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I. TINTRODUGTION

pee~ 2 %957

The purpose of ﬁhis investigation was to maké an ex-
perimental determination of the absolute energy abéorption
per.unit mass in cortical bone under certain specified con-
ditions of irradiation. The correlation of the amount of
energy absorbed and the subsequent physlologlcal effects
would be of interest to thoae concerned with radiation‘therapy.

' Only a few investigations have been made of the rela-
tionship of enorgy absurption in bone to the amount and
quality of radiation to which it has been subjebted. Most
of theée have been indicative rather than quantitative,
Spierh@&’z work does representAan experimental quantitative
study of the above'relationehip, but his approach was
-different from the one employed in the experiments described
in this thesis., As a consequence; the assumptions which had
to be made ih order to make his experimental approach feas-
ible are different from the ones usad‘as a basis for the
work presented here, For this reason, comparison of results

should be quite instructive. On the other hand, Méyneord3

¢

1 F. W, Splers, "Effective Atomic Number and Energy Absorp-
tion in Tissues," British Journal of Radlology, XIX
(1946), 52-62.

2 P, W. Spiers, "Dosage in Irradiated Soft Tissue and Bone,"
British Journal of Radlolo XXIv (1951), 385-368,

3 W. F. anneora, WSecondary ectronic Emission from Metal
Polls and Animal Tissues," Proceedings of the Royal -
Society of London, Series A; CXXX 115307: 83-80.
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and S&epstrom4 ugsed cavity ionization methods in their ex~-

perimentation, but no dttémpt was made to make the‘procedures
cbnform to the limitations which make the results capable of
being interpreted in terms of energy absorption.- Thus 1t
was felt that the 1nforhation gained by'this 1nve§tlgation
should be of value in the field of radiology.

Secondary objectives were the designan‘é construction
of an lonization chambéf:made from cortical bone and the
determination of the.ratio of the average maximum ranges of

electrons of specified'energy in two different media.

o
)
!
)

113
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II. THEORETICAL BASIS OF THE EXPERIMENT

The utilization of thimble ionization chambers suggest-
¥

ed 1tself as the most direct and convenient method of inveg~-

. .
tigating the stated problem. Braggs, Fricke and Glaasers,

7,8,9,10

and Gray each 1ndependent1y studied cavity ioniza-

tion'methods. The mathematlcal bagis for the use of sucH
chambers as a tool in research has been developed by Grayll‘
He derived a relationship between the 1onization per unit
volume per unit time in an infinitely small air cavity intro-
duced into a solid medium and the energy absorbed per unit
volume per unit time in the same solid medium when 1t was
being irradiated with uniform intensity., This relatlonship

1s mathematlocally stated as follows:

£, = *%és I, Wy

5 W, H, Bragg, Studies in Radioactivity (1912), pp. 91-99,

6 H. Fricke and O, Glasser, "A Theoretical and Experimental .
Study of the Small Ionization Chamber," American
Journal of Roentgendlo XIIX (1925), 453-48T. '

7 L. H. Gray, "The Eanrp§¥on of Penetrating Radiation,"
Proceedings of the Royal Society of London, Series A,

. )y
‘8 L. H, Gray, 5An Ionization Méthod for the Absolute

Measurement of Gamma Ray Energy," Proceedings of the
Royal Society of London, Serles A, CLVI (195 3
g — ’

9 L. H. Gray, "Radiation’Do?imet§y Part I," British
Journal of Radioloix, X (1937), 600-612.

10 1. H. Gray, "Radlatlion Do?imet§y Part II," British
Journal of Radlolo X (1937), 721-742.
11 L. H. Gray, "An Ion%zation Methad for Absolute Measure—

ment of Gamma Ray Energy," Proceedings of the Ro al
Society of London, Series A, CLVY !153
¥
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where ;S is the stoppling power of the medium for eleotrons,
¢S 15 the stopping power of the gas in the cavity fqr
electrons, J, 1s the number of ion paira formed per unit
time per unit volume in the gas of the caviti, W 1s the
average energy loat by an electron per pair o} 1ona formed,
and £, 1s the energy absorbed per unit time per unit
volume in the solid medium, .

The above relatlonship is valld only within certain
limitations which may be summar1zed in four statements.

I. The lon chamber (essentially an air cavity in a
medium) must be of such material that the fonization per,
unit volume in the air cavity 1is proportional to the ges
pressure in the cavity. | '

II, The ionizatlon per unit volume in the airfcavity
mist be independent of the size of that cavity,
III. The primary beam of radiation spould’not'bé
appreclably attenuated in traversing the chambero‘;_  o
| IV, The walls of the chamber must be thick enough for
the primary beam of radiation used to be in radiative

‘equilibrium with the secondary particles produqeq’igjthe

medium,

-

" A bone ion chamber made to conform to the above @ “f

limitiations could therefore be’ used to determine the

energy absorption’ 1n‘bone“whpn it 1s irradiated with'a glven

bgam of gemma-rays or x=rays. °
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The above discussion indicates, and expef}mentation by
Gray12 and Mayneord and Robertsl® on various materiéis has
shown, that the followilng result should be obtained if
various wall thicknqueéfdf the material surroﬁndihg'an
air cavity were»plotféd'against the 1onizatiqhtﬁér'nnit
time in the cavity when the material 1is being.ﬁnitorﬁly :
irradisted. The ionization per unit time shouid.inqreaée
with decreasing wall»ﬁhickness up to a certain-maxiﬁtm after

which it decreases relatively rapldly with decreasing wall

thickness, The thickness at which the maximum lonization b

ooccurs 1s that which most nearly satisfies both statement
IIT and IV. This velue is called the "optimsl or eritiocal
wall thickness", See Appendix I for a more thofough’
discussion of Grey's work, ,
The evaluation of ,$/,§ of equation 1) 1s difficult
because the effective atomie number of bone andnits‘ ‘
electron density are ndt known with sufficlent accuracy.
For this study an indirect method of evaluating tﬂis
ratio had to be derived.

12 Ibid, S )

13 W, V., Mayneord and J. E, Roberts, "An Attempt at
Precision Measurements of Gamma Rays," British
Journal of Radlology, X (1937), 365-385, . ' .

s ’ -§ . ! -7
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The total stopping power of any medium is glven below

in terms of its components.

ns B nse. .J;M N/A,,1 Zm . | L2

where “Se is the .stoﬁ‘ping power per electrox;,, JN is tﬁe
‘dgnsity of the‘medium,‘N is Avogadro's number,.A,n 41s the
effective atomic welght of the medium, and Z, 15, the
effective atomic numbgrq. | -

I 1s well known that Bakelite 1s consldered an air
equivalent material and that it 1s usedhin the chamber walls
of standard thimble chambers. Therefore in the case of

Bakelite

3)

'-v :
wn

n
o]

and

. _ Z . X
L4 = a/ .
/A /Ay e
The subscripts, a,b, and B, refer respectively to air,

bakelite and bone. For this reason, the ratio

may be stated as follows:

S/ =~ d :
b/ds | b/dd 4 | 5)

" Let us suppose the range (R) of electrons of a specific
energy 18 known in a médidm. The range of the electrons in

the material must be inversely proportional to the si:oppir‘lgwﬁ
N ar T f/r;——fu/-— RS %‘

e Y
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power of the media for electroné. That 1s,

From equation 5) and-e) we have _
. R = Rbe/ _ o 7)
R U da | .
Furthermore ,f' ' A . :
B/R = QS ‘ . 8)
Eliminating gs/s from 1) and 8) leads to B
Ra/R wd,- e
Substituting the value of Ry from 7),
= F?,,J,/ [RAWaN 10)
Wredy W v
If all values in equation 10) are known except EV ,
' ' . B
this quantity may be evaluated.



