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I, 'INTRODUCTION 

The purpose of t h l s  t n v e s t i g s t l o n  was t o  make an ex- , . ,. : ' . .  
. , perimental  det'ermination of t h e  absolu t  i energy absorpt ion  . 

"; per  u n i t  mass i n  c o r t i c a l  bone under c e r t a i n  s p e o i f i e d  con- 

d i t i o n e  of I r r a d i a t i o n ,  The c o r r e l a t i o n  of the amount of 
. . energy absorbed and t h e  subsequent physiologioal  e f f e c t s  

. would be of i n t e r e a t  t o  those  col~ceiined wi th  r a d i a t i o n '  therapy. 

O n l y  a few i n v s s t l g a t l o n s  have been made of t h e  r e l a -  

t5.anshlp of enorgy abrrurptlon i n  bone t o  t h e  amount and 

q u a l i t y  of r a d i a t i o n  t o  which It has been subjeoted, Most 

of t h e s e  have been I n d i c a t i v e  r a t h e r  than q u a n t i t a t i v e ,  
I 

S p l a b 4 l n  work does . r ep resen t .  an  experimental q u a n t i t a t i v e  

~ s tudy of t h e  above r e l a t i o n s h i p ,  but  h i s  approach was 

. d i f f e r e n t  fpom t h e  one employed i n  t h e  experiments descr ibed  

i n  thls t h e s i s ,  A s  a  consequence, t h e  assumptions whlch had 

I t o  be  made i n  o rde r  t o  make h-la experimental approach feae- 

I '  i b l e ' a r e  d i f f e r e n t  from t h e  ones used a s  a  b a s i s  f o r  t h e  

1 work presented  here,  For  th is  reason, comparison of r e s u l t s  

should be q u i t e  l p e t r u c t i v e .  On t h e  o t h e r  hand, layneord3 .. 

1 Fa W ,  Spiers ,  "Eff e c t l v e  Atomia Number and Energy Absorp- 
t i o n  i n  Tissues,  Br i taah  Journal  - of Radiologg, XIX 
(1946) 8 52-62. 

2 F, W e  Spiers ,  "Dosage I n  I r r a d i a t e d  S o f t  Tissue and Bone," 
B r i t i s h  Journal  of Radiolo XXIV (1951), 365-368, ---% 3 m a =  Teoondary  eo t ron ic  b l s a i o n  from Metal 
F o i l e  and Animal Tieaues," Proceedin a  of t h e  Ro a 1  
Socie ty  - of London, S e r i e s  A d o > ,  = B e  



and ~ ~ t , e ~ s t r o m ~  used c a v i t y  i o n i z a t i o n  methods i n  their  ex- 

perimentation, but no attempt was made t o  make t h e  procedures 
' 

conform t o  t h e  l i m i t a t i o n s  whioh make t h e  r e s u l t s  capable  of 

being i n t e r p r e t e d  i n  terms of energy absorption..  Thus i t  

was f e l t  t h a t  t h e  information gained by t h i s  1nvee. t igat ion 

should b e ' o f  va lue  i n  t h e  f i e l d  of radiology. . . . 

Secondary ob jec t ives  were t h e  design anti construc3tion 

of an i o n i z a t i o n  chamber made from c o r t i c a l  bone. and t h e  

determinat ion of t h e  r a t i o  of t h e  average maximum. ranges of 

e l e c t r o n s  of s p e c i f i e d  energy i n  two d i f f  epent media. 



11, THEDRETICAL BASIS OF THE EXPERIMEXT 
I 

The u t f l i e a t l o n  of thimbie ionfzatfon ohambers suggest- .- -.% I 

ed i t s e l f  ae the  most d i r e c t  and convenieAt method of inves- 
5 

8 
6 t i g a t i n g  t h e  a ta ted  probl.em, Bragg , Frieke and Qlasaer  , 

and ~ r a ~ ~ ~ ~ ~  9s10 eaoh independently s tudied oavity Ioniza- 

t ion '  methods. The mathematical b a s i s  fop t h e  # r use of suca 
5 ' 

11, . - ohambers a e  a t o o l  i n  research ha8 been develop'ed by Gray . 
. - 

' 

He derived a r e l a t i onsh ip  between t h e  ionizat%on par u n i t  
. :' 
C. l . volume per u n i t  time i n  an i n f i n i t e l y  small air  cav i ty  i n t ro - '  

b 

duoed into.  a s o l i d  medium and t h e  energy absorbed per u n i t  
. * 

volume per u n i t  time i n  the  same s o l i d  medium when i t  waa' 

being i r r ad i a t ed  wlth unif orm in tens i ty .  Thls relatfonsh3ip 

i s  mathematically d a t e d  a s  follows$ 

5 W, H, Bragg, Studies i n  Radloactlvl ty (1912), pp. 91-99. " -  

6 H. Frlcke and 0. Olasser, "A Theoret ical  and Experimental . 
Study of t h e  Small Ionizat ion ~hslmber," American 
Journal of Roentgen010 XI11 '(1925), 4b3-461. 

7 ~ n a z  %e AbLbsorpPon of Penetrating Redlation." 
~roceed inRa  of the  Ro a1 Society o'f ~ o n d < n  Ser ies  & .  

)--6& 
- -8 - 

LFmi: Li:z 'Ah Ionlaat lon ~ d t h o d  f o r  t h e  Absolute 
~ e a s u r e m k t  of Gamma Ray Ehergy," P r o c e e d s  of t h e  
Ro P1 Societ  of London - Ser ies  S ~ I  ( 
&9+ - -' 3 1 - 7  - 
Journal of 

LXK~F~E 
Journal of 

~ 3 T 3 F a .  

"Radiation Dosimetry, Pa r t  I8l1 Br i t i sh  
X (1937), 600-612. 

m n  Dosimetry, Part 11, B r i t i s h  
X (19371, 781-742. 

P w a t i o n  Yethod f o r  Absolute ~ e a s u r e -  
ment' of  6 k e  Ray E h e r g y , ~ r o c e e d l n  s of t h e  Ro a1 
Societ_a~ of London_, Ser ies  A, - 

t 
-6~ m-* 



where $ i s  the  stopping power of the  medium f o r  eleotrons,  
4 .  

6 S i s  the  stopping power of t h e  gaa i n  the  cav i ty  f o r  

eleotrons, J, i s  t h e  number of ion  p a i r s  formed per  u n i t  

time per un i t  volume i n  t he  gas of t h e  cavity,  W i s  t h e  
f 

average energy l o s t  by an eleotron per  pair  of lone formed, 
. '- 

and E, is  the  energy,absorbed p e r u n i t  t i m e ' p e r u n $ t  
. < 

volume i n  t h e  s o l i d  medium. 

The above re la t ioneh ip  i s  v*id only within qer tn ln  , . 

. . 

l imitat  ions which may b e .  summarized i n  four  s t a t  ei.en$s, 

I, The ion chamber ( e a s e n t i a l l y  an a i r  cav i ty  i n  a 
b 

1 ' 

medium) must be of suah mate r ia l  t&t the  ion iza t ion  per . 

u n i t  volume i n  t he  a i r  cavity is  proport16nal t o  t he  gas 

preseure i n  t h e  cavity,  

11. The ionizat fon per u n i t  volume . i n  , 
t h e  air$cavity 

. . 
muat be independent of the  s i z e  of t h a t  cavity,  

111. The primary beam of r ad i a t i on  should' not '  b e  

appreoiably a t tenuat  a3 i n  t ravers ing  t h e  chamber, , 
1 

IV.  The wall? of the  chamber must be th ick  enougli f6r 
t h e  primary beam of r a d i a t  Ion used t o  be I n  r a d i d t i p e  

equilibrium w i t h  t he  seconUary g a r t i a l e s  produced 'i;! :the 

medium. 

A bbne ion chamber mad'& t o  oonform t o  t he  abov*e I . 

l i m i t i a t i o n s  could ther'ef'ore be used t o  determine' the 
! 

energy absorption in b o d e ' a e n  it is i r r a d i a t e  d t h '  a gSven 
n 

b,@a;m of gamma-rays o r  x-yay80 ' ' . ' 



~ 
The above diecu8sion indicates, and experimentation by I 

I 

0ray12 and Mayneord and ~ o b e r t e l ~  on rarioua materials  has 
- shown, tha t  the  following reau l t  ahould be obtained if I 

I 

varioue wall t h i c k n e a s e s - ' : ~ ~  the material aurroundlng . an 
, . . . 

sip cavity were plottea'  againat the  lonizat lob . . .  un i t  

time. i n  the  cavity when the material l a  being- unirormly 

l ~ r a d l a t e d .  The ionization per uni t  time should. inckeaae 
. I 12 

. . . .  wi th  decreasing wall thielsnes,~ up t o  a c e r t a i n  inpx'i.mrn a f t e r  _ which i t  decreases r e l a t i v e l y  rapidly wlth deoreaaing wall 

thickneae, The thiokneas a t  which the  maximum ionization ', - 

oaours i e  tha t  rhloh moat. nearly s a t i s f i e s  both statement' 
I 

111 and IV. T h i s  value 1s ca l led  the  "optimal or cr%t:loal 7 "  
, 

: . wall thicknessm. See Appendix I f o r  a more thorough 

The evaluation of ,S /,s of equation 1) is  dlff l c u l t  

because the  effect ive atomic number of bone and i t 8  

electron density are  not known with su f f i c i en t  aoouracy. 

For t h i s  study an indireot  method of evaluating t d s  

r a t i o  had t o  be derived. 
! 

