Electron Therapy

Since the biological effects of roentgen rays and radium are caused
by the secondary electrons which are produced when roentgen rays pass
through tissue, many attempts have been made to utilize directly a beam
of electrons, The primary reason why electron therapy has not been more
successful in the past is that the incident electrons were of too low an
energy. However, with the application of the betatron a source of pene~
trating electrons is available,

The principal advantages of electrons relative to the X-ray beam
are shown in Fig. 35 (115). A peak depth-dose is obtained which increases
with the incident electron energy. The depth-dose decreases rapidly
beyond this peak so that there is usually no effect at the exit portal.

In tissue, the maximum electron range, measured in centimeters, is approx-
imately one~half the maximum energy, in Mev, minus 0.5 en.

Electrons from a 6 Mev betatron have been used in Germany in the
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treatment of a number of cancer patients (116). The results of these
treatments were most encouraging.

Additional information concerning electron therapy is given in
references (117) and (218).

From this review of the medical applications of the betatron, it
was shown that the instrument produces an X-ray beam which has many of the
fundamental characteristics reqguired for the treatment of deep-seated
malignancies. Also, there is justification for additional experimenta-

tion to further determine the properties and effects of the electron bean,
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APPENDIX I
VECTOR NOTATICH IN CYLINDRICAL COORDINATES

Using mutually perpendicular unit vectors_gl, 21, and k, we have

cos @, y = rsin O, and z = z. Alsq,
Vor A LD Fk 2,
ng g g
2 2 2
VA:_l_B(rBA),Z_l_ D £ D%
rorl or) 232 S
r 1] z
VA = r] DAFA O 1 ALK 24,
ler 3736 3
VoA = 1 d(ra) A1 DR £A
r or r 0 Dz
ﬂ Cal ﬁ
r r
VA L |l D 2 2
Jr 00 oz
Ar rig A,
~ {lbﬁ_b(mgy Lo DA _ DA, %,ﬁ (TAgy DAY,
r»o Dz >z T r r 20
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APPENDIX II
DERIVATICN OF RELATION BETWEEN Br AND BZ

By the expansion of WeB, we have,

v-B = 12B) 11 B BB, = o
- r or r 08 Oz

Since 1 }Be - 0, B becomes
r 00

}(I'Br) - r\oBZ .
~r T3z

Upon integration this becomes

r
rB - rszdr.
>z
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APPENDIX III
DERIVATION OF LCUATION /7/

Beginning with Maxwell's eqguation

ViH = _id,%%,

where

i, = current density which is zero for a vacuum,

D = eE,
B = aui, amd
ue = 1/¢2.
By substitution ;we have,
vrp = medf
- >t

By expanding w»*B, the terms which are not zero give

BB. _ BB, - MAedE,

-

- 3z S ST

Since r is not a function of z, by equation /4B/, we have,

43

r
2
}Br -1 r>Bzd

T
dz rJo SZZ
and by /44/

r 2
\OEO = =-1l] r >Bz dr .
Dt rdo S+2

-

Therefore, by substitution equation /7/ is obtained, which is

T
2
1 1 rBBzdr"'O.

r
-1l r B232 dr —XBZ%___ =
rJjo 522 or ¢? o St?.
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APPENDIX IV

PROOF OF EQUATION /8B/

Substitution of equations /4A/ and /4LB/ into equation /2B/ gives

2
_d(mr'e) =
dt t
r
Now let Q = e rB, dr. Also d3
A at
Since B, = f(r,z,t), we have
r
DB
D3 - erB, , 020 = e] r z dr
S 0 I
Therefore,
r
dg = erBt fze| r
dt °
Hence,

43 = d(mr?8) =
dt dt

which is equation /8B/.

r
el I
poe o+ 22

r r
ef r )Bz dr f ez r 3B, gr # ertB, .
o ot o 27

2

T Wk A0

r
, %_O, = el r 3B, gr
t o ot

B, dr / 2B

z dr .

r
frBzdr
e dJo

t
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APPENDIX V
DETERMINATION OF THE RELATIVISTIC MASS EQUATICN

Using the expression /9B/ and the equation for the velocity of the

particle, a mass equation may be derived from the general mass formula,

Here
. 2 2
(r6) = e.32
- 2
2 2 -m2 2
and v =1 £(0) £z .

By substitution of these equations intom _ mo/(l - v2/02)%, we obtain

2.2
m2 = moc .
2 .2 2.2 .l
¢ = (r £e 5 42z27)
m2

This expression reduces to equation /11/, which is

2.2

2.2 2a2
mle? = WmGe £ e<s

1 - (32 4 85/
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APPENDIX VI
SIMPLIFICATION OF THE KINETIC ENERGY EQUATION

The kinetic energy equation /12/, which states that

1
eS z

m_c? Do - 1%,

m czp--(f z)/c]
e

may be reduced to the more general form for the relativistic energy.

If we gssume that r and z are zero and recall that

L 4
S = mré - wv,
e T e

then the expression reduces to

2.2
T = V(mv)zc2 # (mge™) - mocz,

which is the general relativistic energy equation,
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