ITIT. CAVITY IONIZATION . ‘

1, Materlals . ,

| The equipment used in this investigation consiéted of
five one-half millicurie'0g5° needles, a 250 KV x-ray unit,
a Victoreen electrometer with a standard Victoreen 100 r

Bakelite thimble ion chamber, and an ion chamber made of

- gortical bone,

It would have Bééﬁ>bfeferable to use humanfboné'in the
_construction of the bone chamber, but this waé;hotcféasiblo
because several 1aye:3-§f‘bone would have been required to
obtaln a plece of co:tf&#i bone of sufficient‘&ize;‘_The
use of several oementéd surfaces would have ;ﬁtrdducéd the
question as to the effest of the bonding material on the
results, The cortical portion of the shaft of a bovine
femur was thick enough to make the construction of the
chamber possible with two slabs of bone, One side of each
of two slabs of boné cut from a bovine femur was sanded to
a perfect plane with a power sander. The plane sides of
the slabs were cemented together with Casein cement,
Immediately after the application of the cement, the ‘slabs
were placed under pressure which forced out all excess
cement, Thus the layer of organic cement was negligibly
thick, and its effect on experimental results could also
be considered negligible,

For the purpose of this investigation the bohb‘ion.
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chamber was to be a duplicate of the standard 100 r chamber

except that the chamber walls were to be of bone instead of
Bakelite. . The alr volume of the standard 1ion ohamber.had

to be evaluated. With a depth gauge %,he hole in the chamber
was determined to be 27 O mm deep, This hole 1s a cylinder

with a hgmispherical end with a radius equal to the radius

of the cylinder. In the-open cylindrical endnof the chamber
a Bakelite plug is inaefted so that the enclosed“aif volume
whloh remains forms the ionization oavity. The depth to
which ‘the plug 1is 1nserted in the assembled unit was found
to be 16.0 mm. The radiua of the c¢ylindrical agd;homia-
pherical portions of the chamber was 3.91 mm. From these
measurements the total cavity volume was calculoted by use
of the formula

V, = mrth + Ygnr? 11)

where r is the radius of the chamber cavity, h is the length
of the cylindfical portion of the cavity remaining with the
plug inserted, and V. 1s the total cavity volume, Hence

. ‘ . . . 3 . ‘( A |
V= m (0350 em)” (0.71) + Y3 W(0.891em)= 04bbem",
From the calculated volnmp, the volume of the portiéh of the
wire electrode extending into the cavity was subtracted to
obtain the true air volume., The dliameter of the wire was.
0.76 mm and 1ts length in the cavity 8.8 mm, Tts volume of

0.004 om® subtracted from the above obtained value gives an

'?66 14
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alr volume of 0.462 cm®.

The slabs of bone cemented together furnished a piece

sufficlently thick to permit-a cylindrical portion with a

diametef of 16,0 mm to be machined on the lathe, fdne end-
of the bone was rounded to a hemisphere with a radlus equal
to that of the outer dlameter of the cylindridéllportion.'
From the end opposite the hemisphere, a hole was drilled
with a standard 3/16 inch drill whose end had also been
rounded to a hemispherse. The radlus of the drill was 0,16
mm greater than the radius of the cavity in the standard
chamber. The depth of the hole was such that the walls of

the chamber were equally thick at every point. The Jjusti~-

fication for the use of the drill was the increased accuracy

with which the air volume of the standard chamber could
finally be duplicated.
From another plece of the same femur, the plug to be

inserted into the chamber was constructed., Since the bone

had a fairly high electrical conductivity, it was necessary

to introduce a Lucite sleeve of 3.50 mu dlameter in the
center of the plug in order to insulate the alumihum wire
electrode which was to pass into the cavity thrbuéh the

plug. To accommodate the electrode, a small hole was

“drilled with a size 60 drill through the center of the

Lucite sleeve, The portion of the plug to be inserted into
the chamber was made sufficientlj longér‘than‘the similar

portion of the standard chamber plug to compensate for the

&
¥
E“

e
- ke IR
é e
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greater radius of the cavity in the bone chamber. In the

assembled unit, the alr volume was judged to be accurate

within * 0,54, See Pig. 1 for a drawing of the chamber and :

plug in which the llnear dimensions are twlce,acﬁﬁal size,
In the assembled unit the aluminum wire electrode |

extended into the air cavity of the bone chamber to ‘such

an extent that the geometrical center of the hemiapherical

'end of the electrode coincided with the geometrical center

of the hemispherical eqd of the bone chamber. In this

manner the distortion of the electiic field due to the

hemispherical end was reduced as much as possible,

" The iqside surfade,of the chamber was coated with an
infinitely thin layér:Of Aquadag in order to insure complefe
conductivity. The effect of the Aquadag on experimental
results was therefore consldered negligible.

The bone chamb;r was threaded and screwed into a
condenser unit which was as nearly a duplicate of that of
the standard chﬁmber as possible, Briefly, 1t consisted of
a brass barrel inside of which a Lucite sleeve was élaced.
See Fig. 2 for detalls. The outside surface of the sleeve
formed a continuous conducting medium with the inside
surface of the lon chamber; whereas the inside surface of
the sleeve formed another continuous conducting medium with
the aluminum wire electrode which extended‘intb:the cavity.
The Lucite between the inside and outside 1aye£s of Aquadag

served as the dielectric of éhe condensef. The electrioal

ot T =T

,Wv’-""/‘:i

,.,;A,-_\;.;Aﬂﬁi

§



FIGURE 1

Cross Section of the Bone Chamber
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FIGU;iE 2

Cross Section of Ion Chamber-Condenser Unit |

A = Ion Chamber:

B - Bone Pluéi

C = Aluminum Wire Electrode

D - Lucite Condenser .
E - Brass cylihder

F'- Brass Cap

\
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capaciﬁanoe of the bere chamber was checked egainet‘the

capacitance of the standard chamber, and they were found to

be so nearly the same'thet no difference couldrpe‘detected.

See Appendix II for the procedure used in checking the

capacitanoce. B »
Since the physical dimene}ore, the elecﬁr;ealgcapacir |

tance, and the air cavity voluhe of the bone cheﬁeeerere as .

nearly a duplicate of the standard chamber as wae experi-

mentally possible, both chambers could be used interchangeably

with the Victoreen electrometer. See Fig., 3 for a photo-

graph of the bone chamber unit. . " ‘5
A Victoreen electrometer has a standard 1nbu11t device :

for charging the condenser-ion chamber unit to a potential

difference of 400 volts, The'eleotrometer is -also used to _‘

determine the amount by which the unit 1s discharged after

irradiation. ' The lowest potential difference at which a

reading 15 taken 18 148 volts. This provides an eleetrioe
field high enough to draw all ions formed to the electrodes

of the chamber,

2. Experimental Procedure

The chamber walls were 1n1tia11y four millimeters thick.
This thickness was decreased by taking off uniform layers
of bone, Twice the thickness was decreased by 0,50 mm,
After the second time, only 0,26 mm was taken off at.a

time. For each wall thickness so obtalned, bhe.Pohe'ohamber

Y

1636 2%




FIGURE 3

Ion Chember-Condenser Unit
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was irradiated with the beams of gamma and x-fays used 1n}
this experiment and the ionization per unit time in the
air cavity determined,fdf each of these., A reédihg:waé
taken with the standard chamber under identical conditions
for every bone ohamber reading. See Appendix III_foé the
procedure used in reduﬁ;ng the wall thickness ofAthev .
chamber, - ' 6 ‘ "‘

€060 was used as a source of‘rela€1Vely’hg;qtiﬁdiation.
Five one-half millicurle cobalt needles each bnbéhélf om in
length were suspended vaftically in air by means'sf a fow
hundredths mm thick sheet of polystyfbhe‘mounted in the ’
plane of a Lucite ring. The ring with its plane hdrizonthl
was attached to a stand which had a mechanism for adjusting
the vertical helght of the ring. The ring was rigidly fixed
with respect to any other direction. Two mm fﬁomithe edgé
of a 1.8 cm diameter hole in the center of the polystyrene
sheet and equally spaced around 1t, five smal; holes were
punched., In these small holes the needles were supported
by their slightly flattened wing tips, The bone or standard
chamber was placed in a stand which kept tﬁe long axls of |
the chamber in a vertical bosition. The assembly. contalning

the 0060

needles was lowered over the chamber. Under these
circumstances the axes of the suspended needles were
parallel to the long axis of the chamber. The distance
from Any one needle to the center of the 1dn;2ation~chamber
was 2,0 cm, Use of the thin sheet of polystyrene reduced

' 3
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the amount of scattering material around the chamber to.a
minimum, The positidén of the chamber with respect to the
needles was accurately reprodueible.

