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This paper reviews the methods used t o  obtain absolute neutron dose 
measurements and quality factor determination from the t issue equivalent 
proportional counter (TEPC)  . Exposure to nearly monoenergeti c neutrons 
w i t h  energies from 200 keV to 7.5 MeV indicate that  the absorbed dose due 
t o  f a s t  neutrons measured by the TEPC averaged 3% higher, w i t h  a standard 
deviation ( lo)  of 9%, than the t issue kerma calculated from neutron fluence 
measurements. The absorbed dose due to  f a s t  neutrons measured by the TEPC 
agreed w i t h i n  0.6% of the calculated t issue kerma for  a PuBe neutrnn source. 
whose neutron yleld was determined w i t h i n  2% by the United States National 
Bureau of Standards. Data are presented which show the TEPC measures 
qua1 i ty factars accurately enough for health physics purposes for  neutrons 
w i t h  energies between 200 keV and 5 MeV. 

INTRODUCTION 
I 

The t issue equi val ent proportional' counter (TEPC) , sometimes referred 
to  as the Rossi counter, has been used for  neutron dosimetry in a few 1 ab- 
oratories for  almost 20 years to  measure neutron doses and quality f a - t  ors. 
The TEPC has remained a laboratory instrument because of experimental di f f i -  
cul t ies  i n  using the -counter and unfamiliarity with the rneth~ds of analyzing 

i the data. With the possibi l i ty  of future changes in  the definitions of 
quality factor for  f a s t  neutrons [I], the TEPC may become more widely used. 

I This paper reviews the methods used to  obtain absolute neutron dose mea- 
surements and quality factors  and demonstrates that  the TEPC is suf f i -  
ciently accurate for  many health physics applications for  f a s t  neutrons. 

* This paper i s  based on work performed under U.S. Department of Eneygy 
Contract EY-76-C-06-1830. 
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A t  Hanford the  TEPC has been used f o r  rad iob io logy  and microdosimetry 
research. One program invo lved exposing about 150 swine t o  2 2 6 ~ a  o r  2 5 2 ~ f  
sources i n  the u t e r i n e  c e r v i x  t o  determine RBEs ( r e l a t i v e  b i o l o g i c a l  e f f e c -  
t iveness)  f o r  acute and long-term e f f e c t s  [Z] .  The purpose o f  t h i s  study 
was t o  prbv ide data f o r  the treatment o f  ce rv i ca l  cancer w i t h  neutrons. 
Several small t i s s u e  equ iva len t  p ropo r t i ona l  counters were used f o r  i n - v i v o  
measurements o f  the  neutron dose t o  adjacent t i ssues .  Tissue equ iva len t  
p ropor t iona l  counters have a1 so been used f o r  o ther  s tud ies  i n c l  udi ng : 
(1) measuring the neutron doses from card iac pacemakers and a r t i f i c i a l  hea r t  
power sources fue led  by 238pu, (2)  measuring the neutron dose equ iva len t  
ra tes  invo lved i n  the  fabr ica t i .on  o f  plutonium f u e l  elements f o r  f a s t  breeder 
reactors,  and (3)  measuring the  e f fec t iveness  o f  var ious hydrogeneous neutron 
shie lds.  The experience gained i n  these studies has convinced the  authors 
tha t ,  w i t h  c e r t a i n  improvements, the  t i s s u e  equ iva len t  p ropor t iona l  counter  
can, and perhaps should, be used as a hea l th  physics instrument.  

CONSTRUCTION.OF TISSUE EQUIVALENT PROPORTIONAL COUNTERS 

For ease i n  the ana lys is  o f  data, the  TEPC i s u s u a l l y  a .ho l l ow  sphere 
o f  A-150 t i s s u e  equ iva len t  (TE), p l a s t i c  f i l l e d  w i t h  methane-compounded t i s -  
sue equ iva len t  gas. De ta i l s  o f  p l a s t i c  and gas composit ion. and methods o f  
cons t ruc t ion  can be found i n  ICRU Report 26 [3]. 