12 Ibid. C 

13 W. V. Mayneord and J. E. Roberts, "An Attempt a t  
Precision Mearturernents of Gamma Rays," Br i t i sh  - 
Journal - of radio log^, X (1937), 965-385. . I 

6- 

6 reti i , /, : i 
I r t 

B 



The to ta l  stopping power of any medium is givan below . 

i n  t e r m s  of i t s  components, 

where ,jSe i s  the stopping power per electron, dP1 1s the 

density of the medium, N Is Avogadrots number, A, 1s the 

, effeotive atomic weight of the medium, and Z,,, t e  the 

effeotive atomic number, 

It hs well known that Bakelite i s  considered an air 

equiualent material and that it is used i n  the chamber walls 

of standard thimble chambers, Therefore i n  the oaee of 

Bakelite 

S - S  :b e. - 4 e  
and 

The subscripts, a,b, and B,. re fer  respectively t o  a i r ,  

bakelite and bone. For t h i s  reason, the r a t i o  

mag be stated ' a s  follpwst 

Let u s  suppose the range ( R )  of electrons of a specific 

energy is knom i n  a medium, The range of' the electron8 i n  



... " . . . ,  . .  

power of the rnedta f o r  eleotroni,  That l a ,  - 

From equation 5) and 6)  we have 

. . Furthermore 

Elfminatlng $/ s from 1) and 8 )  leads t o  
$ 4  

Subatltutlng the value of ifq from 7). 

If a l l  va1uea"in equation 10) are known except E , 
"0 

thil~a quantity may be, evaluated, 



111, CAVITY IONIZATION t 

The equipment us& ' i n  this inveetlgation consisted of 

f ive one-half m i l l 1 c u r ~ e ' ~ o ' ~ ~  . I needles, a 250 W x-ray unit ,  

a \Iotoreen electrometm, with a atandem3 Victoreen 100 r 
.. . . Bakelite thimble ion ohamber, and an ion chamber made of 

. . . .  . . ; .  . . 
. . oor t ica l  bone, . : 

.. . . .  

:. . 
1t  would have been preferable to  use human bone. in the  

" 

. construction of the  bone chamber, bu t  t h i s  waa .,not.,. f eaelble 

because several  l a y e r s  of bone would have been "required to  
, , . <  . I  

obtain a piece of oorticiii  bone of suff ioient  .s'izeo . . . The 

use of 8 everal oement ed surf aces would have introduced the 

queetion as t o  the  effedt  of the  bonding material  on the 

resu l t s ,  The cor t ioa l  portion of the ahaft  of a bovine 

femur w a s  thick enough to'make the conatruotion of the  

chamber possible with two alabs of bone. One s ide  of eaoh 

of two s labs  of bone cut  from a bovine femur waa sanded t o  

a perfect  plane wlth a power sander. The plane aides of 

the  s labs  were cemented together wlth Casein cement., 

Immediately a f t e r  the  applicat  ion of t h e  cement, .the -slab8 

were placed under pressure plhich foroed out till exoeae~ 

cement, Thue th6 layer of organic oernent was negligibly 

thlok, and i t s  e f fec t  on expmlmental r e s u l t s  could also 

be considered negligible, . 

For the purpose of t h i s  investigation the  bonb ion 



chamber was t o  be a duplicate of the  standard 100 r .chamber 

exoept tha t  the chamber walls were t o  be of bone instead of 

Bakelite..  The a i r  volume of the  standard ion chamber had 

t o  be evaluated. With a depth gauge the hole, i.n t h e  chamber 

was determined t o  be 27.0 mm deep. T h l *  hole is a cyl inder  
. . 

with a h$mispherical end with a radius equal t o t h e . ~ a d i u &  I - ;  
I .. . i! ' 

of the,cylinder.  I n  theopen  cyl indrical  end..& the chamber 

a Bakelite plug i e  inserted eo that the  enclosed. a i r  volume 

whqch remains forms the  ionleat ion cavity. i he depth t o  
. ::, 

which. the  plug l a  inse&ted i n  the  aaskb led  unit,:&$.. found ' 

t o  be 16.0 m. The radius of the  cyl indr ical  add ,hernia- 

pherioal portions of the  chamber was 3.91 mm. , Prom these 

measurements the  t o t a l  cavity 'volume wae calcu1,ated by use 

of the  formula 

where r i s  the radius of the  chamber cavity, h i s  t h e  length 

of t h e  oylindrlcal  portion of the cavity rernalnldg dgth the 
t 

plug ineerted, and Vt  i s  the t o t a l  cavity volume. Hence ' 

. . 

. f 
From the calculated v o l q e ,  the  volume of the of the  

wire electrode extending in to  the  cavity was eubtraotied t o  

obtain the  t rue  a i r '  volume. The diameter of the  .wi're w a s  

0.76 mm and i ts  length i n  the  cavity 8.8 mm. 'Its -volume of 

0.004 om3 subtracted from the above obtained r P l u e  gives an 



. a i r  volume of 0,462 om3. 

The slabs of bone cemented together furnished a pieee 
. . 

su f f i a l en t ly  thick t o  permit.  a cyl indr ical  portion with a 

diameter of l6,O mm t o .  be machined on the  lathe,  #-one end, 
. .. 

, 
of the 'bone was rounded t o  a hemlaphere 'with a radius equal 

t o  tha t  of the, outer diameter of the  cyl lndr iaal  portion, 

From t h e  end opposite ' t h e  hemisphere, a hole w,ae drilled 

wlth a standard 3/16 Inch d r i l l  whoae end had also been 

rounded t o  a hemisphere, ' The radius of' the  dr i l l  was' O,l6 , - 

mm greater than the radius of the  cavity i n  t h e  standard 

chamber, The depth of th.e hole wars such that  the  walls of 

' the  chamber were equally thick a t  every point, The j u s t i -  

f i ca t ion  f o r  the use of the  drill was the. inoreased aocuraay 

w l t h  which the\ a i r  volumb of the  standard chamber. could 

f i na l ly  be duplicated. ' 

From another pleoe of the  s'ame femur, the  plug t.o be 

inser ted in to  the  chamber was constructed, Since the bone 

had a f a i r l y  high e l e c t r i c a l  conductivity, it was necessary 

t o  introduoe a Luoite sleeve of 3.50 mm diameter i n  the  

oenter of the  plug i n  order t o  insu la te  t h e  aluminum wire 

electrode whlch was t o  pass into  the cavity through the 

plug, To accommodate the  electrode, a small hole was 

d r i l l e d  wlth a s i z e  60 d r i l l  through the centel? of the 

. .  Lucite sleeve. The portion of the  plug . t o  be inserted Into 

the chamber was made suf f ici ,ently longer .than .the s i m i l a r  

portion of the  standard ohamber plug t o  compensate f o r  the  - x 

- 3 .  



greater radius of t h e  cavity i n  the  bone chamber, I n  the 

assembled unit ,  t h e  a i r  volume was judged t o  be .accurate 

within 2 0,5$, See Fig, 1 for  a d r a d n g  of the  chamber and " 
. . 

: ,. 

plug i n  which the  l i n e a r  dimensions a r e  twice ,act.ua.l s ize ,  . 

In  the  aeaembled uni t  t h e  aluminum wire electrode . t '  

extended in to  the  a i r  cavity of the  bone chamber to, 'such 
. . 

an extent that  the  geometrical center of the  h ~ i a p h ' e r i c a l  

end of the electrode o ~ i n c i d &  with the geometrical center 

o f  the  hemispherical end of the  bone chamber, I n  t h i s  

manner t h e  distortion. of' t h e  electEic f i e l d  due t o  the  

hemispherical end was reduoed as muuh aa posaible, 

The inside surface of the  chamber was coated with an 
, 

i n f i n i t e l y  t h i n  layer  of  Aquadag i n  order t o  insure complete 

conduotivity, The effect  of the Aquadag on experimental 
1 

r e su l t  a was theref ore considered negligi.ble. 
? 

The bone chamber w a s  threaded and screwed in to  a 

eondenser unit  which w a s  as nearly a dupl1cate.of t h a t  of 

the  standard chamber, aa poserlble, Briefly, it cgnaigt'ed of 

a braas barrel  inside of which a I u c i t e  sleeve waa placed, 
, . 

See Fig, 2 fo r  detai ls , '  The outside surfaoe of the Llewe . 

formed a continuous conducting medium with the inside 

surfaae of the  ion chamber! whereaa the inside supfabe of 

th6 sleeve formed anoth-ar oontinuous conducting medium v i t h '  

the  aluminum w i r e  electrode which extended ' in to  : the cavity, 

The Luoite between the inside and outside layers of Aquadag 

served as t he  d i e l e c t r i c  of the  condenser, The e l ea t r i ca l  
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capaaitanc6 of the bo'be chamber was checked ighlnst the  

I capacitance of the standard chamber, and they were found to  

be so nearly the same, t h , i b  no difference could .b;' detected, 
. . 

See Appendix I1 fo r  the procedure used in checking the 

oapacitanoe. t 

Sinoe the physical dimensions, the eleo6rioa1, capacl- 
t . 

tanoe, and the a i r  cavity volume of the  bone oh-amber were as 
, . 

nearly a duplicate of the standard ohanber as was experi- 

mentally possible, both bhambers could be used interchangeabG 

with the Victo~een electrometer. See Fig. 3 for  a ihoto- 

graph of the bone chamber unit,  

A Vidtoreen electrometer has a standard' inbui,lt devioe 
, . 

f o r  oharging the condenser-ion chamber u n i t  t o  a poten.tia1 
I 

dif f  erence of 400 volts, The electrometer is  &so .used to  

determine the amount by which the uni t  i s  discharged a f te r  

irradiation. . The lowest potential difference a t  *%oh a 

reading is taken Is 148 volts,  This provldea an e lea t r id  

f i e l d  high enough to  draw a l l  Ions formed to  the, electrodes ,. I 
of the  chamber. . .  . 

. . .  . 

2. Experimental 'Procedure 
. . 

The chamber walla were i n i t i a l l y  four nhl l imete~s  thick'. 

