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D e t e r m i n a t i o n  of the E lec t ron ic  D e n s i t y  and the  
M a n  by T - R a y  A t t e n u a t i o n  ~ 

Note  o] the Edi tor .  The publication of the results of a series of pains- 
taking measurements may  serve, we hope, the communi ty  of Radiol- 
ogists and Radiobiologists. The sudden decease of the senior author 
(G.J.) during the preparation of the manuscript  prevented a full 
discussion of the implications (e.g. comparison with theoretical 
values derived from standard compositions, sensitivity to deviations 
hereof, etc.). 

I n  s p i t e  of  t h e  i n c r e a s i n g  u s e  of t h e  r a d i a t i o n s  in  m e d i -  
c ine ,  we  h a v e  f ew  e x p e r i m e n t a l  d a t a  a t  o u r  d i s p o s a l  a b o u t  
t h e i r  a t t e n u a t i o n  in  t h e  t i s s u e s .  T h e  a t t e n u a t i o n s  o r  t h e  
a b s o r p t i o n s  a r e  g e n e r a l l y  c a l c u l a t e d  w i t h  t h e  h e l p  of 
c o n v e n t i o n a l  a t o m i c  c o m p o s i t i o n s  for  t h e  so f t  t i s s u e s  a n d  
t h e  b o n e s ,  g i v e n  b y  t h e  I n t e r n a t i o n a l  C o m m i s s i o n  o n  
R a d i o l o g i c a l  U n i t s  a n d  M e a s u r e m e n t s  ( I C R U ) .  F o r  t h i s  
r e a s o n ,  we  t h o u g h t  i t  w o u l d  be  u s e f u l  to  d e t e r m i n e  t h e  
n u m b e r  of  e l e c t r o n s  p e r  g a n d  t h e  a v e r a g e  a t o m i c  
n u m b e r  of  s o m e  h u m a n  t i s s u e s ,  f r e s h  f r o m  d i s s e c t i o n .  

A t  661.6  keV,  for  t h e  so f t  t i s s u e s ,  t h e  a t t e n u a t i o n  o n l y  
d e p e n d s  on  t h e  C o m p t o n  ef fec t ,  a n d  t h e  n u m b e r  N e  - : N Z / A  

A v e r a g e  A t o m i c  N u m b e r  of T i s s u e s  in 

of  e l e c t r o n s  p e r  g is d e t e r m i n e d  b y  t h e  m e a s u r e  of  t h e  
m a s s  a t t e n u a t i o n  coe f f i c i en t /~o  a t  t h i s  e n e r g y  2. W e  h a v e  

12o = N e , o  "xN and N e  = #- ~ 
e ~  I~N 

w h e r e  ea ( C o m p t o n  c ro s s  s e c t i o n  p e r  e l e c t ron )  is c a l cu -  
l a t e d  b y  t h e  K l e i n - N i s h i n a  f o r m u l a .  F o r  t h e  b o n e s ,  a 
c o r r e c t i o n  of  --2.2~ of t h e  m e a s u r e d  a t t e n u a t i o n  coef-  
f i c i e n t  tto t a k e s  i n t o  a c c o u n t  t h e  i n c r e a s e  of t h e  c ro s s  
s e c t i o n  d u e  to  t h e  p r e s e n c e  of P a n d  Ca.  

A t  low e n e r g i e s  of  60 a n d  28.5 keV,  t h e  a t t e n u a t i o n  
d e p e n d s  o n  t h e  C o m p t o n  e f f ec t  w i t h  e l e c t r o n i c  b i n d i n g  
a b e ,  R a y l e i g h  s c a t t e r i n g  ~ a n d  p h o t o e l e c t r i c  e f f ec t  ~ a n d  
is a f u n c t i o n  of Z,  a n d  we  h a v e  

#o 1 ( ~ D  + ~r~  + a~) = 1 

Xe Z Z-  (~ + ~z) 
(i) 