Atmospheric preesure and temperature readings were
made each day so that the obtalned readings eould‘be
corrected, ‘ . '

The following beams of x-rays were used: 146,.260,
and 260 KV x-raye each filtered with O 25 mm Cu plus 1 mm
Al and 250 KV x-reys filtered with 6 mm Sn, 0 25 mm Cn and
1l mm Al. The tube current in each case was 15 ma._ The
chambers were cent ered in the beam, which was collimated
with a standard 2 x 2 cm? cons, at a 50 cm skin terget
distance, For every.eeam‘ueed at 1eaet four bone chamber
reedinge were teken, The chamber was‘rotated'a quartef"' |
turn clockwise about its long axls after each ﬁeeding. In
this manner any eignificant variation in the thickpeea of
composition of the bone chamber wall could be detected,

The nearest '‘scattering surface was two meters from the
~ chamber.

Care was taken to repeat the conditions ofhigradiatien
a8 precisely as poasible for each series of'readingaltaﬁen,
but any variations in the radiation itself wene4eehpeneatea .
for since the ratio of bone chamber to standard chember

readings was determined each time,




1V RELATIVE ELECTRON RANGES IN BONE AND BAKELITE

l. Theoretical Basis . - ) ’ ,

The basis for the method may be described as follows.
If a beam of gamma réydkis passed through a mateérial,
electrons are ejected in.all directions togetﬁer with
degraded gamma rays. ’Iﬁsdhy given digﬁqtion‘thfe %111
be an upper limit to the energy of thé'eiectgqu-produced
in the material which is determined by the gamma“raylbéam
and the angle which thélpath of the electrons make with the
beam.. | :u B

Let us choose an arbltrary surface (S ) in space which
15 relatively close to & material (M) through which a gamma
ray beam (3) 1s being passed. The electrons (€,) which are
ejected in a direction which falls within the solid %hgle *
(<) subtended by the arbitrary surface (S ) will cross this
surface., The number of electrons being ejected from ﬁ1.§hd
crossing S will depend upon three factors: the composition
and 1nténsity of the gamma ray beam, the orientation of the
.8011d angle with respect to the beaﬁ, and the effective
thickness of the materlal with respect. to the solld angle
under consideration, erpihg the firat two factors éon=-
stant and- altering the thickness of the haterial with
respect to .1 should affect €, in the féllbwing menner. .
As long'as the ﬁhickness of hd'is sufficient to keep the .
primary beam in radlative equilibrium with the electrons
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produced, € will remain constant.. That 1s, anyveieotrons
formed in the material M, at a depth which is greater than
the maximum fangerf the most energetic electroﬁs_in’that
material will not contribute to €_,_ because the;r.énergy
18 completely dissipgted:befofe théy are'ablé'to ;ééQe
the material. - | o

As the thickness M 1s decreased to less than thia
maximum range of the electrons in the material, GLnanst
. also decrease because the maximum number of electrona
with a finite chance of crossing § 1s no ‘longer being
produced, Therefore, that thickness at which e_n__begina
to decrease 1s equal to the maximum range of the highest
energy - electrons eJected'in the particulér direction under
consideration. |

Let us assume that the aﬁgular distribution of ejected
_electrons with respect to their maximum energi§s'is ésaen—
.tlally the same irrespective of the material thrb@éh which .
the beam 1s passing. - This assumption shouid be very nearly
true when the chilef abgorption proceés involved 1s Compton
scattering, for electrons are considered as free 1n_?hia
pfoceas. It is then posslble to determine relative{olectroni

ranges in two media,

2. Materlals X

The five Co®C needles were mounted in the bottom of a

hole (0.5 1n2) in a lead cylinder. The lead cylinder, which

76396 26
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was three inches in diaméter and six inches long, was laid
norizontally on some lead bricks. Lead brfgﬁiuﬁqte‘so laid
- that the cyllinder was completely au:roqued excébﬁifér the
front end. In this mahper a sméll colffﬁaﬁ%ﬁ'ﬁegm_éf gamma
rays was obtalned. | , |

- A small brass box was constructed with aii.81d§8 except -
the front closed. However, a square hole waﬁlchsin;the
back wall so that when tﬁe box was placed against the face
of the lead oylinder, the hole in the cylinder colncided
with the hole in the box. A hole with a dtameter equal to
that of the en@ window of a Geiger tube was plaoedlih'the
top side of the box. A removable cylindrical brass mount-
ing to secure the Gelger tube over the hole was coﬁstruoted.
Fig. 4 1s a photograph of this equipment,

Inside the box a gpecially constructed aluminum support
for the material to be irradiated was mounted on a microm-
eter head so that very accurately determined vertical adjust-
ments could be made., In 1ts lowest position the platform
was one cm below the Geiger'tube opening and centered with
respect to 1t. 1In this positlon the top of the support was
also Jjust below the opening leading to the Coqo. The
support could be ralsed 0.75 ocm from thls pqsition.

The support was constructed from an aluminum block
(1.0 inch wide, 1,0 inch long, and 1.25 inches deep) by
cutting a rectangular trough 0.5 inches deep and 0.8 inches

wide into it. The support therefore consisted of two thin
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parallel walls., In the mounted position, the two-éalls

were also parallel to the beam of gamma rays 8o thatvlt
passed between the'tﬁcﬁﬁélls. The collimated beam of gamma
rays was scattered to a small extent by the walls of the
sﬁpport. The magnitude of the scattering waS‘chéqud‘by
determining. the backgréﬁnd counting rate with apd wifhout

the brass box assemblége in place., In both casea’thé beam . "
was permitted to pass from the lead cylinder. .?hésdifférqncé~
in background was not significant. The th1n w1ﬁd6§p(1 9
mg/cmz) Geiger tube was aenaitive to 1ight; consequenbly,
" a black piece of paper was used as a cover for the open
face of the box. The thin paper also did not cfange the
background noticeably, fo eliminate the pessibility”of
any error as &8 result of scattering, all background
determinations were made with the box and paper cover in
place and with the beam of gamma rays passing through the

braas box. ff;" | ' o

3. Experimental Procedure

With the use of the equipment described gbove, the (9
procedure given below was followed, A flat rectanéular
8lab of bone waé'obtained and placed on its supgort‘in the
brass box, By adjustingnthe support height, the bone was
centered in the beam of gamma rays. Under these cirdum-‘
stances the Geiger coﬁnt taken Qae gfoduced by acattered'
photons entering the Gelger tube énd.by the elecfrons
ejected from the bone within the solid angle subtended by
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the end window of the tube.

The bone was removed and the flat sides were sanded :
down in a speclal circular sander which kgpt-the f}ét side; '
‘perfectly parallel tqléhéh other., (The photogfaph 1h Pig. 5
shows'the sander on f§p-of the scalar.) The,thicknééa of
the slab was accuﬁatély determinea before aﬁd}aftef 1t was
sanded. The support-waa'raised exactly the éameiéﬁpunt by
which the_thickﬁéss’o{,the bone had been deéreaéed}?}Tho
bone was carefully féplacea on its support, and éoﬁnt Was'f

| ~5aga¢n taken, Thia'procédure,waa repeaged_unfiltbnlygan ’

~£§ﬁdeed1ngly thin pieqe;q%ibone remained. By raising the
support by the amounts indicated, the top surface of the
bone was kept at a certaln specifled distgnce from the
tube during all courts that were taken.