This  thlckneas was decreased by taking of f  uniform layers 

o f  bone, Twice the thiokness was decreased by 0:,50 mm. 

A f t e r  the second time, only 0.26 nrm was taken o f f  a ' t . . ~  

time, For each wall thickness so obtained, bhe bone' ahamber 
. . 



I on Chamber-Condenser Unit 



was i r radiated wlth the  beame. of gamma and x-rays u.sed In  

t h i s  experiment and the ionization per  un i t  time. 'inr the  
. .  . 

air cavity determined ,for each of these. A reading was . .  . 

taken wlth the  standard chamber under ldent$odL 'oonditionra . . 
, . 

f o r  every bone ohamber reading, See Appendix 111 f o r  the  

procedure ueed i n  reduping t h e  wall thlcknesa of the 
. . .  

chamber. j 

- . 
' .'. ' ' I '  .. , 

~ 0 6 0  was used a s  a source of r e l a t i v e l y  h,&il,x%dlation. 
s .  

Five one-half mi l l icur ie  cobalt needl'es each one-half om i n  

length were suspended ve r t i ca l ly  In a l p  b; means of a f er 

hundredths nrm thick sheet of poiystyri&i mounted ii the  

plane of a Luclte ring, The r ing  wlth Its plane horizontal  

waa attached t o  a stand, which had a mechanism , f o r  :adjusting 

the  ve r t i ca l  height of the ring. The s ing  was r i g i d i y  fixed 
. . 

w l t h  reapect t o  any other direotion. Two mrn from the  edge 

of a 1.8 om diameter, hole i n  t h e  center of the  polystyrene 

sheet atld equally spaced around it, f i v e  8 d 2  holes were; 

punched, In  these small holes the needles were supported 

by t h e i r  s l i g h t l y  f la t tened  wing t ips.  The bone or  standard 

chamber was placed i n  a stand which kept the  long & i e  of 

t he  chamber In a vertioal. posi t  ion. The asembly.  oontalning 

the coa0 needles was lowered over the chamber. Under these ' -  

circumstancee the axes of the  suspended needlea were 

pa ra l l e l  t o  the  long axis of the  chamber, The diatanoe 

from any one needle to  the oenter of the ionieatlon chamber 

was 2.0 cm. use of the th in  sheet of polystyrene peduced . 
' 



the  amount of scattering material  around t h e  chmber t o  a 

m$nimum. The poaition of the  chamber with respect t o  %he 

needles was aocurately raproduoible. * a  

. . Atmospheric prea suy*, and t emperature reading8 were 
. . .... . 

made each day so  t h a t  the obtained readings could be 

corr ect ed. 

The fo l lowbg beams of x-rays were usedt 140, ,200, 

and 260 KV x-rays eaoh f i l t e r e d  w i t h  0.25 mn CU plub 1 m 

A 1  and 250 KV x-raya f ilt er ed si t h  6 mm Sn, 0.25 nnn Cta and 
. .  

1 m Al. The tube qurrent ;n each case was 15 ma. The 

cha.mbers were centered i n  the beam, whioh waa ' c o l 1 ~ 1 , ~ t e d "  , , . .  

w i t h  a standard 2 r 2 om2 cone, a t  a 50 cm akin ta rge t  

distance. For evePfrbecun used a t  l e a s t  f o u r  bone chamber 
, 

readings were taken. The chamber waa rotated a quarter", 

tu rn ,  clookwlse about i ts  long axis  after eaoh ~eading'. 1n .  

t h l a  manner' any s ignif icant  var ia t ion i n  the thiaknese or  ., . 

composition of the bone chamber wall could be detecbed. 

The nearest ~ s c a t t e r l n g  surface was two meters from the 

chamber. 

Care was taken t o  repeat the  condit,tons of i r r ad ia t ion  ' *. 

a s  precisely ae possible f o r  each ser iee  of' read:tngs.'taken, ;., 

but any variat ions i n  the  radiat ion i t s e l f  were co&ensated 

f o r  since t h e  r a t i o  of bone chamber t o  standard'chamber 

readings wae determined eaah time. 
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1, Theoretical Basie . . .;. e 

. . . . , .  _ '  

The basis for  the method may be describyl '  a s  followse ' ' 

If a beam of gamma rays' 18 passed through a material, 

electrons a re  ejected i n  a l l  dlrectiona together 1~1th' 

degraded 'gamma rays. I n  .&y given direct ion,  there  will 
I*"': . 

be an upper l i m i t  to. the energy of .the electrons -produced . ' 
# .  

i n  the material which 1.s determined by the gamma'.ray. beam .. , . 

. . and the angle which th6 path of the electrone make Bpith the  

beam,. 
. . ,  

Let u s  choose 'an a rb i t r a ry  surface (S ) i n  space which 

Is re l a t ive ly  close t o  a materi'al (M)  through which a gamma 

* -  . ray beam ( e )  i s  being gassed. The electrons ( e ?  which 'are 
4 

ejected In  a direct ion which f a l l s  a i t h i n  the 8011' @gle 

(a) subtended by the a rb i t r a ry  aurface ( S ) w t l l  cross t h i s  

, .  surface. The number of electrons being ejected from M and 

c r o s s i w  S w i l l  depend upon three  factors:  the composition 

and in tens i ty  of the gamma ray beam, the orientation,  of the  

. so l id  angle wlth respect to  the beam, and the e f fw ' t ive  

thickness of the material with respect .  t o  the so l id  angle 

under consideration, Keeping the f i r s t  two faotors  don- 
.. . atant  and- a l t e r ing  the thickness of the material with 

respect t o &  should t i f fect  e, In the  following manner.' . 

Aa long as the thickness of M ' is  suff i c ien t  t o  keep the ' 

primapy beam i n  rad ia t ive  equilibrium with the eleotrona 



produced, e-will remain constant. . That i s ,  any eleotrone , 

formed i n  the material M; ,at a depth which i s  greater  than . 

the  maximum range of the most energetlo eleotrone i n ' t h a t  

material A l l  not contribute to  @,because t h e i r ,  energy . 
' 

Is completely d l s e i p ~ t e d . b e f o r e  they a r e  a b l e t o  l e i v e  
. . 

the mater i a l ,  . . 

A s  t he  thiokness M i s  decreased to  l e s s  'than . t h i s .  

maximum range of the  electrons i n  the  material, e_;Lmust 
. . 

also decrease because the  maximum number of eleotrohs 
I .  

., . with a f i n i t e  chance .of crossing S 18, no longer  b . e i 3  
. . 

produced. Theref ore, t ha t  thlcknese a t  whioh e,begins 

t o  decrease l a  epu'al t o  the  maximum range of the  highest 
energy. eleotrons ejected i n  the  pa r t i cu la r  d i rec t ion  under 

consideration, 

Let us assume t h a t  the  angular dlstrlbut.1on of eJ~eoted .' 

electrons with respeot 'to t h e i r  maximum energies 'is 'easen- 

e l a l l y  the same irreepeotive of the  material thrbugh which. 
9 .  *.- 

the beam 18 pasaing, This aasumptlon ahould be very nearly 

t rue  when the chief abaorptlon process involved i a  Compton 

scat ter ing,  f o r  electrons are considered as f r e e  i n  t h l e  
- .  

-. 
proceee, It l a  then poasible t o  determine re l a t ive  eleotron 

- .  ranges i n  two media, 
. 

2. Materials 
! 

The f i v e  cos0 needles were mounted In t he  bottom of a 

hole (0.5 in2) i n  a lead cylinder. The lead cy l inder ,  which . 'I,., . . 1 .  



was t h r e e  inches In diameter  and SIX incherj long, was. l a i d  - ?  

h o r i z o n t a l l y  on some l ead  br icks .  Lead br16ksb'kere s o  l a id  
. . 

t h a t  t h e  cy l inder  was oompletely euprounded exoept ' fo r  t h e  
. , 

' 

f r o n t  end. I n  t h i s  manner a small  c o l i ' ~ i k a t i & d a b , e ~  o f  gamma 
. . 

r ays  was obtained. - . 
i 

A small b r a s s  box was cons t ruc ted  with a l l  s i d e s  except 

t h e  f r o n t  closed. ~ o a e v e r ,  a square  h o l e  was c u t  i n  t h e  
. . '  

, . 
. a.  

back w a l l  s o  that when t h e  box was placed a g a i n s t  t h e  f a c e  

of t h e  l e a d  oylinder', t h e  h o l e  i n  t h e  cylinder" coin.cid6d . . .  

with t h e  h o l e  I n  t h e  box. A h o l e  with e diameter  equal t o  

t h a t  of t h e  end window o f ' a  Geiger tube  w a s  placed i n  t h e  

top  s i d e  of t h e  box. A removable c y l i n d r i a a l  brass '  ;riounli- 

ing t o  secure  t h e  Geiger tube  over t h e  h o l e  was construote8. 