Fig. 1. Absorption apparatus for p-rays with narrow beam collimating system. The sample was placed between the first and the second 
collimator as shown on the right side of the photograph: note the disposition of the plexiglas cylinder for measuring water and tissues. In 
order to average out variations from the average thickness, the sample was given a quarter of a turn after each sample count. Each count 
series of 1 sample was preceded and followed by one or several counts without sample (with empty container for water and tissues) and by 
one or several background counts, so that  the total of counting statistics errors of one measured value of #o did not exceed 0.4%. 
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Fig. 2. Schematic diagram of the narrow beam geometry (dimensions in ram). The scheme shows the longitudinal section of the inner part of 
the lead collimators. 
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w h e r e  t h e  p h o t o  a n d  C o m p t o n  sec t ions  pe r  a t o m  h a v e  
l a te ly  been  w o r k e d  o u t  a n e w  b y  HUBBEL a. I f  we i n t r o d u c e  
on  t h e  left  h a n d  side of (1) t h e  m e a s u r e d  va lues ,  we 
d e t e r m i n e  b y  i n t e r p o l a t i o n ,  on  t h e  r i g h t  h a n d  side, an  
ave r age  Z. 

T h e  mass attenuation coe//icients o/ human tissues for  
661.6 keV, 59.6 k e V  a n d  28.5 keV were  m e a s u r e d  in a 
n a r r o w  b e a m  g e o m e t r y  w i t h  a device  desc r ibed  b y  
DAVISSON a n d  EvAIvS~. O u r  des ign  w a s  f i t t ed  w i t h  a 
NaI (T1)  d e t e c t o r  of 1/4 i nch  t h i c k  • 2 i nch  d i a m e t e r  a n d  
a n  e lec t ron ic  w i n d o w  (single c h a n n e l  ana lyzer )  (F igures  1 
a n d  2). T h e  r a d i o a c t i v e  p h o t o n  sou rces  u sed  were  ~sTCs 
(5 mCi),  24~Am (1 mCi)  a n d  ~2'5I (2 mCi)  ~. 

I n  o rde r  to  check  t h e  m e t h o d ,  the mass attenuation 
coe//icients o/ carbon, aluminium and water were  m e a s u r e d  
in t h e  s a m e  g e o m e t r y .  C a r b o n  w a s  in g r a p h i t e  f o r m ;  a 
sma l l  co r r ec t i on  h a d  to  be  app l i ed  because  of i m p u r i t i e s .  
Th i s  co r r ec t i on  in v e r y  p u r e  a l u m i n i u m  w a s  neg l igeab le  
(0.035~ 0 a t  60 keV a n d  0.064%o a t  30 keV).  B o t h  c a r b o n  
a n d  a l u m i n i u m  were  m a c h i n e d  to  t h e  s h a p e  of disks.  
T h e  e r ro r  on  t h e  super f ic ia l  d e n s i t y  w a s  <0.5~ . Dis t i l l ed  
w a t e r  w a s  p u t  in a ca l i b r a t ed  p lex ig las  cy l inde r  as  s h o w n  
in F i g u r e  1. I d e n t i c a l  c o n t a i n e r s  were  used  for  m e a s u r i n g  
t h e  a t t e n u a t i o n  of t i s sues .  

T h e  r e su l t s  of t h e s e  m e a s u r e m e n t s  are g iven  in Tab l e  I. 
T h e r e  is a good  co r r e l a t i on  b e t w e e n  t h e  e x p e r i m e n t a l  
d a t a  of  Ne a n d  t h e  calcula•  ones  of  N Z / A .  T h e  exper i -  

m e n t a l  va lue s  of tto/Ne (calculated)  for  Z = 6 a n d  Z = 13 
agree  well  w i t h  t he se  of HUBBEL a a n d  GRODSTEIN s a t  
60 keV a n d  28.5 keV, as  r e p o r t e d  on  t h e  d i a g r a m s  of 
F i g u r e s  3 a n d  4. F r o m  t h e  d a t a  of HUBBEL, we h a v e  
ca l cu l a t ed  for  each  e n e r g y  t h e  c u r v e s  p a s s i n g  t h r o u g h  the  
t w o  e x p e r i m e n t a l  po in t s .  These  c u r v e s  h a v e  been  used  as  a 

r e fe rence  for  t h e  Z d e t e r m i n a t i o n s .  F o r  wa t e r ,  we o b t a i n  