A block of Bakellite was subjected to the same experi-
.mént. The distance from the Gelger tube tq the top‘aurfaoe.
of the Bakelite while 1t was in the counting position was

kept at the same value used ln the previous part,
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V RESULTS

1. Relative Electron Range Determinations

Tables I and II givé the experimental results of the
procedure Just described. The total count from which the
counts per minute were determined was usuallj ﬁotibelow
30,000. A background count was taken after each count
taken with the materiﬁifin place. Finally, when computing
’the-backgroﬁnd couhting rate, four background counté (taken
Just before and after the reading under conaiderafion) were
totaled'aﬁd divid;d by'ﬁhé time. This gave aniﬁvefége totg1'
background count of not lesgfthan 20,000, On thislﬁasis' ‘
the probable error in the net counting rate was +0.62%.

In Fig. 6 counts per minute are plotted Qersus bone
thickness. Within the average probable. error assoclated
with the individual counts, a straight approximately |
horizontal 11ne‘18 obtalned from a thickness of 4.1 mm to.
1.25 mm, : ; 5.

This agreement with'theory is rather surprisiﬁg
because 1t might be expected that scattered gamma rays
.would affect the curve. Since less and less scattering
material remains in the bath of the primary beam as the
thicknéss-of the slab is decreased, a gradual but définite
decrease in the counts might have been expécted; Tpe-
fact that there 1s only e negligible decraase,indidatea-:

either that the amount of scattered gamma rays enterihg
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Secondary Electron Emission Versus Bone Thickness
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the Gelger tube was relatively negiigible’of that the -
greater efficiency of thé tube for electrons mgskeé tho:.
effect of the scattered photons. Probably a’combifation
_of both is 1nvolved°u S |

“" The precise determination of the point at whioh the .

+ *, curve begins to,decline~is made diffiocult beoause ofvthe

ipstatistical variation in ‘the counts. It app}éié?tbibccur .
 at a thickness of 1. 25 mm._ . o
~ The curve for Bakelite (Fig. 7) 1nd1cates 2.00 mm as
the point at which the'alope of the line beging tOfcbange.
There are three factors which must be 1nvest1géfed f
before the results just given can be interpreted, The |
first difficulty 1s encountered in the basis of the
method itself, The ranges determined in the above dis-
cussion are actually the linear absorber thicknesses which
the maximum energy electrons were capable of traversingb |
Because high speed electrons are scattered repeatedly and
quite frequently at large angles, the thickness mentioned~
18 not a measure of actual path length., This linear
absorber thickness (tfan) is certainly = function of the -
initial energy of the electrons and of the material 1tself,
Furthermore, as the total number of ejected electrons |
counted increases,tl?m should become directly p50portional
to an average of the actual path length ( fﬂm) of .the
eleétrons because thé amount of scattering which a gfoup.of

electrons of the same energy undergo is a random or
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FIGURE 7
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Secondary Electron Emission Versus
Bakelitg Thickness
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,8tatlastical process. Qf=coursé, the angle of deflection
of ‘an electron also defines the amount of energy 1fl¥oat
in that particular cgliision. The resultaht,ﬁtraggling'in
the actual ranges 1is quiﬁ? large, but this does not in-
validate the quantity termed the average path length of
electrons of specifiedzihitial enargy.. Howéver,‘onli 1f
the proportionalitylébnstanta'between_tfhﬂ and;l?e‘wero.
determined for both bone and Bakelite could the relation=-

shlp, .

the/p = flef | - 12)
t''b b ‘ '
be stated with known accuracy. Since the effects just des-
cribed are random in nature, the expression given above
should be correct to the first degree of approximation in
as much as 1:fﬁﬂ'waa determined on the bqsfs'of large numbers
of electrons,
The second ocomplicating factor i1s the absorption of
beta particles by the window of the Geiger tube which

*

results in a measured range which 1; leas than tRM
‘Electrons must have sufficlent energy left after emerging
from the material to penetrate the winddw; this required
energy is retained at the"expense'of the depth from which
they can originate,

The amount of materilal to be.penetrated'in the tube
window was .0019 gms/bm?,whereas'the amount of material

penetrated by maximum energy electrons in bone and Bakelite

i
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was respectively .248 gms/cm? and .264,gms/cm?. 'Thué .0019
is 0.81% and 0.,76% of the respective determined‘rangés.
Thisvin‘itself is far ieas'than the accuracy with‘Which the
ranges were determinéd*and may therefore be cons;déred
negligible. f‘ - A_

The third factor is the geometry of the experiméntal
setup as it affects tgé’&bserved value of tfﬂﬁ .“In the

first place, as the pdth‘of the ejected electrpn}divergea

* from a direction normal to the surface of tha~material

belng 1rradlated, the amount of material through which
1t must pass 1ncreases.: Secondly, the s0lild angle which
the surface, proJected 5y“the sensitive volume of the
tube at the end window, subtends with the place of ofigin.
of an ejected electron 1s a function of the dlstance between
the end window and the origin. This functioﬁ?is independent
of the material 1rrad1ated, but the probability of electrons
entering ‘the sensitive tube volume from the maximum depth
in a material decreases as the maximum‘depth“incregses.

This geometrical effect 1s not easilyicalculated math-
ematically, but a relatively simple experimental ﬁrocedure

was'carried‘out in order to gain 1hformation concerning

.the effects. A thin plece of Bakelite (0.380 mm) was

placed on the support 1n.fhe'brass boi of the éxperimental
equipment, and a count was taken, The support was adjusted

to various heights, At each of thesefsettings ambonnt WAS ..

SN0y

-faken.;:Thene. wereaghgugggpttings which were.of particular
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aignificanée. One count was determined with the micrometer
set at a value 1t had when the slope of the curve in Fig.

8 began to change, Anotﬁer was taken at the setting

~ which the micrometer had when the curve in Fig. 7 began

z}to drop. Finally, one was taken with the top surfacévof

the material at the.same dlstance from the tube that 1t

had in the previous experiments. The_inbreasé.in the

counting rate as the distance between the irradiated -

vmaterial and the Gelger tube deoreases 1s a measure of the

increased probablilities 6f electrons entering the Gelger
tube because the solld anéle subtended 1s changing,.'Ffom
the results of this experiment:(gee Fig. 8), tne’probability_
of an electron entering the sensitive volume of the Geiger
tube from the maximum depths 1n‘the'mgterial was 80%. of

the probability of an electron entering from the top surface,
The value of the relative probabilities as given aﬁo#e'is,
slightly smaller than that for bone and sligﬁtly larger

than that for Bakelite. 'It can be seen that the geometrical
effect decreases the relative number'of_elthrona coming
from a maximum depth in & material, Consequently, the
initial changes in the slopes of the curves 1n.Figa.'6~and'.
7 are retarded by the geometry involved in the experiment.
This decreases the accuracy with which the initlal changes

- 4n the slopes of the curves can be detected, but 1t does

not shift the thickness at which the slopes actually begin

_ to change, The implication 1s that the errors due to the
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Study of the Effect of Geometrical F&rora-
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geometrieal effect are taken into account when the errors
in readirng the curves are cited. It would be expected
that tR "would be more difficult to determlne f'rom Plg. 7
than tf?B from Fig. 8. A look at the two curves verifies
this statement, :

As a consequence of the above discussion, there 18

" reason to believethat?'-th'e ratio tRb/ ‘tRB ""i's ver;f nearly

equal to f’? /RB . Though the actual range has not been

determined, the relative ranges should be accurate as a

first approximation. The unfortunate fact is that. the

error involved cannot be evalwated satisfactorl'ly.; The |
estimated uncertainties in determining JCRB and tRB from
the curves are respectively +0,10 mn and* 0.13 mm.