Fig,  4 i s  a photograph of t h i s  equipment, 

I n s i d e  t h e  box a s p e c i a l l y  cons t ruoted  aluminum aupport  I 
f o r  t h e  m a t e r i a l  t o  be i r r a d i a t e d  was mounted on a.rniorom- 

e t e r  head so  t h a t  ve ry  a c c u r a t e l y  determined v e r t i c a l  ad jus t -  

ments could be made, I n  i t s  loweat p o s i t  ion the pla t form 

was one cm below t h e  Geiger tube  opening and centered  with I 
r e spec t  t o  It. I n  t h i s  p o s i t i o n  t h e  t o p  o f  t h e  support  was 

a l s o  J u s t  below t h e  opening leading  t o  t h e  coB0. The 

aupport could be r a i s e d  0.75 om from t h i s  pos i t ion .  I 
The support  was cons t ruot  ed from an aluminum. blook 

(1.0 inch  wide, 1.0 inah long, and 1.25 inchea deep) by 

cu , t t ing  a r ec tangu la r  trough 0.5 inchea deep and 0.8 inohee 

wide i n t o  it. The aupport  t h e r e f o r e  oonsisteU of twg t h i n  



FIGURE 4 

Speciman Support Unit 



p a r a l l e l  walls. I n  t h e  mounted pos i t ion ,  t h e  two -walls  

were a l s o  t o  the .  beam of gamma r a y s  .so t h a t  I t  

passed between t h e  two walls.  The col l imated  beam of gamma 
' 

r a y s  was s o a t t e r e d  t o  a  small  ex tent  by t h e  walls of t h e -  

support. The magnitude of  t h e  s c a t t e r i n g  wae oheck'ed by 

determining. the b.ackground counting r a t e  w l  t h  and without 

t h e  brass 'box assemblage i n  place.  I n  both c a s e s  t h e  beam. + ', 

was permit ted t o  pass  from t h e  l e a d  cyl inder .  . T h e d i f f e r e n c e .  
* .  

* *  ' 

i n  background was not  s i g n i f  i can t .  The t h i n  window , ~ (1.9 .. 
3 .  

. . 

2 . , 

mg/cm ) Geiger tube  was slensi t ive t o  light;: consequenenbly, 

a blaok of paper was used a s  a cover f o r  ' t h e  op.m 
t 

f a c e  of t h e  box. The thin paper a l s o  did n o t  cdange the j 
b a c k ~ o u n d  no t  lcenbly, To e l lminat  e  t h e  poa~ibl , i i^ ty ."of  

. . 

any e r r o r  a s  a r e s u l t  . -of! . s c a t  t e ~ i n g ,  a l l  backgr.ound ' .  
. . ;.,: , . 
.. . 

determinat ions were made with t h e  box and paper co?er In  

p l a c e  and n i t h  t h e  beam of g&h r a y s  pass ing  through t h e  . . 
braes  box. 

3. Ekperlmental Procedure 

With t h e  use  of t h e  equipment deshribed qboye, t h e  ' f  
procedure given below was followed. A f l a t  ~ e c t a n g u l s r  

e l a b  of  bone w a s  obtained and plaoed on i ts  supplort I n  t h e -  

b r a s s  box. By adjue t lng  t h e  s u ~ p o r t  he ight ,  t h e  bone waa 

oentered i n  t h e  beam of gamma rays.  Under t h e s e  cfrcum- 

s t ances  the Geiger count taken wda produced by  scattered 

photons en te r ing  t h e  Geiger tube and by t h e  e l eo t rons  

e j e c t e d  from t h e  bone wi th in  ' t he  s o l i d  ang le  subtended by 



the  end window of the  tube. 

The bone was removed and the f l a t  sides were sanded ,;: 
. . 

. . 
down i n  a special  c i rcu lar  . sander which k?pt the  f l a t  sides 

.. . 

perfect ly  pa ra l l e l  t o  ;6adh other. (The photograph -in Pig. 5' . . 
.* . 
. . 
. . . . shona the  sander on top of the scalar .  ) Thethickness of. . . 

, , .. 

the s lab  was accu$ate17 determined before and . ,after  i t  was 

sanded. The aupport was raiaed exactly the same amount by 

which the thiclol'bss o f  . the  bone had b.een deareased. ';The 

bone was careful ly  r.eplacea on i ts  support, and .'a oount was 

again. taken. T h i s  .proc'6dure, was r epea ed u n t i l ,  only .;an 
.. :. . i _ .. . . . , ,  . ... - ;:. . . .. .; , ' \  ' 

:t:exceedingly th in  piece, of', bone remained. By raiding' ithe 

suppdrt by the amounts indicated, the  top supf aoe of the 

bone .was kept a t  a cer.tain specified distanoe from the : . 

tube during a l l  counts t h a t  were taken, 

A block of Bakelite was subjected to  the same experrl- 
. I. 

.merit. The distance from the  Geiger tube t o  the top aurfaae 

of the  Bakeli te * i l e  it  was i n  the 'counting posi t  ion .was 
+ kept a t  the same value used i n  the  prevfous part. 



Equipment Used in Det ermlning Relative 
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V RESULTS 

: 1. Relative Electron Range Determinations 

Tables X and I1 the experimental r e su l t s  of the  , 
. . 

procedure Just  described, The t o t a l  count from which the  

I oounta per minute were determined was usualiy not below 

30,000. A background count ' m a  taken a f t e r  each count 

taken wlth the  material  In  place. Finally, when computing 

the baekgraund count lng rate ,  f o u ~  background counts ( taken 

juat before and a f t e r  t h e  reading under cona1d.eration) were' 

to ta led  and divided by the  time. This gave an average t o t a l .  
. . 7 .  

baclcground count of not l e s s  'than 20,000. On t h i s  basis 

the  probable error In the net counting r a t e  was f 0.62%. 

I n  Fig. 6 oounta per minute are  plot ted versus bone 

thickness. Within the average probable error associated 

with the indiv.idua1 oouht a, a s t r a igh t  approximately 

horizontal  l i n e  i a  obtained from a thickness of 4.1 mu t o .  

Thia agreement with ' theory is  ra ther  surprising 

because it might be expected t h a t  scat tered gamma rays 

.would aff eot the curve. Sinue l e s s  and lesa sca t te r ing  

material remains i n  the  path of the  primary beam as the  

thicknees .of the  s lab it? decreased, a gradual but d e f i n i t e  

decrease in the  oounta might have been expected. The . 
. . 

faet  tha t  there .18 only. a negl igible  decrease lndica tes  

e i ther  tha t  the amount, of ma t t e red  gamma raga entering 



FIGURE 6 

Secondary Electron ESnisaion Versus.Bone Thickness 
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the Geiger tube was r e l a t ive ly  negl ig ib le 'o r  that-  the  

greater  ef f iciencg of , the tube for  electrons maskee the  .' ;,; 
. . . . 

, .<. ., : - . . ., (. ' - 4  
* f  eff ect  of the  soa t te re&'~~hotons .  . , Probably a7 cb*bi'&dt.ion . 

' . ,  . f; 

QP .both i s  involved,' 1 s .. , . 
, L . ,' 

The precise determination of the  point a t  :whioh ' the  . . . 
. .  a,: - .  

.I . e .  

.v ,: .!, '.;. . . ' 

. . . curve begins t o  decltne :as made d i f f  i o u l t  beqause of: . the  ' . ', 

. : . - *  
., ' 5  

. . 
~ . ,  . . . .. 

\ . , ( .  . t ,  

i t  *:, ,, ; s t a t i s t i a a l  variat l&i, :~r-the . t counts, It app,ears:t.o occu:r 
. . 

a t  .a thickness of 1,,25 mm. . , . 
. . 

The curve f o r  Bakeltte (Fig, 7 )  Indicates 2i00 mm a8 

the point a t  which the  slope of the  l i n e  beging t o  'change'. 

There a r e  three  faa tors  which m a t  be investigated 

before the r e s u l t s  just given can be interpreted,  The 

f i r s t  d i f f i c u l t y  i s  encountered ' i n  the  basis  of the 

method i t s e l f ,  . The ranges determined i n  the  above dxs- 
1, 

cuasion a r e  aotually t h e  l inea r  absorber thicknesses which, 

the  maximum energy electrons were capable of t r a v e r s i n ~  . 

Because high speed electrona a r e  acattered repeatedly and 

qui te  frequently a t  la rge  angles, the  thickness rnentloned . 
i s  not a measure of aotual  path length, Th i s  l inear  

absorber thicknesa ( 8 ) i a  cer ta in ly  a function of t h e  - . ' 

t f l  
i n i t i a l  energy of t h e  electrons and of the  material I t s e l f ,  

Furthermore, a s  t h e  t o t a l  number of ejected electrons 

oount ed Increases t q ,  should become d i r e c t l y  proportional 

t o  an average of the  a c t u a l  path length ( Rm ) o P t h e  

electrons because the  amount of scat ter ing which a group .of 

electrons of the same energy undergo i s  a random or  
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Secondary Electron Emission Vereua 
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BAKELITE THICKNESS IN M.M. 



, s t a t i s t i c a l  process. Of' course, the angle of def lect ion 

of. a n  electron a l so  . def'ihes . t h e  amount of energy 1; l o s t  .. 
, . 

/,: 
i n  tha t  par t  ioular co111sion. The resu l tan t  'atr%ggl.ik In 

' <  . ~ . .  . 
the actual  ranges i a  qu i te  large, but t h i s  does n o t  in- 

val idate  the  quant i t r  termed the  average path length of 

electrons of specif led i n i t i a l  energy. However, only if  

the proportionali ty constants between a n d  R, i a e  . 
t m  

determined f o r  both bone and Bakelite oou%d the . ' relation- 

be s ta ted  with known accuracy. Since the effeot8 j u s t  dea- 

cribed are  random i n  nature, t h e  exgresaion given above 

sh6uld be correct  to  the first degree of approx~matlon i n  

ae muoh aa R was determined on the b a s h  of  la rge  numbera 
t ry . . 

The seoond oomplicatlng faa to r  Is the absorption of 

beta pa r t i c l e s  by the  window of the  Geiger tube whi'ah 

r e s u l t s  i n  a meaaured range which i s  l e s s  than R . 
t M 

' Electrons must have, suff$oient energy l e f t  'af'ter emerging 

from the material t o  penetrate the  windowj t h i s  required 

energy i s  retained a t  the  expenae'of the  depth frdm whioh 

they can originate,  . . 

The amount of material to  be penetrated i n  the tube 
2 window was .0019 grns/cm ,whe~eae the amount of materlal 

penetrated by maximum energy ,electron8 i n  bone and Bakelite 



waa respectively .248 gms;/cm2 and .264 grns/crn2. Thua .0019 

i s  0.81% and 0.76% of the  respective determined' ranges. 