One such commercially ava i l ab le1  propor t iona l  counter used i n  t h i s  work 
i s  shown i n  Figure 1. This  form o f  a TEPC, c a l l e d  a Rossi Counter, has a 
h e l i c a l  g r i d  around the cen t ra l  anode t o  main ta in  uni form gas m u l t i p l i c a t i o n  
along the length  o f  the anode wire.  The p l a s t i c  sphere i s  contained i n  a 
pressure vessel w i t h  a valve f o r  admi t t ing  t i s s u e  equ iva len t  gas. The gas 
pressure i s  maintained a t  a low pressure o f  a .few t o r r  (a few hundred Pa) so 
t h a t  charged p a r t i c l e s  crossing the c a v i t y  lose  very l i t t l e  energy. The 
energy deposited i n  the c a v i t y  i s  then equal t o  the l i n e a r  energy t r a n s f e r  
of the p a r t i c l e  t imes the  path length.  A t  these low pressures the gas f i l l e d  
c a v i t y  has the same mass stopping power as a sphere o f  t i ssue  w i t h  a diameter 
o f  about one micrometer and i s  s a i d  t o  have an "equ iva len t  diameter" o f  one 
micrometer. 

ANALYSIS OF DATA FROM TISSUE EQUIVALENT .PROPORTIONAL COUNTERS 

Fiqure 2 shows a t y p i c a l  pulse he igh t  spectrum der ived from a Rossi- 
type t i ssue  equivalent  p ropor t iona l  counter. Curve B represents the  data 
from a Rossi counter exposed t o  1.4 MeV neutrons; curve A represents the 
data from 6 0 ~ 0  gamma rays; curve C i s  der ived by m u l t i p l y i n g  the counts per  
channel t imes the  channel number - t h i s  i s  p ropo r t i ona l  t o  the energy 
deposited o r  dose. Neutron and gamma induced events can be separated on 
the basis  o f  event size. The minimum a t  p o i n t  1 has been se lec ted  as the 
lower l i m i t  o f  neutron events. This works w e l l  unless the photon exposure 
r a t e  i s  s u f f i c i e n t  t o  produce pu lse  p i l r t - I I~ ,  which occurs a t  dose ra tes  of 
several rad/hr  (0.01 Gy/hr). 

CALIBRATION 

I 
The p o i n t  o f  i n f l e c t i o n  a t  p o i n t  2 o f  curve C i n  F igure 2 i s  def ined as 

1 t he  proton drop po in t .  This corresponds to .  a slow proton r e c o i l  having. the 
h ighest  1 i nea r  energy - t r a n s f e r  o r  s topping power t rave rs ing  the diameter o f  
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the  s p h e r i c q l  . c a v i i y .  The p ro ton  'drop p o i n t  i s  independent o f  t h e  i n i t i a l  
energy o f  t h e  neu t ron  produc ing t h e  event.  Accord ing t o  t h e  data o f  Glass, 
e t  a1, [4]  t h i s  p o i n t  occurs a t  about 100 keV/ and i s  a ve r y  s l o w l y  vary-  
i n g  f u n c t i o n  o f  t i s s u e  e q u i v a l e n t  gas pressure.  An a l t e r n a t e  method of 
c a l i b r a t i o n  i s  t o  use t a b u l a t e d  da ta  o f  mass s topp ing  powers o f  a lpha  
p a r t i c l e s  pass ing through t h e  c a v i t y  f rom a smal l  source con ta ined  i n  t h e  
counter .  