It is of interest 'to:de’terminig, 1f posaible, the
effective atomic number of bone as established by the above.
14

.

ratio and compare 1t to that determined by Splers Asgum-

. ing t;he.t Zb/Ab = ZB, /AB , from ngation. 2) 1t mayfne

shown that

.g'se/bse = Rb db/_RadB | | 13)

The densities of bone and bakelite were determined as follows,
A plece of bone from which the chamber had been constructed

was turned -down to a cylinder on the lathe. The 'ende were

¥

14 F. W, Splers, "Effective Atomic Number and Energy

Absorption 1n Tissues," British Journal of Radlology,
X (1937), 365-385.,
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squared very carefully. The dimensions of this solid

“~" . ‘eylindrical plece og~bone were carefully measured."This

-

. plece was then welghed on an analytical balance.' From

these measurements the volume was caloulated to be

2.740 cc and the weight to ‘be 5 417 gm, Therefore the

 denalty was 1 98 gms/co. In a similar manner, . the’ deneity

of bakelite was determined from a plece with, a volume of
1,809 cc and a weight of 2,396 gms to be 1.32 gme/bc.
Using the values for {[?b and g obtained svove,
8Se/,Se ts calculated to be 1,065, With the use of
Gray! 815 graph of the variation of Se with t'he etomic
number relative to ase » the effective atomic mimber is-
10 as compared to the value of 13.9 established by Splerstb,
This difference might in part be explained by the fact that

' Splers used Walter's expression for the effective atomic

number. This gives a value too high if Compton scattering
is the main process. The value obtalned in this experi-
ment is in close agreement with that used by Jchns, Darbdy

and,Kornolsen17.

MW

15 L. H. Gray, "An Ionization Method for the Abaoluto
Measurement of Gamma Ray Energy," Proceedisga of tho

Royal Societ f London, Series 4,
.16 F. % Splers " PFrective Atomlc Number ahd Ener

Absorption in Tissues," British Journal of Rad%qugz,
XIX (1948), 52-62.

17 Johns, Darby, and Kornelsen, "Physical Aspects of
Treatment of Cancer by 22 Mev X-rays," British Journal
of Radiology, xxxW(lssl), .355=364., _
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2., Cavity Ionigationt Gamma Radiation

Tables III, IV, v VI, and VII are records of the |
cavity ionization in bone for various chamber wall thicke
nesgses and for the various beams .of gamma and x;rays used
in this experiment.

Table IV shows that the ionization in the bono chamber

'éavity is very little greater than that 1n an air equivalent

‘chamber when 1t 1s irradiated with gamma rays of the ,energy

emitted by Co%0,

In Flg. 9 the bone cavity ionization 1is plottgdfyprsus
chamber wall thickness. Attention shoﬁld be'dr;wﬁ to the
fact that small changes in lonization have been magnified
by the cholce of the ordinate unit asize. This was done
8o that the optimal wall thickness might be more easily

: eqtablished which in turn facilitated a more accurate

extrapolation to zero wall thickness, The latter is

‘necessary in order to obtain a value which would be

representative of the ionization in the cavity if there
were no attenuation of the beam, This extrapolation 1s

Jusfified inasmuch as the 0060

gamma rays are nearly -
monochromatic,

The portion of the curve for wall thicknesses greater
than}?.zs mm represents the slow absorption o:‘thefhard
gamma rays and the portion preceding this shows the de-
crease in ionizaticn after radiative equilibrium between -
the primary beam and tho secondary electrons ia no longer

possible, -
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Cavity Ionization in the Bone Chamber Versus
Chamber Wall Thickness
(Radiation: Co°Y Gamma Rays)
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The slow decrease in the ionization rate with ddcreds-
ing wall thickness for values below the Optimallmgyvﬁe ex=
plained by considerirgiﬁ&e experimental conditibnsiundér
which the cavity ionization was determined. ~Ordinarily;

_measurements of cavity lonizatlon are made in d cdlilmated

. beam, and under these oircumstances the number of electrons

generated in the air surrounding the chamber is negligible
.compared to those produced in.the chamber wall. In thp case
Ny of the co% needles 1n open air, there is an gymosphere of
- high speed electrons rrgduced in the air surrbnndiﬁg'the'
chamber, Obviously;'ﬁheée electrons cannot contribute to
the lonizatlon in the cavity until the thicknesdiof the
chamber walls 1s less than the maximum range of maximum
energy electrons in the bone, However, as the wall thick-
ness becomes less than this value, electrons produced in
the alr begin to contribute to the cavity ionization. The
“thinner the walls become the greater 1s.the percentage of
- the total ionization which i1s produced by electrons enter-
ing the cavity from the alr surrounding the chamber., At
the same time, compensation 1s never Bompleteog

The bone plug which forms one part of the chamber wall
affects the shape of the curve in a manner similar to the
effects attributed to electroms generated in air, The rate
at which the'ionization in the cavity decreases with de-
creasing values of wall thickness below the optimal one is

retarded by the fact that the primary beam 1s always in
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radlative equilibrium with the secondary electrons produced
in the portion of the wall formed by the bone piué. ‘Unlike .
- the preceding case, the effeot of the-bone plug will also
tend to decrease the nate at which the 1on1zation ocqurs
~ with decreasing wall:fhicknesa for v&lue; greatén Qnan the
optimal. This latter effect must be quite small. ‘»pécguso
- the bone plug forms onlj‘a'smali fraction of'ﬁnéfkhambef
surface, and any differénce 1; the numbér'of'elﬁcfrona per

cm? of surface area 1t contributes to,the cavity andFthat
contributed by the other portions of the wall must. be
attributed to the difference 1n the attenuation of the
primary beam, For the hard gamma raés this isjve:y‘amall.

From the above discussion 1t follows that tho'éppnrently

atyplcal portion of the curve does not affect the validity
with which the othér-portion may be extrapolated to zero
wall thickness, . |

- The extrapolated value 1is 0.220‘un1ts deflection per
minute and is 1.18 times the iconization rate.of_O.iB? observeﬁ_
in the standard chamber with a Lucite sleeve edded to estab-
1ish optimal wall thickness.

Because 1t was not feasible to make more than an average

of three or four readlngs at any one wall thiciness,-mathp- o
matical calculation of a probable error would have little
significnnce. On the average, the greatest amount by

which any reading within a group varled from the.average

was 1l.8%. The electrometer scale could be read with an

Cqess
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accuracy varylng between 99.0 and 99.5% depending on the
§ortion of the scale bélng used, The fact that m;ny‘pointa
are used to determinébthe extrapolafed ourve (Fig. 9}
decreases the error below that quoted above,

. There 1s the possibility of an indeterminate error in
the 1onizatlon velue of O, 220 which has to do with the
fallure of the bone chamber to- satiafy 1deal conditions
under which Gray's derivations are valid. Ideally,ytho
gas in the cavity shouldlhave the same effective_atbﬁic

number as the walls of the bhamber.' How closely ahy giveh

- chamber approaches thé i1deal may be studied'by obpeﬁving

the variation in ionization as the pressure of the gas 1h

18

the cavity is changed. Gray ~ found no variation in a

graphite chamber cavity as the pressure was reduced from

" atmoapheric to 10 cm Hg, With lead chambers the ionization

to pressure ratio increased by aev?ﬁ per Qent. If the

- effective atomlc number of bone is between 10 and 13,9 as

compared to 7.3 for_air, the ionization to pressure ratio

should certainly not increase more then one per cent £
this test were applied to the bone chamver, 'Thé‘error

residing in this factor should then be less than one per

gent.