This i n  ~ i t a e l f  i s  f a r  l e s s '  than the accuraoy with which t h e  
, . 

ranges were determined"and may theref ore be considered 

negligible. . .  ! .  - . 
The t h i r d  fac tor  is  the  geometry of the experimental 

setup as i t  a f fec t s  the observed value of R . I n  the 
t F1 

f i rs t  place, as the  path of the  e jeoted electron ,diverges 
I 

from a d i rec t ion  normalto  the eurfaoe of the.material  

being i r radiated,  theamount of material  through whloh 

it  must paae increases. Secondly, t h e  so l id  angle which 

the surface, projected by t h e  sens i t ive  volume of the  

tube a t  the  end window, subtenda with the  place of o ~ i g i n .  

of an ejected electron is a function of the  distance between 

the end window and the origin. This funotion"~ i s  independent 

of the material  i r radiated,  but the  probabil i ty of electrons 
I .  

entering the sens i t ive  tube volume from t h e  m l u r i m q m  depth 

i n  a mat er  i a l  deoreaees as the  maximum 'depth"'inoreasas. 

This geometrioal effeot  is not eas i ly  calculated math- 

ematioally, b u t  a r e l a t fve ly  simple experimental procedure 

was carr ied out i n  order t o  gain information concerning 

the effeota. A t h i n  pieoe of Bakelite (0.380 m) was 
I ' ,  

plaoed on the support i n  .the braas box of the  experimental 

equipment, and a count wae taken. The support was adjusted 

t o  various heights. A t  each of theas%-Gettlngs .ai&o@ntwaa ., 
.$@epg,i: :.Th-qp ,nq$~,~$&gg~a_,ettings whioh waee of par t i o u l a r  



significance, One countwas determined with the  mlc'rometer 

s e t  a t  a value it  had &'en the  slope of the  curve in Fig. 

6 began t o  change, Another was taken a t  the  s e t t i n g  
. .. . which the,microrneter had when the curve i n  Fig. 7 began 

' . 
. . , . 

i : t o  drop. Finally, one. yaa taken ai t h  the  top surface o f  

the  material  a t  t he  .same dis tance from the  tub6 t h a t  it 
. ' had i n  the  previous experiments, The increase i n  the  

counting r a t e  as the  distance between the  i r rad ia ted  

material  and the Geiger :tube decreases i s  a measur'e of the  

increased probabi l i t ies  . I >  .%f electrons entering the ,Geiger 
. . tube because the so l id  angle subtended l a  changing., From 

the  r e s u l t s  of t h i s  experiment' ( aee Pig. 8), th,e probabi l i ty  

of an eleotron entering the  sens i t ive  volume of the  Geiger 
. .i ?;. ' tube from the  maximum dep0hs i n  the  'material was 80%. of . 

the probabil i ty of an electron entering from the  top  erurface. 

The value of the r e l a t i v e  probabi l i t ies  as given a b o v e i s .  
. - 

s l i ~ h t l y  amaller than that  f o r  bone and s l i g h t l y  larger  

than tha t  f o r  Bakelite. '  It can be seen t h a t  the  'geometrical 

eff eot decreases the r e l a t i v e  number of electrons coming 

from a maximum depth i n  a, material.. Consequently, t h e  

i n i t i a l  changes i n  the  slopes of the curves i n  Figa, 6.and 

. 7 a r e  retarded by the  geometry Involved i n  t h e  experiment, 

This decreases the  aocuracy w l  t h  which the i n i t i a l  changes 

i n  the 's lopea of the  curves o m  be detected, but it doee 

not s h i f t  t h e  thickness a t  which the slopes ac tua l ly  begin 

. . t o  change. The implication i s  t h a t .  the  errors due t o  the  
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Study o f  the Effect  of Geometrical Wrors.  
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r . - . ... , . ' r ;  . 

; geometrioal e f fec t  a r e  taken in to  aocount' when t h e  e r rors  . . . 
T T  

i n  reading the  curves a r e  c i ted,  It would be expect& 

tha t  +fib would be more d i f f i c u l t  t o  determine from Fig. 7 
#. 

than f ig from Fig. 6. A look at. the two curves ve r i f i e s  

t h i s  statement. 
. , * ' .  ..,. . 

A s  a ,consequence of the  above discussi.on,~ there  i s  
. I .  , . . . . . 

reason to  believe.  t h a t j t h e  . . r a t i o  +fib / %RB . : % a  nearly 
' I' , , 

equal to  /$, / R B  . ' : , : ~ h b u ~ h  t h e  a c t u a l  range h a s  not 'bee< 

determined, the  r e l a t i v e  ranges ahould be accurate es a 
' 

, ' ' ,; 

first  appro&lrnation. The unfortunate f a o t  i s  that the  
. . I  

error involved cannot be evalwated sa t i s fac to r i ly ,  The 

eetimated uncertainties ,in determining R and tfib from 
t B 

the curvea a r e  respectively f 0.10 nmr 'and* 0.l3 mm. 

It i a  of In te res t  t o '  determink, i f  possible, tlie 

effect ive atomic number, of bone as eetabliehed by the above. 

r a t l o  and oompare it t o  t h a t  det,ermlned by Spiers 14. Asaum- 

t ha t  ib / f i b  = ZB, / A ~  , from equation, 2) it may be 
1 

shown tha t  ' 

The dens i t ies  of bone and bakel i te  were determined a s  follows, 

A piece of bone from whioh the  chamber had been .constructeed 

was turned .down $0 a cylinder on the  lathe. The 'ends wer'e 
* 

14  F. W, Spiers, "Effective Atomic Number and Energy 
.r, 

Absorption i n  T l s ~ u e a , ~  Br i t i sh  Journal of Radiology, 
. :: 

- 
d' X (1937), 365-985, 



i 
I' . 

squared very c a r e f u l l y .  The dimensions of this so l id  
- ... < . .... . . c y l i n d r i c a l  piece of bone were' careful ly  measured. Thls 

. . . piece was then weighed on an analyt ioal  balance; . . From 

these measurements the:'volume was caloulated to' be 

2.740 oc and the weight'. t o  b e  5.417 gm.  heref fore the  
r . .  , , 

. .  . . . . . 
density raa 1.98 grns/&. I n  a slrnller manner,.. the'' denaity 

of bakel l te  was determined from a, pieoe w i t h ,  a volume of . 

1.809 oc and a weight of 2.396 ems t o  be 1.92 gme/co. 

R obtained abovd, Uslng the  values f o r  ?-Rb and 

S / S i a  oalculated t o  be 1.065. With the use o f  ~ e b e  
Oray'a15 graph of the var ia t ion of S, wlth the atomla 

- number ~ e l a b l r e  to  ,S, , the effective. atomla nub= is 

.' 10 as compared t o  the value of 13.9 established by ~ ~ i e r s ~ ~ .  

This dif ferenae m i g h t  i n  pa r t  be explained by the faot  t ha t  

Spiers used Walter' a exgreseion for the  eff ec t lve  atom10 

number, This gives a value too high If Compton eoatterlng : 

%z& ,* - %. 

i e  the main proaees, The value obtained In  t h i s  experi- 

ment is i n  close agreement with tha t  uaed by J-a, Darby - 
17 

.' , and Kornelsen . 

I,. A. Gray, "An Ionisation Method f o r  the  ~ b s o l ~ d e  

~ b a o r ~ % i o n  in ~ i s s u g e ,  British 3ournal of  ~ d r 6 l o g y ,  - 
X I X  (1946), 52-62; 

17 Johns, ~ a r b y ,  and Kornelsen, "Physleal Aspects of 
Treatment of Cance~ b y  88 l e v  X-raya, " Bri t i sh  Journal 
of Radlofogy, ~XIV!.f(1951), 355-364, - 



2. Cavity Ionisat ion:  Gamma Radiation 

Tables 111, I V ,  V, V I ,  and V I I  are reoorda of the 
' 2- 

cavi  t y  1o;ieat ion In  bone f o r  verlous chamber walk thick- 
1 

neasee and f o r  the  various beams .of gamma and x-rays used 
I 

i n  t h i s  experiment, . . > . 

, Table I V  shosk that, t h e  ionizat ion i n  t h e  bone. chamber 

cev l ty  i s  very l i t t l e  g ree t e r  than t h a t  i n  an . a i r  equivalent 

ohamber when it  is Irradiated w i t h  gamma rays of 'the ,energy * I 

emitted by co60. 

I n  Fig. 9 t he  bone cav i ty  ionizat ion Is p lo t ted  veraus - .  

chamber w a l l  thickness, Attention should be d r a m  t o  t h e  

f a a t  t h a t  amall changes - in Ionizat ion have been magnified' 

by the  choioe o f  t h e  o rd ina te  un i t  e ise ,  Thia was done 

so t h a t  t h e  optimal wall thickness might be more e a s i l y  

es tabl ished which i n  tu rn  f a c i l i t a t e d  a more aoourate 

ext rapola t ion t o  zero w a l l  thicknesso The l a t t e r  2s 

necessary i n  order t o  obta in  a value whioh would be 

represen ta t ive  of t h e  ,Lonlzation i n  t he  oav1t.y i f  t h e r e  

were no a t tenuat ion o f  t h e  beam, Thf a extrapolat ion $8 

j u s t i f i e d  inasmuch aa the  GO'' gamna Fay8 a r e  near ly  

monocihromat ic. 

The port ion of the durve f o r  wall  thiakneaees g rea t e r  

than 12,25 mm represents  t h e  slow absorgt ion of t he  hard 
" 

I 

gamma rays and the  port ion preceding t h i s  ehows the  de- 

crease  i n  Ionization. a f t e r  r a d i a t i v e  equilibrium between 

the  primary beam and the  secondary Qeotrons 1s no longer 

possible,  ' . . 