~ 7.35 zE 0.06 at 60 k e V  a n d  Z = 7.40 :k 0.01 at 

1 This paper was presertted to the Swiss Physical Society on May 5, 
1973, ii~ Neuch&tel, Switzerland, in the form of a short lecture. 
Prof. JOYET had begun, before his death in December 1973, to 
expand the contents of this lecture with the intention of publishing 
a comprehensive report. All work was conceived, directed, and its 
results mainly put together by him. But it was actually written 
only after his death, with the help of his notes. It  has no other 
aim than to report the summarized results of this research. 
The total attenuation coefficient, /~o with units of cm 2 g-l, is 
defined by the equation I = Ioe-I~o)~ where Io is the incident 
beam intensity, I is the transmitted beam intensity, and x is the 
sample thickness in g/cm 2. 

s j .  H. HUBBEL, Natn. Bur. Stand. Rep. NSRDS-NBS 29 (1969). 
C. M. DAVlSSON and R. D. EVANS, Rev. modern Physics 2,/, 101 
(19521. 

5 28.5 keV for lesI is an average energy which takes into account 
the relative intensities of the different lines. 

e CT. WHITE CvRODSTEIN, Natn. Bur. Stand. Circular 583 (I957). 
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Fig. 3. Cross-sections (photoelectric + Compton) per electron 
(barns) versus atomic number Z at 60 keV according to HUBBEL 8 
arid WHITE G~OI)Sa'mN s, and experimental values for Z = 6 and 
Z = 13. The latter are within 0.3% forZ = 6and1.5~ forZ = 13 
of these of HUeBEL (who estimates the uncertainties on his values 
to be about 1% and I to 2~ respectively). 
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Fig. 4. Cross-sections (photoelectric + Compton) per electron 
(barns) versus atomic number Z at 28.5 keV according to HUBBEL 
and WHITE GRODSTE1N, and experimental values for Z = 6 and 
Z = 13. The latter are within 2.5 % for Z = 6 and 0.50/0 for Z = 13 of 
these of HUBBEI. (estimated uncertainties by HUBBEL on his values 
are about 5-10% and 1-2% respectively; there is also some un- 
certainty about 28.5 keV taken as an average energy for lg'~I to which 
the values of HVBBEI. were interpolated). 



1 3 4 0  

Table  I. A t t enua t i on  da ta  for C, A1 and H=O 
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#o (era 2 g-l)  Ne (ei g- l )  NZ/A (calc) 

A t t enua t ion  a t  661.6 keV (~axN _ 0.25618 • 10 -2~ cm 2) 
Carbon 0.07710 3-009s. :k 1.5~ 3.0085 • 10 ~2 
Alumin ium 0.07452 2.908 s. 4- 1.6~ 2.9017 • 10 ~2 
W a t e r  0.08552 3.3384. 4- 2.00/00 3.3430 • 1022 

~o ( cm2 g- l )  tto/Ne(ealc) Z 

A t t e n u a t i o n  a t  59.57 keV 
Carbon (cot. imp.  --0.7~ 0,1752 4- 1.5~ 0.5823 • 10 -24 6 
Alumin ium 0.2758 :~ 1.6~ 0.9506 X 10 -24 13 
Wate r  0.2044 4- 1.9~ 0.6114 X 10 -2~ 7.35 

A t t enua t i on  at  28.5 keV 
Carbon (cor. imp.  --3.9O/o0) 0.2696 4- 1.1~ 0.8960 • 10 -~4 6 
Alumin ium 1.2852 ~ 1.2~ 4.4291 • 10 -24 13 
W a t e r  0.4013 4- 1.8~ 1,2004 • 10 -24 7.40 

The ind ica ted  errors of the exper imenta l  da t a  are the s t andard  errors ob ta ined  from repeated  exper iments  wi th  var ious  superficial  densities.  