18 L. H. Gray, "An Ionization Method for the Absolute
Measurement of Gamma Ray Energy," Proceedings of the
Royal Society of London, Serles A, "EfVT“TT§§3), SEI
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Since the 1onizaﬁi§h chambers had t; be exposed from

four to elght hours 1n order to obtain good readinga,

' 1nvest1gatlons of the leakage were made, In papt,-the

1eakage depends upon the voltage acposs the chambé?; there-
fore the leakage in the chambers was determined aqpfarious ‘
pbﬁentials. From the results of these tests 1t beqéme

apparent that the leakage factor was far amaliérjthén the
experimental error 1n'£ead1ng the electrometer}.’fbr'

example, in an eight hour reading the average leakage rate

~ per hour was 0.016 divisiona whereas the radiation dischargev
rate was 12.4 div/hr.. ‘ . .

Using equation 10 and the values obtained from the
curves in Figs., 6, 7 and 8, the energy absorptiohvin bone
per unit mass when 1£'1s irradiated with Coso.gaﬁma'rays
may be evaluated, in the Victoreen eleotrometér one unit
deflection representé'z.OBleog ion: peirs per cc in the
lonization cavity of any instrument which has the same air
volume as that of the'standard 100 r chamber. Since the
bone chambér meets this requirement, the energy absorption

in ergs per cc per division deflection may be written

~ (2,00 m){1.324m .
EV - . s~.)(o,oo|2,,/;,“)($20XIO 0!’3!/“ ﬁ‘r) (9. 083 X IO W\Palr!/a;/JN)

-

E, =177 enys/cc/ .

Because the lonization rate in the bone chamber is

1.18 times as great as in the standard.chamber, the energy
: ;
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absorption per cc of borie per roentgen is
E./ =018 dv 1) (17T evqsfec/dv) = 20'70'."-'/cc/r
. 97
Finally, the energy: sbsorption per gm per roentgen is

Etv,-r = (ZOQ erQSIakV(’ Qng /t‘c).‘ |10 5" ‘ergs}/?m:/r

Provided the 1nde‘t:?;xfm1nate error in *R b/‘tR B . 1s
negligible, the above values are estimated to be accurate
within¥ 5%, )

Spiers'19

value iévgiven as approximatqu lSOjergs/oc/r.
" This is rather surprising inasmuoh as the 1n&étermihate
errors in the value of 209 ergqfé%@/i would most probably
‘tend to increase the observed value rather than to'decreaae
16,

It 18 also instructive to calculate the energy absorption
in bone assuming Spierdep determination of the effective
atomic number and electron density of bone to be correct

and the cavity ionization presented here to be aocuréto.

From Gray'ezl graph the correction factor for a chamber of

19 F. W, Splers, "Effective Atomic Number and Energy
Absorption in Tissues," British Journal of Radiology,
XIX (1946), 52-62. '
20 1bid.

21 L. H. Gray, "An Ionization Method for the Absolute

Measurement of Gamma Ray. Energy," Proceedings of the
Royal Society of London, Series A, CLVI 11553), 589,
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such wall material 1s 1,095, Thus the energy absorption per .
. co pér r would be ’

23 e |

E, = 3%10 n%le—c‘tfom ec (, oq 6—) (5 29x )0 err/m ,n_)(7-~°3_‘3X10,q'°nf°"‘/cc/t)w) |
392X 1% s P (18w fy)
. . hisdw [y

E, =107 erg!/‘t /r.

3. Cavity Ionization: X-radiation

There may be slight variationa in the quality and
quantity of the x-rays produced by an x-ray unit: .over an
‘extended period of time; hence it was,felt,that;greator
accuracy could be obtained If the ratio of the.boﬁé‘cavity
ionization to that iﬂ'the standard chamber was plotted
‘versua chamber wall thickness. In Fig. 10 the results
recorded 1@ Tables IV =« VII are plotted in such é maﬁner.

So many of the soft components of the 250 KV x=rays
were filtered out with a Thoreaus III filter that the beam
was very nearly monochromatic. The constant slope'of the
curve verifies this fact., Extrapolation to zero wail
thickness gives a ratio of 1,75, The linear dimensions
of the bone chamber were probably small enough in this
case to Justify the extrapolation, ff the cavltj were to0
large the walls would not make the proper contribution to |
the lonization, and the observed value would be too small,
Multiplying the observed ratio by ‘the energy absorption
per unit volume per division then gives 310 ergq/cc/b or
1567 ergs/gm/v a§ the lower 1imit to the energy gbaq:ption
in bone under the conditions apeeifie&. N

¢
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“FIGURE 10

Relative Cavity Ionization in the Bone Chamber

y Versus Chamber Wall Thickness

(Radlation: X-rays)
140 KV X-rays, 0.26 mm Cu + 1 mm Al

200 KV X-r'ays; 0.i2'8 mm Cu + 1 mm Al

250 KV X-rays, 0.25 mm Cu + 1 mm Al

g Q w ®
'

250 KV X-rays, Thoreaus III Pilter
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The other curves hafe also been extrepolated, but the
values so obtalned must definitely be- considered ae 1ndic-'
ative only. Three reasons account for thls reservation.

The chamber cavity may have been too large for the relative-'
ly soft beams of x-rays used the beams were not homogeneous,
and the changing slope of the curve in 1tse1f makea the
extrapolation somewhat 1naoourate° Again the absenoe of

these factors would make the observed values higher; there- -

-fore they may be considered as indicative of the lower limit

to the energy absorbed under the condit lons outlinedo

The magnitude of the possible errors in taking the
readings was the same as thoae given in the desoription of
of the gamma irradiation ‘result’s: namely, 1.8%.

If the energy absorption 1s calculated in tne menner
previocusly indicated, the values ori273, 300, ‘and 525
ergs/gm/r are obtained resnectieely for 250, 200, and 140

- KV X-rays each filtered with 0,25 mm Cu plusﬁl mm Al, As

shown above, these values represent somewhat inaccurate
determinations of the lower 1imits of energy absorption in

bone under tne‘oonditione specified,

B A
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VI SUMMARY AND CONCLUSIONS

.—/""\, .

The energy absorption in bone was determihed‘hsing a
thick-walled thimble ionization chamber, constructed of
cortical bovine bone, bj@measurement of 1onization 15 the
alr cavity of the chamber as the wall thickness was re-
duced. When CoS0 gamma rays were used the energy absorp-
tion was found to be 105 5 ergs/gm/r. The lower 11mita
to the energy absorpt}qq,in bone irradlated with_xerays
were determined to be 157 ergs/gm/r for 260 KV.x-rafa
filtered with a Thoresus III filter, 273 erga/gm/r for
250 KV x-rays filtered with 0.256 mm Cu+ 1 mm Al,

300 ergs/gm/r for 200 KV x-rays f1ltered with (0,25 mm

Cu + 1 mm Al, and 328 ergs/gm/r for 140 KV x-rays filtered
with 0.25 mm Cu + 1 mm Al, The value quoted above for

1.2 Mev radiation indicates that Spierd®2 value may be

too low. , ‘ A | |

The linear absorber thickness of bone through‘which.
maximum energy electrons produced by co80 gammé rﬁya'are
cepable of passing was established at 1,25 mm or 0.248
gm/ecm®, The effective atomic number of bone was determined
.to be 10, |

-~ —

22 F, W, Splers, "Effective Atomic Number and Energy
Absorption in Tissues," British Journal of Radiolo
XIX (19486), 52-62. '
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TABLE I

Secondary Electron Ezﬂission Versus Bone Thiokness

Bone Total Background Net
Thickness (Counts/Min.) (CountsMin.) (Counts/Min,)