, 



FIGURE 9 . 

Cavity Ionization fn the Bone Chamber Versue 
Chamber Wall hickneaa 

(Radiation8 Cod Gamma Ray.), 





The slow deorease i n  the ionization r a t e  with decreaa- 

lng wall thicknees f o r  values below the  optimal, may be ex- 

plained by considering the experimental conditions under 

whloh the  cavity ionleation was determined. Ordinarily, , 

measurements of cavity ionizat ion a r e  made i n  a  c611imat,ed 

beam, and under these oiroumstances the  number of electrona 

generated In  the a i r  .sux-'rounding t h e  chamber is negl igible  
. , " *  9 

aompssed t o  those produckd i n  t h e  chamber wall. I n  the case 

of the  coe0 needles In  open a i r ,  there  i s  an atmosphere of 

high speed electrons pro4uoed i n  the a i r  surrounding the 

chamber, Obviously, these e l  eotrons cannot contribute to  

the  ionization In  the cavi ty  u n t i l  the  thickness of the 

chamber wall8 i s  l eas  than the maxlmum 'range of maximum 

energy eleotrons In the  bone. However, as the  wall thick- 

ness becomea l e s s  than t h i s  'value, el'ectrona produced i n  

the  a i r  begin t o  contribute t o  the cavi ty  ionization, The 

thinner the  walla become the grea ter  l a  the  percentage of 
. 

the  t o t a l  ionization which i s  produced by electrona enter- 

ing the cavity from the a i r  surrounding t h e  chamber. A t  

the  same time, compensation i s  never bomplete,, 

The bone plug which forms 'one par t  of t h e  chamber wall 

aff ecte the  ahape of t h e  curve i n  a  manner eimilar t o  the 

effects a t t r ibu ted  bo eleotrons generated I n  a i r .  The r a t e  

a t  which the  ionization i n  the  cavity decrease8 with de- 

oreasing values of wall thicknese below the optimal one Is 

retarded by the  f a c t  t h a t  the primary beam i s  always i n  



rad ia t ive  equilibrium wlth the 'secondmy eleotrona produced 
* . .. 

i n  the  portion of the  wall formed by the bone plug. Unlike 

the preceding case, the  e f fec t  of the-bone plug w i l l  a lso 

tend t o  d8c~eaa.e the S a t e  a t  which the  ionleat,ion ocaurs 
7 

with decreasing wall ' thiaknesa f o r  values great& than t h e  

optlmal. This l a t t e r  effeot  m u s t  be qui te  sialll:b&ause 
6 

. . 
t he  bone plug forms only a emall f rac t ipn  of ' t h e  dhanjber - 
surface, and any difference i n  t h e  number 'of e lec t rons  per 

, , 

oma of surface area i f  contributes to. the cavity and t h a t  , 

contrfbuted by the other 'portions of the wall ,must.,be 
,* . 

a t t r ibuted  to  the  diffepbnoe i n  t h e  attenuation of the  

primary beam. For t h e  hard gawa rays t h i s  is very small. 
. . 

I From the  above dlaousslon it follows tha t  the apparently 

a typical  port ion of the  curve does pot a f fec t  the va l id l ty  

wi th  which the other port ion may be extrapolated t o  zero 

wall thicknees. 

The e ~ t r a p o l a ~ t e d  value i s  0.220 unlta def lect ion per 

minute and is  1.18 tfmea tho ionieatlop r a t e ~ f  0.i87 observed 

I i n  the standard chamber with a L u ~ i t e  :aleeve, added t o  eatab- ~ 
l i s h  optimal wall thickness. 

Because it was not f eas ib le  t o  make more than an average 
, L, 

of three  o r  four reading8 a t  any one w a l l  thicknea8, methe- 

I - 
matical calculation of a probable e r ror  would have l i t t l e  

signif ioance. On the  average, the grea tes t  amount. by 

which any r e a d i q  within a group varied from the. average 

wae 1.8. The electrometer scale  could be read wlth an ~ 



P 
aocuracy varying between 99.0 and 99.5% depending on the 

portion of the  scale  being used, The f a c t  tha t  many points 

a r e  ueed to  determine' the extrapolated ourve (Big. 9)  

decrease8 the error  below that  quoted .above, 

There is  the  poss ib i l i ty  of an indeterminate error in 

the  ionization value of 0.220 whlch has t o  do w i t h  the  

f a i l u r e  of the  bone chamber t o .  gat iefy ideal  condition8 

under ioh Gray' a  derivations a r e  valid,' Ideelly,: :the 

gas i n  t h e  cavity should .have t h e  same effeot ive atomic 

number as the  walls of the  chamber. How closely any given 

chamber approaches the  ideal  may be atudied by observing 

the variat ion i n  ionization as the  preaaure of the  gas i n  

the cavity i s  changed. ~ r a y l *  found no variat ion in a 

graphite chamber cavity as the  preesure was reduoed from 

atmoagheric t o  10 cm Hg. With lead chambers the  ionization 

t o  preaaure r a t i o  increased by e e v d  per oent. If the 

eff eotive atomic number. of bone is between 10 and 13.9 as 

compared to 7.3 f o r  a i r ,  t he  ionieetion t o  preeeure r a t i o  

ahou1,d cer ta in ly  not' lncreaee more than one per cent i f  

th i e  t e a t  were applied t o  the bone chamber. The 'error 

residing i n  t h i s  f ac to r  -should then be lee8 than one per 

18 L. H. Gray, 'An ~ o n i e a t l o n  Method f o r  the Absolute 
leaeur ement of ~t.kma Ray Energy, 
Hoyal Society of London; Beriee & -. - 



Since the ionization chambers had t o  be exposed from 
. ,  . 
, , four  t o  eight hours i n  order t o  obtaYn good readings, 

m .  

. ' .  inveatlgations ok th.e leakage: were made. I n  part ,  t h e  . . 
. ' 

leakage depends upon t h e  voltage aorosa the chamber; . there- ._ ' .  

f o r e  the leakage I n  the  ohambers was determined a t  varioua ! 

potentials .  From the  r e s u l t s  of these t e s t s  I t  beqame 

apparent tha t  the  leakage fac tor  +as f a r  smaller . than the  

experlmmtal error  in  readidg the  eletrtromet,er'. . ' For 
3 

example, i n  an eight hour' reading the average leakage r a t e  

per hour was 0.016 divisions . .. whereas the r a d i a t l  n, diachirge 
-+. . . . . 

- r a t e  was 12.4 d l v h . .  

Using equation 10 and the values obtained from the  

curves i n  Figs. 6, 7 and Q, the  energy absorption i n  bone 

per uni t  mas8 when it is i r rad ia ted  a i t h  co60 gamma rays 

may be evaluated. I n  the  Victoreen eleotrometer one un i t  
... , 

deflect  ion represents ~2..083~10~ ion:. pa i rs  per oc i n  the  ' 

Ionization cavity of any instrument whlch has the same a i r  

volume aa tha t  of the  standard 100 r ohamber. Since the  

bone chamber meets thts  requirement, the  energy absorption 

i n  ergs per oc per dlvision def lect ion may be wri t ten 
* 

Because the  ionization r a t e  i n  the bone chamber 18 
1 

1.18 times as  great  aa I n  the standard chamber, the  energy 
. ,. 

f 



absorption per  cc of bone per  roentgen 28 
-i 

. . 

Final ly ,  t he  energyh'sbaorption + per gm per  ,roentgen i s  

Provided the  indeterminat e e r ro r  i n  +Rb / *Rg' 18 
, .. 

negl ig ible ,  t he  above values a r e  estimated t o  be aocurate 

within* 5%. 

spi erst  l9 value i s  given as approximat e l 7  150' ergs/oc/r . 
T h i s  i s  r a t h e r  surpr i s ing  lnaamuoh as t h e  Indeterminate 

e r ro r s  i n  the  value of 209 eFge{$c?/r would most probably , ' t7Ji 

tend t o  increase  t he  observed value ra ther  than t o  decrease 

it. 

I t  i s  a lao  in s t ruo t ive  to  ca l cu l a t e  t h e  energy absorption,  

i n  bone assuming ~ p i m d ?  determination of the  eff ec t lve  

atomic number and electron dens i ty  of bone t o  b e . c o r r e c t  . 

and the  cav i ty  ion iza t ion  presented here t o  be aocurate. . . 

From Gray9 sP1 graph the  cor rec t ion  f a c t o r  f o r  a chamber of 

19 F, W. Spiers,  "Eff ec t ive  Atomic Number and Energy 
Absorption i n  Tiasuea, Bri t- ieh Journal  of Radiolo-, - 
X I X  (1946), 52-62. 

20 Ibido 
1 L. H. Gray, HAn Ion%zation Method f o r  t h e  Absolute 

Measurement of Gamma Ray, &ergg, " 
Royal Society of London, Seriee A, CLVI (1 - 



., . 
. a  

< ! 

, such wall materlal i s  1.095. Thus the  energy absorption p a  . 
. . 

: , . ' . . .  co p& r would be 

3. Cavity. Ionizatlonr x-radiation . 
\ 

There. may be s l i g h t .  var i a t  ions I n  the  quali ty .. . ,and 
. 6. . .. . 

quantity of the  x-rage :prbduoed by an x-ray unit:. over an 

extended period of time; hence it was f e l t  t ha t  grea ter  

I accuracy oould be obtafned i f  the r a t i o  of the  bone cavity 

ionization t o  tha t  i n  the  standard chamber was plot ted 

vepsua chamber wall thickness.. I n  Fig. 10 th.6 re8ul te  
' , 

recorded i n  Tables. I V  - V I I  a r e  p l o t t ~ d  i n  such a manner. 