ABSORBED DOSE DETERMINATION I 

M u l t i p l y i n g  t 4 e  number o f  even ts '  o f  a g i v e n  s i z e  by t h e  energy o f  the  
event  g ives  t h e  absorbed energy d i s t r i b u t i o n  i n  t h e  TE gas, which i s  a d i r e c t  
measure o f  absorbed dose. ' Fo l l ow ing  t h e  nomenclature i n  ICRU-26 [3], t h i s  
may be s t a t e d  .mathematical  l y  a s .  ' 

I 
I "2 

- - - -  c hN(h)  - loo"- 1.'602 x 1 0 - ~  ( )(-$$-J)-' (3;'' rad  Gy 

where h i s  t h e  measured pu lse  h e i g h t  expressed as channel number, N(h)  i s  
t h e  number o f  ' pu lses  accumulated i n  channel h, h l  and h2 a re  t he  l i m i t s  i n  
pu lse  h e i g h t  between which t h e  absorbed dose i s  t o  be determined, P i s  t h e  
gas dens i t y ,  V i s  t he  s e n s i t i v e  volume o f  t h e  c a v i t y ,  and C i s  t h e  c a l i b r a -  
t i o n  r e1  a t i n g  ,energy t o  channel number, whi ch was determined f rom t h e  p ro ton  
drop p o i n t  as [ exp la i ned  p r e v i o u s l y .  I n  t h i s  paper, h l  , t h e  lower  1 i m i  t o f  
neu t ron  dose , : i s  a r b i t r a r i l y  d e f i n e d  as t h e  minimum between photon and neu- 
t r o n  induced events. which occurs a t  an even t  s i z e  o f  about 10 keV/u. : The 
measured neu t ron  dose i s  t he  energy absorbed i n  t h e  TE gas c a v i t y  d i v i d e d  
by t h e  mass o f  TE h i d e  a sphere o f  A-150 TE p l a s t i c  w i t h  3.2 mm (1 /8 - inch)  
t h i c k  w a l l s ;  t h i s  i s  ve r y  n e a r l y  a measure o f  kerma f o r  f a s t  neu t rons .  

A s e r i e s  o f  exper iments were performed- i n  which s i x  d i f f e r e n t  ' t . issue 
e q u i v a l e n t  p r o p o r t i o n a l  counters  were exposed t o  approx imate ly  monoenergetic 
neut rons produced by p a r t i c l e  a c c e l e r a t o r s .  The neu t ron  f l uence  was mea- 
sured by a p r e c i s i o n  l ong  coun te r ,  us i ng  t h e  methods o f  DePangher and! 
N icho ls  ['5], o r  by 'a f i s s i on . '  coun te r .  The neu t ron  kerma i n  s o f t  t i s s u e  was 
c a l c u l a t e d  u s i n g  t h e  f luence-to-kerma f a c t o r s  f o r  t h e  human body o f  R : i t t s ,  
e t  a1 [ 6 ] .  A ,compari son o f  t h e  exper imenta l  l y  measured neu t ron  absorbed 
doses and t h e .  kermas c a i c u l  a t e d  f rom f l  uence measurements i s  shown i n  
F igure 3 as a : f u n c t i o n  o f  neu t ron  energy. For  t h e  average o f  about 30 mea- 
surements, t he  neu t ron  absorbed dose measured by t h e  TEPC i s  about 3% i 
h i g h e r  than t h e  t i s s u e  kerma, ca lcu l ' a ted  f rom f l  uence measurements w i  t h  a 
s tandard  d e v i a t i o n  ! ( l a )  o f  9%. There a re  many sources o f  e r r o r ;  t he  l a r g e s t  
and most obvious a re :  ( 1 )  t he  u n c e r t a i n t i e s  assoc ia ted  w i t h  t h e  l ong  
coun te r  measurement o f  neu t ron  f luence ,  ( 2 )  t h e  d i f f e r e n c e s  between t h e  
absorbed dose . i n  TE gas and t i s s u e  kerma, and ( 3 )  sys temat i c  u n c e r t a i n t y  
i n  t h e  e f f e c t i v e  va lue o f  I?, t h e  average energy r e q u i r e d  t o  produce a n , i o n  
p a i r  i n  t h e  t i s s u e  , equ i va l en t  gas. I n  ICRU-26 [3] i t  i s ' e s t i m a t e d  t h a t  the  
o v e r a l l  u n c e r t a i n t i  f o r  p r o p o r t i o n a l  coun te r  measurements o f  absorbed dose 
i s  about 10%. ' 