4,170 mm 2039 590 1449

3.968 2009 - 591 1418
3.642 2012 ; . 891 : | 1421
3.388 2016 592 S, 1424
3.037 1985 597 © 1388

. 2.859 1995 . 600 , 1395
2,784 2002 ' 602 .~ 1400
2,672 2021 : 606 1415
2,569 2002 808 : 1394
2.422 2009 611 1398
2.280 1995 . 814 ~ 1381
2,143 1986 . - 609 | LA
2,061 2022 612 0 140

. 2,008 2006 612 . 1394
1.884 1991 614 S tid
1.732 1985 619 1366
1.684 1991 815 1376
1.624 1987 . , 618 SRR ¥/ 5 §
1,587 1975 620 : - 1365
1.452 1980 ‘ 624 v, 1368
1,326 1976 . 631 .7 .1346
1.231 1981 837 S 1344
1.114 . 19368 . . 638 . .1298
1,066 1966 : 639 1317
0.994 1898 = 839 | ‘1269
0,861 ' 1845 _ 638 y ‘1207 _
0.737 1801 . 640 . 116l .
0.6861 1751 , T 643 . ..-1l08
0.568 1649 648 P 1003
0.460 1535 862 883
0.350 1358 & 657 .70
0.240 1168 - - - 660 508 .
0,140 925 - 665 . 260

I 1 : ’
Y 1%%5 .
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Bekelite Total - Background " Net

Thickness (Counts/ﬁin. (Counts/Min.)  (Counts/Min.)
4,733 mm 1877 . 582 1295
4,623 1861 | 582 1279
4,507 1884 ! S87 1207
4.399 1888 - 590 1298
4,296 1869 590 1279
4.193 1874 595 1279
4,094 1864 593 1271
3. 990 1878 592 1284
34870 1877 587 1290
3.7581 1873 585 1288
3.654 1884 586 1208
3.492 1865 585 11280
3.354 1889 591 1208
Se 241 1852 502 1260
3160 1866 593 1273
3047 1858 597 1261
2,942 1880 800 1280
2.870 1865 600 1265
2.788 1868 601 - 1267
2.704 1893 590 1294
2,609 1882 596 1286
T 24501 1894 596 .1298
2e 333 1874 508 1278
2.195 1876 599 1277
2,093 1898 604 1294
1.984 1852 608 1244
1.892 1859 611 1248
1.810 * 1848 815 1233
1,755 1838 . 615 1223
1,688 1847 613 1234
1,824 1837 - 612 1225
1.578 1831 611 1220
1,519 1816 610 12086
1.461 1795 6816 1179
1.412 1800 622 1178
1804 624 1180

WHPRT T

IR R
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TABLE II
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Secondary Electron Emission Versus Bakelite Thickness

1.362

,"m‘ k4

X
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TABLE II (Continued)

Bakelite
Thickness

Total

‘(Counts/Min.)

Background

(Counts/Min.)

" Net

' (Gounts/Mtn.) -

1.303
14263

- 1,17
0.883
0.706

0.541
0.400
0.206

1771 .
1777

1726
1611
1608

1463 :

1340 7.
1162 .

923

626
626
823
629
639

- 643

844
651
665

1146
1162
1103
. 982
- ..989

B2

. regs

- 268

1896 5%




. Cavity Ionization in the Bone Chambgs Versus Chamber Wall
Thlcknesa Radiation: o

"TABLE III

L4
3

Gamma Rays

48~

Bone Chamber

Bone Chamber e

Wall Thickness Divisions in._
f ’ (Average)
4,00 mm 0. 203
3.50 0.203
3.00 0.208
2,75 0,208
2.50 . 0.208 o
2.26 * 0.210. -
2.00 ~ 0.205
1,75 . 0,207
1.50 0.208
1.26 0.204
1.00 0.199
0.75

0.202

An average of 12 readings taken with the 100 r standard
chamber at various times gives a value of 0,187 r/min,

under irradiation conditions identical to that which the
bone chamber was subjected.

All chamber readings were corrected to standard foﬁﬁorature

and presgure,

Ah average of at least three or four readings was taken in

each case,
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TABLE IV
Relative Cavity Ionization in the Bone Chamber

Versus Chamber Wall Thickness
(Radiation: 250 KV X-rays, Thoreaus III Filter)

Bone Chamber Bone Chamber ‘Standard

Wall Thickness - Div./Min, . Div./Min, Ratio
4,00 mm 49,7 B 29.75 l1.67
3.50 50.0 29,78 1.68
3.00 50.0 ' 30.0 1.87
2,75 ' 50,0. 30.0 1.67
2050 4901 2900 1.70
2.25 49.6 20.2 1,70
2.00 48,9 29.0 l.68
1.75 4801 28.5 1.69
1.50 48,0 27.8 1,72
1.256 47.6 28,0 1,70
1.00 498 28.75 1.74
0.75 4802§ 2809 l, 67

TABLE V

Relative Cavity Ionization in the Bone Chamber
o Versus Chamber Wall Thickness CL
" Radlation: 250 KV X-rays, 0.25 mm Cu 1 mm Al Pilter

Bone Chamber Bone Chamber Standard

Wall Thickness Div,Min, Div./Min. ' Ratio
3.50 . "216,0 . 83.5 2.59
3,00 - 220.5 - 83,0 - 2485
2,78 220.8 83.4 . 2,66
250 ' 220.8 8l.,8 . . 2,70

. 2.25 223.5 82,0 . » 2,72
T 2,00 ‘ 222,75 80.5 ... - 2.77
© 1,758 224,7 81.0 . 2,78
1.60 . 224.25 79.8 2481
1.26 . 228,785 80.0 .. . 2.86
1,00 T 234.4 - 81,8 - - '2.88

0.756 - 231,75 © 79.6 . . 2491

1E§€ 6l




TABLE VI

Relative Cavity Ionization in the Bone Chamber
Versus Chamber Wall Thickness
(Radiation: 200 KV X-rays, 0.26 mm Cu 1 mm Al)

51

Bone Chambeyx Bone~Chamber Standard

Wall Thickness Div,/Min, Div,Min, Ratio
3.60 144.0 51.8 2.78
3.00 145.,0 52.28 2.78
2,76 ' 147.5 52,5 2,81
2,25 149.0 51.5 2,90
2.00 ' 148,5 50,0 : 2.987
1,75 152.6 49,8 3.086
1.50 1561.5 49.1 3.056
1.00 - 186,58 80,0 3.11
0.76 156.8 : - 49,78 3.16

TABLE VII

Relative Cavity Ionigation in the Bone Chamber
Versus Chamber Wall Thickness
(Radiation: 140 KV X-rays, 0.256 mm Cu 1 mm Al)

Bone Chamber Bone Chamber Standard

Well Thickness Div,/Min, Div,/Min. Ratio
4,00 mm 76.1 26.8 2,95
3.50 78.0 26.0 3,00
3.00 : 80.0 : 26.5 5.02
2.75 78.8 e 25,7 3.07
2.50 . 80.4 26,0 3,09
2.25 .82.1 26,0 3416
2.00 82.0 26,6 = . 3.22
1,76 " B82.4 26.3 , 3.26
1.80 83.25 26.2 ‘ 3,30

1,26 85,6 26.45 3.36
0.75 6.8 24,8  3.44
P! ¢ ¢ S
: 7586 62
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APPENDIX I

Summary of Oray's Investigation of Cavity Ionization

In order to derivofﬁhe relationship expressed in
Equation 1, Grayzé%made 6ne experimentally jusﬁlfiable
assumption. It 1s assumed that e B-particle -traversing
a solid.medium loses in the distance AX (short with
 .respect to 1ts range) thd-same amount of energy as it

would in passing through JDAX of alr, where J) 18 the

'~ proportionality factor which is independent of the speed

or veloelty of the [3-particles. Under these ¢ircumstances
" the energy equiVﬁlent‘af:xhd ionization per unit volume in
the cavity 1s I/Jb ﬁlmeé the gamma ray energy ebsorbed per
unit volume of the solid. The rig&ﬁous mathematical proof
of 'this is rather long and involved since it must be
established that the distribution of both the velocity
end the direction of the '/3-particles is not diatunbed 1n
erossing the surface of the cavity wall.zg Accepting thia
‘as a true statement intuitively and realizing that 1t was
mathematically shown’yo‘bglcorrect, the derivétfénfof thé

above stated relationship can be obtained as indicated below.