So many of  the soft components of t h e  250 K V  x-rays 

were f i l t e r e d  out with:&" .Thoreaus I11 . f i l t e r  t h a t  the beam 

was very nearly rnonoch~omatic. The constant slope' of the  

curve ver f f ies  thia faot .  Extrapolation t o  eero wall 

thickness gives a r a t i o  of 1.75. The l i n e a r  dfmenaions' 

of the  bone chamber were probably small enough i n  t h i e  

oase t o  jus t i fy  the extrapolation. If the cavi ty  wewe too 

large the walls would not make the  proper contributfon t o  

the Ionizat ion, and the  'observed value would be too small; 

Multlplylng t h e  observed r a t i o  by 'the energy absorption . - 

per uni t  volume pep division ?then gives 310 ergs/oo/r or  
. 

167 erga/gm/r as  the lower l i m i t  t o  the energy absorption 
. * 

In  bone knder t h e  oondit ions ape& ied. t I 



Relative Cavitg lonl'cation In, the Bone chamber' 
I ' Veraurs Chaber Wall Thioknesa 

(Radiation: X-rage) , . . . 

A - 140 kv X-rays, 0.26 mm Cu + 1 mm A 1  

B - 200 KV X-rays, 0.125 .nun cu + 1 mm ~1 

C - 250 KV X-rays, 0.25 mm Cu + 1 mm A 1  



J ! t ; : , . ' .  .,! . {p .... %. m' .,,,,-" ,' i s .  ; - '7" R' ; , ,, ,. "' " - '"I,. 

4 . . 

The other curves have also been extrapolated, b i t  the  

values so obtained must de f in i t e ly  be -conaidered ei;' .indie- 

a t iye  only, Three reasons aocount f o r  t h i s  rbaervation, 

The chamber cavi ty  may have bee4 too la rge  f o r  the  re la t ive-  

1g s o f t  beams of x-ray* 'used, the beams were not homogeneous, 
1 

and the  changing slope of t h e  curve i n  i t s e l f  makes the 

extrapolation somewhat inaccurate.' Again th. absende of * 
these f ac to r s  would make t h e  observed values higher; there- . ' !  

f o r e  they may be con6 id&d 'as indicative o f  . . t h e  loner  l i m i t  

t o  the  energy abao~?bed under the conditions outlined, 
.. . 

The magnitude of the  pdssible errors  i n  taking tie. i 

@ 

readings was the same ak.thoae given i n  the deacriptlon of 
. , . 

of the gamma l r r a d i a t  ion resulds:  namely, 1.8%. I 

If the energy ab.sorpt.ion i s  calculated i n  t h e  manner 

grevioualy indicated, the  'values o f '  273, 300, .and 328 
1 

ergs/gm/r a r e  obtained respectively for  250, 200, and 140 

KV X-ray8 each f i l t e r e d  d t h  0.25 mm Cu p l u s .  1 mi Al. As . . 

shown above, these values represent .somewhat inaccuf ate, 

determinations of t h e  lower l i m i t s  of energy'abaorption i n  

bone under t h e  gonditions specif led. 



V I  SUMMARY AND CONCLUSIONS 
---\ 

The eneigy absorption i n  bone was determined using a 

thick-walled thimble Ionization chamber, constructed o$ 

co r t i ca l  bovine bone, by measurement of' ionlzatlon i n  the 

a i r  cavity of the chamber as t he  wall thickness was . re-  

duced. When co60 gamma rays were used the  en&gy 8beorp- 

t i o n  was found to  be 105 2 5 erga/gm/r. The lower l i m i t 8  

to' the  energy absorption i n  bone i r rad ia ted  with x-raye 
I .  

were determined t o  be 157 ergs/gm/r f o r  260 KV x-ray8 

f i l t e r e d  with a Thoreeua 111 f i l ter ,  Z13 ergs/gni/r f o r  ' 

4 

250 KV x-rays f i l t e r e d  wl.th 0.25 mm Cu + 1 mm A l ,  

300 erga/grn/r f o r  200 KV x-rays f i l t e r e d  with 0.25 rnm 

Cu -+ 1 mm A l ,  and 328 ergs/gm/r f o r  140 KV x-raye f i l t e r e d  
' 

with 0.25 mrn Cu + 1 mm A l ,  The value quoted .above f o r  

1.2 Mev radiat ion indicate8 t h a t  value may be 

too low. 
. . The l i n e a ~  absorber thickness of bone through whloh 

maximum energy eleatrons produoed by coe0 gamma rays a r e  

capable of passing was established a t  1.25 mm or  0.248 

gm/cn?. The effect ive atomic number of bone was detgrmined 

t o  be 10. 
\ 

,/ - -  



TABLE I 

Secondary Electron *&iealon Veraus Bone Thioknesa 

Bone Total Baokgr ound Net 
. - Thiokneaa ( ~ o u n t s b l n ,  ) (~ounts/Min,  ) (~ounta/bdin, ) 



TABLE I1 - .  

Secondary Electron Emlsslon Versus Bakelite Thicknese 
, .  . 

. . 

Bake11 t e  Total Background Net 
Thioknesa (~ounts/~in, ) ( ~ o u n t s / ~ i n ,  ) (~ounts/~in. ) 



I .  

TABLE '11 (Continued) 

- _ . .._ .-_,. . . __ . . . . . -~*-.~--.-.-=-3-'-----,~-53".'..:*L--. --- - - . - -  . - 
. , . . 

Bakel i te  Total Background ' ,  ' Ejet 
. . Thiokness ' (  ~ o u n t 8 / b i n ,  ) (counts/hin,  ) . (~ountls/brin, ). 



, 
' . .  TABLE 111 1 qi ._, - 

. . . . ., I . '  

, .  Cavlty IonIrat ion i n  the Bone C h a m b ~  Versus Charhber Wall 
Thioknesg Radiation8 C'o Gamma Rays . + 

r 

. . 
. .  . , : . , ,  

. . 

. . . _. _. __.-.. ._ ._ . -_.. _ _ _ _  -.-.- _- ___ ? . -..- -.----.-- 
' !  ? 

Bone Chamber , Bone Chamber I 

. s Wall Thioknesa : 
0 

~lvis lons/ l l in . .  , 

( ~ v e r a g e ) '  . '  . . 
. . . . * ,  < i  2 . d .  . . 

An average of  1 2  readinga taken w l  th  the  100 r atandard 
ohamber a t  various times gives a value of 0.187 r/min. 
under i r rad ia t ion  conditions ident ioal  t o  that &%oh the 
bone chamber was sub jeoted. 

. . 
All chamber readinga were correoted t o  standard be&aature  
and pressure. , 

average o f  a t  l e a s t  three o r  four  readings was taken In  
eaoh case. . 



Relative Cavity Ionization in  the Bone Chamber 
Versus Chamber Wall Thiokness 

(Radiation: 250 KV X-rays, Thoreaus I11 F i l t er )  

Bone Chamber . Bone Chamber Standwd 
Wall Thiokneaa ~ l v ~ / b d i n ~  ~iv. /IKin,  Ratio 

I '. TABLE V 

Relative Cavity Ionization i n  the Bone Chamber - 

Versus Chamber Wall Thiokneas 
Radiation8 250 KV X-rays, 0.25 mm CU 1 mm A1 ~ i l t e r  

, . 

. .. 
Bone C'hamber Standard : .  

. . 
Bone Chamber 

Wall Thickness ~ iv , /bI in ,  ' pfvw/baln0 ' , ' .Ratio . 



TABLE M 

Relatlve Cavity Ioniaation in the Bone Chambsr 
Versus Chamber Wall Thickneee 

(Radiation: 200 KV X-rays, 0.. 25 mm Cu 1 mm A l )  

... Bone Chamber ~ o n i  Chamber Standard 
Wall Thickneaa ~iv./Min. ~iv./bdin. Ratio 

TABLE VII 
. . .  

Relative Cavity Ionisation I n  the Bone Chamber 
Versus Chamber Wall Thiaknees 

(~adiatlonr 140 KV X-raga, 0.25 mm CU 1 rnm Al) 

Bone Chamber Bone Chamber Standard 
Wall Thickness ~ lv , /bt in .  ~iv,/Mln. Ratio 



Summary of Gray's Investigation of Cavity Ionization . . 
. . 

In  order t o  derive .the re la t ionship expressed in 
* .  

Equation 1, ~ r a ~ ~ f i !  made one experimentally jus t i f  lable  

a8sumpt ion. It is asaumed t h a t  a B *travers ing 

'. a so l id  medium loses  i n  the distance A X  ( shor t  with . .  . 

$ J . '  
, , .  . respect  to  Its range) thd same amount of energy as  it 

.* - 
. would i n  paaa'i~q tlu~ough" ,. g A X of a i r ,  whce 3 l a  the 

. . 
proportionali ty fac tor  which 5s Independent of the  speed 

, o r  velocity of the  - par t ic les .  Under theae ciroumstancea 
4 

the  energy equivalent of* .the ionization per unit  volulne i n  
. . .. < 

. ., the cavity is l /g timed the gamma rag energy absorb& per 
,,?. 

. . 
u n i t  volume of t h e  solid. The rig&ous mathematical proof 

of  ' t h i s  is ra the r  low'[and involved since it  must 'be 
' .  . 
<. : '! . I eatabliahed tha t  the  di&t&ibution of both the veloci ty  
i; 
,: .. . _,  I .  