Table  I I .  A t t enua t i on  da ta  of s t r i a t ed  muscle in m a n  

Person At t enua t ion  #o (cm 2 g- l )  

661.6 keV 59.57 keV 28.5 keV 

A 0.0850 0.2018 
B 0.0846 0.2026 
C 0.0846 0.2042 
D 0.0845 0.2017 0.3944 
E 0.0848 0.2021 0.4044 
F 0.0845 0.2024 0.4099 
G 0.0843 0.2028 0.3975 

M e a n 4 - S . D .  0.0846-4-0.00023 0.20254-0.00085 0 . 4 0 1 6 •  

Ne = 3.303•  10~3~: 2.7~ ~ = 7.4~=t=0.12; ~ = 7.4~4-0.07. 

Table  I l l .  A t t enua t i on  coefficients ~o (em2g-1), number  of electrons per  g Ne and average  a tomic  number  2 of soft t issues in  man  

Tissue 661.6 keV 59.57 keV 28.5 keV 

• 102a 
Muscle 0.0846 3.303 0.2025 7.42 4- 0.1 z 0.4016 7.4 s • 0.07 
Fa t  0.0850 3.317 0.1951 6.32 i 0.2s 0.3090 6.19 • 0.09 
Bra in  0.0851 3.320 0.2041 7.47 4- 0.3 a 0.4008 7.41 4- 0.01 
Liver  0.0845 3.300 0.2030 7.5o i 0.14 0.3999 7.4 a • 0.04 
Kidneys  0.0845 3.298 0.2037 7.50 4- 0.15 0.4095 7.5~ :t- 0.07 
Lungs  0.0837 3.268 0.2028 7.6s -E 0.42 0.4032 7.52 4- 0.10 
Thyro id  0.0836 3.265 0.2048 7.90 ~= 0.32 0.4044 7.5~ ~= 0.1 o 
Testes 0.0848 3.309 0.2032 7.45 ~2 0.12 0.4005 7,4z ]2 0.01 
Skin  0.0840 3.280 0.2011 7,4~ ~= 0.20 0.3861 7.3 o 4-4- 0.01 
Aor ta  0.0853 3.328 0.2060 7.62 ~- 0.04 0.4054 7.45 4- 0.02 
Vena Cava 0.0857 3.343 0.2030 7.20 4- 0.15 0.3884 7.25 -t- 0.14 
Cart i lage 0.0876 3.420 0.2121 7.65 4- 0.34 --  - -  

Each value is the average of the measurements of samples taken from 5 to 7 persons at 661.6 keV and 59.6 keV, 3 to 4 persons at 28.5 keV, 
except for the 3 last ones: aorta and v. cava 2 persons, cartilage 2 persons (average of 4 measurements) at 661.6 keV and 1 person (average 
of 3 measurements) at 59,6 keV. The S.D. on these averages vary for/~o at 661.6 keV and for Ne from 0.3 to 1.5%, for/~o at 59.6 keV from 
0.4 to 1.2%, for ~o at 28.5 keV from 0.I to 1.7%. The error on ~ corresponds to the S.D. on the average of the quotients/~o/Ne at each energy, 
read on the d iag rams  of Figures 3 and  4. The  precision of one single de te rmina t ion  of #o/Ne is ~< 1.6%. 
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Table IV. Attenuation coefficients/*o (cm '~ g-~), number  of electrons per g Ne and average atomic number  ~ of bones in man 

13 4 1  

Persoi1 661.6 keV 59.57 keV 28.5 keV 

/zo Ne /Zo " /~o 

Corpus femoris 
H 0.0899 3.509 • 1023 0.3610 13.74 -1- 0.05 1.461 
I 0.0884 3.451 0.3465 13.52 1.559 
K 0.0827 3.228 0.3460 14.12 1.537 

Mean 13.8 

12.73 =L 0.03 
13.11 
13.35 
13.1 

Caput femoris 
H 0.0895 3.494 0.2771 11.15 1.052 11.32 
I 0.0875 3.416 0.2665 10.95 1.007 11.24 
K 0.0890 3.474 0.2865 11.57 1.027 11.25 
IVfean 11.2 11.3 