23 L. H. Gray, "An Ionization Metnod for the Absolute
Measurement of Gamma Ray Energy," Proceedings of the -
Ro algS?cietz of London, Series A, EEVT (T%%B »
24 L. H, Gray, "The Absorption of Penetrating Radiation,"
Proceedings of the Ro al Soclety of London, Series A,
6;,-6 .
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Consider two geometrically similar volumes -in a solid .

‘medium with linear dimensions in the ratio of‘jyzlhwhere tﬁo

first 1s an alr cavity introduced in the medium and the
second 1s a volume element of the medium, The.gamﬁﬁrray
flux is unifornm 6ver the whole medium and the~§olum9'
elements, A (alr cavity) and S (solid volume elémeﬁt) are

small compared to the range of particles in the medium,

- » -
. / - -:, — = ‘
— )

Since the distribution of the velocity and direction of the
J3-particles is not disturbed in crossing the surface of

the cavity wall, it followas that the same amount of energy

1s lost by particles originéting in equivalent pogitions in
the medium an& orossing the respective vélume elements,
However, there must be ‘pz times as man& particles crossing .

A as 8 fromvgeometrioal considerations., At the same time

. ¥
"~ the volumes are in the ratio of JDB: | « Hence the ratio

of energy losses in the two mediums must be | /O . The
contribution from lonigzation of the alr by the primary

beam 18 negligible Wecause of the small linear dimensions
and the small coefficient of linear absorption, Further-
more, 1f the Compton effect 1s piedominant, the small- |
contributiop‘added will also be approximately in tﬁ: ratio
of I/ p . The relationshlp may then be expressed as followsi
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ll\ﬁ/: I/J3 Ev_ . y

where J, 1s the lonization per unit volume in the air of
the cavity, W 1s the average ‘energy lost by an electron

pér pair of ions formed, Ev is the energy absorbed per

-unit volume in the solid medium, and j) 1s the proportion-

ality constant which "is_» Independent of the speed of the
J3- particles. | _ | o

The equation mdic‘at_es that p should vary inversely
with the pressure of the gas. Gray investigated this

experimentally., For low atomic number materlals the ratio

of ionization to pressure is a constant, but. for lead there

"was about seven per cent variation in changing the pressure

from 74 om Hg to 10,
UV should also be independent of the sige of the

cavity., Using chambers with volumes varying from 0.96 cc

: to 0,005 ce, the ionization seemed to be constant within .

the limits of the experimental error lnvolved,

The quantity P 1s the ratio of energy lost by an

| electron in traversing a given distance in two different

‘media, in this case the 80114 and the cavity gas. :'S_inoe

the stopping power of a medium is defined as - AE /AX
where AE. i1s the energy lost in traveling the distance
484X 1n the stopping medium, it follows that P 1s equal
to the ratio MS /Q . Ipformatlon about relative stOpping

1696 65
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powers should then give information about JD alao. Using
Bethﬁh electronic etopping power formula which has been

experimentally verified for certain elements, electronic

. gtopping powers relative to alr were calculated for various

energies of electrons and for various atomio"numberimaterialep

The results show that. ﬁhe ratio of electronio‘sﬁopﬁing

.powers of various- media to that of alr does not vary more

than 4% over a wide range of energles for Z 1 to Z =18,
Above this greater variations are noticed, To: this extent
the original aesumption about P is oorreot. _

The electronic stopping power experimentally seems to

vary but alowly with atomio number, deoreasing -with 1ncreae-

" ing atomic number. The variation of P with atomic numb er

was also investigated, _Jiv' in an aly cavity enclosed by

a material of atomic number Z has been shown to be given by

E - ‘ S
JaY €/QH&;.,Af53A;/ . d’ﬁé

where [SEé. 1s the energy of the radiation absorbed per
unit volume in the solid material surrounding the cavity.
The ionigation in chambers of different wall materlals 1s

then proportional to

ASL{S - AEZ/ZSeh

where Se 1s the stopping power per electron and Y\z_ 1

z

Z

7696 66
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" the number of electrons per unit volume. However, it is

known that _
AE, =E (6o +9) = Enz(eq-;-e:v), |

( E 1s the flux ofrray eneérgy); consequently, if e‘J is
hegllgible and since P‘E, is independent'of :[ &{the |
: ionizatioh is proportiqnal to .
zve 'z e

-The ionlzation in different chambers should be inveraely
proportional to the electronic stopping power,

Chambers of various materials were made and the
ionizgation checked. .The resulﬁs were compared to the

reciprocal of the electronic stopping powers calculated

previously., The agreement was found to be excellent,
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APPENDIX II

Electrical Capacitance of the Bone-Chamber -

The capacitance of the bone chamber was checked as

follows: The bone chamber was inserted into thb=eiéo§rom-

.. eter and charged to 400 volts ( \, ) (szero oﬁﬁoiéctfbmeter

scale). The total charge ( G% ) stored in the electrometer
and the bone chamber may be given by

.(Ce+ Cy) Vo o L

where C'e is the oapééit,ance of the 'el,ect'romete"‘rz e.nd Cb
is the capacitance of the bone chamber. | :

After the bone chamber was withdrawn, the eléctrometbr
was discharged. The charge ( (94) remaining was then equal
to C, Vy o |

The charged bone chamber was reinserted into the
electrometer, The voltage ( \é’ ) as read on the electrom=-

eter scale méy be given as followst

Qf/(c * ) va/{ce*cb)

The same procedure was followed with the standard
100 r chamber. The final voltage ( V‘? ) in this case
. 2 et

' may be gilven by

Ve = Cv/(ce-ul)

S

A”T€96516§

13
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.

© where - CS is the capacitance of the standard chaml-)e'r.y

Therefore 1f C. = C, then V. . mst equal V. . .

s= Ly then Vg - (O
This result was obtained in the check, No difference in
‘Cb and CS could be detected in the electrometer readings.

7696 69
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APPENDIX YIX

Procedure for Changing the Bone Chamber Wall Thickness

The brass barreél in which'the-bone chamber was. hounted
was chucked in the lathe exactly in the same marked position

each time the walls were turned down,

' After the chamber was chucked,fa designata& iayér of.
bone was very carefully cut off the cylindrioal portion of
the chamber. A slice of equal thicknouu was cut off from
‘the hemispherical tip of the chamber., This end was ‘sanded
to a hemisphere again Aﬁd checked with a ragiﬁs géugq set

" ko the radlus of the éyiindrical portion. Only .the extreme
tip, ﬁhich had already_been cut down tb fhe rpquiféd,ﬁhiok-
ness, was not sanded. Hence when the radius gauge was in |
compl ete contact with the end, the proper amount had been
taken off.

The accuracy of this method 1n maintaining & uniform
wall thickness was checked several times during the course
.of the experiment. A carbon rod with both ends fapered to
a blunt point was inserted into the bone chamber cavity
which it fitted comféftably. (The pointed end allowed the
rod to come in contact with the deepest paré of the cavitys
the bluntness prevented crumbling of the carbox iod;) Tho'

distence from tho free end of the ingerted carbon rod to tho.
tip of the bone chamber's hemispherical end was measured.

The difference between this length and the lemgth of the_rod,"
‘determined the sctual thickness of the‘wall in the hemispherical

.
i . e , . A

O . 1686 70
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~portion of the chamber. This was checked against the thick-

ness of the walls of the:cylindrical portion.

7696 11
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