. % . . .  . and the d i rec t ion  of, the  '*fl-partlclea is not diet&bed i n  

c r o ~ s i n g  the surface of the cavi ty  Aoceptlng t h i s  

aa, a t rue  statement , in tu i t ive ly  and rea l iz ing  tha t  it was 

m a t h ~ ~ a t i c a l l y  ahown t o  be correct,  the  derivation. 'of the  

above stated re la t ionship can be obtained as  indicated below. 
.. I 

23 L. He Oray, "An Ionization Method f o r  the Absolute 
Measurement of Gamma Ray Energy," 
Ro a1 Societ of London, Series &, 
&9+ - - 

24 L. H. Gray,  hi Absorption of Penetrating Radiation, 
Prooeedin s of the  Ro a1 So,clety of L s d _ o ~ ,  A, 

4 '. ( 1s &)-63%6& D , ' I ,  :: . - ' 

,I 4 1 {, - , ' 
1 I S  

#-!: * 1 



Consider two geometrically s i m i l a r  volumes-in a aol id  

-.. medium with l i n e a r  dimensions in the  r a t i o  of 9 : where t h e  . . 
8 a . d 

first i s  an a i r  oavity introduced i n  the  medium and the  . 

second is  a volume element of the medium, The gamma r ay  

f l u x  i s  uniform over the  whole medium and the  .volume 

elements, A ( a i r  oavity) and S ( s o l i d  volume element) tare 

emall compared to  the range of pa r t i c l e s  i n  t h e  medium, 

Since the d is t r ibut ion  of the  velocity and direot ion of the  

B-par t i c l e s  i s  not disturbed i n  orodaing the aurfaae of 

the  cavity wall, i t  follows tha t  the  sama amount of mergy 

i s  l o s t  by part ic les .  originating i n  equivalent 'poeitions i n  

the medium and aroereing the  respeotive volume elements. 

However, there  must be times aa wan; part ic lea  orossing 
t 

A as  S from geometrioal considerations, A t  t h e  same time 
Y 

the volumea ere I n  the r a t i o  of ~ 3 ~ :  ( . Hence th6 r a t i o  1. 
' I ,. ., . . 

of energy loases i n  the,two mediums m a t  be I /P . The 

contribution from ion1zat:ion of the  a i r  by the primary 

beam is negl igible  b o a u s e  of t h e  small l i n e a r  dimeneione 

'and t h e  small coefficient  of l i n e a r  absorgt ion. Further- 

more, i f  the  Compton eff ect  i a  predominant, t he  small. 
t 4 '  . 

contribution added w i l l  also be approximately i n  the r a t i o  

of 1 /p . The relaf ionship may then be exgress-ed a8 f ollowsc 



where 4 is  the ionization per uni t  volume i n  the  a i r  of 

the cavity8 w i s  t h e  average energy lost by an electron 

pe? pa i r  .of ions formed, Ev 1. the energy abaorbed p ~ .  

un i t  volume i n  the  so l id  medium, wd j3 i a  thsproportion- . . 

' 
a l i t y  constant which 1 s  independent of the  speed of the  

. , 

J3 - par t ic les*  

The equation indicates t,hat P ahould vary inversely 

with the pressure of the  gas, Gray investigated t h i s  

experimentally. For low atomic number mat er ' iale the  r a t i o  

of ionization t o  pressure ie a constant, but f o r  lead there  

was about seven per cent var ia t ion i n  changiw the pressure'  

fbrom 74 om Hg to  10. 

z,, ahould also be independent of the  s1.e of the  . 

cavity, Using chambers w i t h  volumes varying from 0,96 oc 

t o  0,005 00, the  ionization seemed to  be conetant within 

the l i m i t s  of ' the  experimental e r ror  involve8, 

The quant i ty  g i s  t h e  r a t i o  of energy l o a t  by .'.an 

electron i n  traversing a given diatanoe i n  two differene 

media, in t h i s  case t h e  so l id  and t h e  cavity gas, S h o e  

the stopping power of a medium i s  defined as - A E /AX ' 

where A €  i s  the energy l o s t  i n  t ravel ing the  diatanoe 

. A In  the stopping medium, it folloCs t h a t  g is equal 

t o  t h e  r a t i o  -G/aS . Information about r e l a t i v e  stopping 
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powel;a should then g ive  information about p also. U82x  

~ e t h h  e lec t ron ic  stopping power formula which haa been 

experimentally v e r i f i e d  f o r  oe r t a in  elements, e leot roniu  

stopping powers r e l a t i v e  t o  a'ir were ca lcula ted f o r  varlous 

energies of e lec t rons  a n d  f o r  various atomic number :materials. 

The r e s u l t s  ahow t h a t .  t he  r a t i o  of a leo t ron ia  stopping 

powers of various .rnedia'.to t h a t  of a i r  doea not vary more . .  . 

than 4% over a  wide 'ran'ge of energies f o r  Z = 1 t o  Z =18. 
4, - Above t h i a  g rea te r  var ia t ions  are noticed,-.' T o , ' t ~ s  extent  = 

. . .  

t he  o r ig ina l  aaaumption about JQ is  oorrect.:, . '  .. 
. . I  . 

. . . '. . 

The e lea t ron ic  stopping power experimentally-seems t o  
.. . 

vary but slowly wlth atomio number, deareasirig d t h  increas- 

ing atomic number. The va r i a t i on  of g. w l t h ' a e o d c  number 

rae a l so  invest igated.  J,, i n  an iir cav i ty  enclosed by 

a mater ia l  of atomic number 2, has been shown t o  be  given by 

where l a  the  energy of t h e  r ad i a t i on  absorbed per 

u n i t  volume i n  t h e  s o l i d  mat e r i a l  surx-ounding the  cavity. - 

The ionizat ion I n  chambers of d i f f e r e n t  wall  mater ia ls  .%a 

then proport ional  to 

where i s  t h e  stopping power per  e lec t ron  and is z e E 



- 
, t he  number of e lec t rons  per  u n i t  volume. However, it 18 

known t h a t  

. ,  ... ., 3. 

( E i a  t h e  f l u x  o N r e y  energy); consequently, if eJ . 

negl ig ib le  and s i n c e  i s  independent of & t he  

. ion iza t ion  i s r  proport ional  t o  

.. . . 1.  

The ion iza t ion  i n  d i f f e r e n t  chambers should be inversely 

proport ionel  t o  t h e  e lec t ron ic  atopping power, 

chambers of  varioua mater ia ls  were made and the 

ion1 eat ion checked. ,The r e a u l t a  were aompared t o  t h e  

reciprocal of t h e  el 'eotronlc stopping powers ca lcula ted 

previously, '  The agreement was found t o  be exeellent.  



APPENDIX I1 . , 

Electrloal Capaoitanoe of the  Bone.+Ch&bw . : . 

I -  ' . .  

The capacitanoe of the bone chamber was cheoked as 

I :  followst The bone chamber was inserted in to  the eleotrom- 

e ter  and charged t o  400 vol ts  ( ) ( B e r O  on aleotrbmeter 

aoale). The t o t a l  charge ( Qt ) stored i n  the eleotrometsr 

I and the bone chamber may be given by 

, i Q,= '(c,+ c b )  vo I 

where C, i s  the capacitance of the electrometdr bnd C b 

I is  the' .oapacltance o f '  the bone chamber. 

After the bone chamber was withdrawn, the electrometa 

was discharged. The charge ( Q+) wmtaining was then equal 

The charged bone chamber wae reinserted into the 

eleotrometer. The voltage ( V ) a8 read on the eleotrom- 
9, 

eter  scale may be given ,as follows; 
? 

I 
I '- The same procedure wae followed d t h  the standard 
I 
I < 

, 100 r chamber. The f i na l  voltage ( V, ) i n  this oaae 
3 2  

may be given by 



where CS 18,the capacitance of the standard chamber.. 

Therefore if .CS '= Cb then V must equal Vf.  . . 
9%. . . ' .  ' 

This result waa obtained In the uheck. No d l f f  sr6no.e.in 

Cb and CS could be detected i n  the ele~trorneter readings. 
. . . .. . 



Procedure fo r  Changing the  Bone Chamber V J d 1  Thlbkneas 
1 . . . 

The braaa barrirl ' in whioh ' the  bone chamber was, mounted - 
* .  was chuoked i n  the  l a t h e  exaatly i n  t h e  same marked poaitlon . . . . 

eaah .time the walls .were turned down, 

After the  chamber was ohucked, a design&@ layer of 

bone, was very carefu1,ly. . ou t  .. off. the  oyllndrioal  portion of 
. , , .. 

t he  chamber, A 81106 of equal bhicknooo woe out off from 

thb  hemispherical tip of the  chamber. This  end wae sanded 

t o  a hemisphere again and =heck&' with a r a d h s  =&.age s e t  
. . 

. t o  the  radius of the  cy l indr ica l  portion, Only'.the extreme 

t ip ,  which had already been c u t  down t o  the  required .th%uk- 

nesa, was not sanded, Henoe when the  radius gauge wae i n  
, .. 

complete oontaot with the end, the proper amount had been 

taken o f f ,  

The accuracy of  this method i n  maintaining a 'uniform 

w a l l  thickneas was checked several  tlmea during the course 

o f  t he  'experiment, A carbon rod with both ends tapered t o  

a blunt point was ineerted in to  the  bone chamber oavfty . 
whioh it f it ted comfortably, (The polnted end allowed the 

.. . 

f 
rod to.: come i n  eontaet with the deepeet p a r t  of the  cavl tyj  . 

. the  bluntnese prevented crumbling of the  oarbod rod. ): The 

distanoe from the  free- 'end of the in8erteB carbon rod t o  the  
. . 

. t i p  of the bobs ohamberta hemlsgherieal ;nd was mbasured: 

The differenue between t h i s  length and t h e  l m g t h  of t h e  rod 
s 

' 

, 'determined the  Potual thicknee's of the, wall in' the-hernisph&ioa~, 

i ' .  . I )  . . . .  ' . I .  
' , .  . . 

Y 7696  PQ 
. . 
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'portion of the chamber. This was checked against 

neas of the aall 'a of  the 'cy l lndr ica l  portion. 
. . 

the th'iok- 
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