Trochanter major 
H 0.0904 3.529 0.3003 11.91 1.218 11.91 
I 0.0888 3.466 0.3019 12.15 1.055 11.3: 
K 0.0873 3.408 0.2807 11.56 1.142 11.7 s 

Mean 11.9 11.7 

Ribs 
I 0.0893 3.486 0.3246 12.78 1.355 12.4.~ 
K 0.0875 3.416 0.3031 12.32 1.351 12.49 

Mean 12.6 12.5 

Squama frontalis 
I 0.0882 3.443 0.3290 13.0~ 1.474 12.8~ 
K 0.0826 3.224 0.3313 I3.7~ 1.535 13.35 

Mean 13.4 13.1 

The variation of 0.05 or 0.03 on ~z corresponds to an average error of 0.7% on the attenuation coefficient per electron #olNe. 

28.5 keV.  ( W i t h  t h e  v a l u e s  of  HUBBEL, Z : 7.38 a n d  7.44 
r e s p e c t i v e l y . )  

The measured tissues were  t a k e n  i m m e d i a t e l y  a f t e r  t h e  
d e a t h  of  t h e  s u b j e c t s  a n d  p u t  i n t o  t h e  P l e x i g l a s  c y l i n d e r s  
m e n t i o n e d  a b o v e .  T h e  b o n e s  we re  c r u s h e d .  A n  e x a m p ! e  of 
t h e  e x p e r i m e n t a l  d a t a  for  o n e  t i s s u e  ( s t r i a t e d  m u s c l e )  is 
g i v e n  in  T a b l e  I I .  T h e  s u m m a r i z e d  r e s u l t s  of  T a b l e s  I I I  

7 The radiation of 125I not being monoenergetic, the measured 
at tenuation coefficient slightly varies with the thickness of the 
absorber. The result may  be, for the high Z, an error of about 2% 
on ~Xo whose consequence will bring down the values of ~ for the 
bones. 
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a n d  I V  s h o w  t h a t  2 v a r i e s  f r o m  6 to  8 for  t h e  so f t  t i s s u e s  
a n d  f r o m  11 to  14 for  t h e  b o n e s  7. T h e  h i g h  a n d  v a r i a b l e  

v a l u e s  of  Z for  t h e  b o n e s  s u g g e s t  t h e  p o s s i b i l i t y  of  a n  
i n - v i v o  d e t e r m i n a t i o n  of c a l c i u m  a n d  p h o s p h o r u s  s. 

Rdsumd. Le  c o e f f i c i e n t  d ' a t t a n u a t i o n  m a s s i q u e  #o d e s  
t i s s u s  h u m a i n s  p o u r  662, 60 e t  28,5 k e V  e s t  m e s u r 6  d a n s  
u n e  g a o m a t r i e  X f a i s c e a u  6 t ro i t ,  a v e c  u n  d a t e c t e u r  
NaI (T1)  m i n c e ,  p o u r v u  d ' u n e  61ec t ron ique  /~ f en~ t re .  L e  
h o m b r e  Ne d % I e c t r o n s  p a r  g e s t  d a t e r m i n 6  a v e c  u n e  
p r a c i s i o n  de  ~<1,5% (S.D.) .  A p ~ r t i r  d e s  v a l e u r s  de  #o 
m e s u r a e s  ~ 60 e t  28,5 keV,  a v e c  u n e  p r a c i s i o n  de  ~ 1 , 7 %  

(S.D.) ,  on  d a t e r m i n e  u n  2 m o y e n  q u i  v a r i e  de  6 5~ 8 p o u r  
les t i s s u s  m o u s  e t  de  11 ~ 14 p o u r  les os. O n  m o n t r e  q u e  le 

2 m o y e n  de  l ' e a u  es t  t r~s  v o i s i n  de  ce lu i  de s  t i s s u s  m o u s ,  
la  g r a i s s e  e x c e p t a e .  

G. JoYET~,  A. BAUDRAZ a n d  M. -L .  JoYET 

Laborc~tory /or Dosimetry and Protection g, 
University o~ Z~rich (Switzerland), 72 Ju ly  1974. 
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