The absorbed dose was a l s n  measured by a TEPC a t  1 meter f rom a P ~ A B ~  
neu t ron  source, whose neu t ron  y i e l d  was measured by t h e  U.S. Na t i ona l  . 
Bureau o f  Standards w i t h i n  2%. The t i s s u e  kerma was c a l c u l a t e d  us ing  t h e  
fl uence-to-kerma fa',ctors o f  Ri t t s  1[6] and assuming t h e  neu t ron  spectrurn I; of 
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Anderson [7], which was measured on an a lmost  i d e n t i c a l  PuBe neu t ron  source. 
A f t e r  c o r r e c t i n g  f o r  source an iso t ropy ,  t he  neu t ron  absorbed dose measured 
by the  TEPC agreed w i t h i n  0.6% o f  the  c a l c u l a t e d  kerma. This  c l ose  agree- 
ment i s  perhaps f o r t u i t o u s ,  a l though t h e  accuracy o f  t he  measurement should 
be b e t t e r  because many o f  t he  sys temat ic  e r r o r s  a re  cance l l ed  f o r  t h e  wide 
range of neut ron energ ies f rom 100 keV t o  13 MeV. Measurements a t  t h e  U.S. 
Na t iona l  Bureau o f  Standards f a c i  1  i t i e s  w i t h  monoenergeti c  beams o f  144 keV, 
25 keV and 2  keV showed t h a t  t h e  TEPC de tec ted  neut rons a t  these energ ies.  
There was n o t  s u f f i c i e n t  r e s o l u t i o n  t o  separate events  f rom 2  keV neutrons 
f rom events induced by photons. Large f luences  o f  thermal neutrons produced ' 

an event spectrum s i m i l a r  t o  600 keV neutrons, p robab ly  as the  r e s u l t  o f  
N(n,p) r eac t i ons .  

QUALITY FACTOR ANALYSIS 

H. H. Rossi has dev ised a  s imple model t o  determine t h e  absorbed dose 
d i s t r i b u t i o n  as a  f u n c t i o n  o f  l i n e a r  energy t r a n s f e r ,  LET [8]. Since q u a l i t y  
f a c t o r s  a re  de f i ned  i n  terms o f  LET, i t  i s  p o s s i b l e  t o  determine q u a l i t y  fac -  
t o r s  f rom a  s i n g l e  TEPC'measurement. The Rossi model employs a  sphe r i ca l  
counter  w i t h  neu t ron  secondaries a r i s i n g  w i t h i n  t h e  w a l l s  and hav ing a  
constant ,  un i f o rm  energy l o s s  a long  s t r a i g h t  1  i n e  paths which compl e t e l y  
cross t h e  c a v i t y .  Under these assumptions D(L),  t h e  absorbed dose d i s t r i -  
b u t i o n  as a  f g n c t i o n  o f  l i n e a r  energy t r a n s f e r ,  L, can be de r i ved  by : the 
formula [8] 

I 

where k  i s  a  cons tan t  o f  p r o p o r t i o n a l i t y ;  r i s  t he  r a d i u s  o f  a  sphere o f  
t i s s u e  hav ing t h e  same mass s topp ing  power as the  gas c a v i t y ;  y  i s  t he  
l i n e a l  energy, t h e  q u o t i e n t  o f  t h e  energy impar ted  t o  t h e  volume d i v i d e d  by 
t hc  mcan chord l e n g t h  i n  t h e  c a v i t y ;  N(y )  i s  t h e  even t  d i s t r i b u t i o n  as a  
f u n c t i o n  o f  l i n e a l  energy ( o r  pu lse  s i z e )  ; and dN/dy i s  t h e  d e r i v a t i v e  o f  
t h e  event  s i z e  d i s t r i b u t i o n  evaluated a t  t he  p o i n t  where l i n e a r  energy 
t r a n s f e r  and 1  i n e a l  energy a re  equal .  

The authors  have dev ised a  computer code t o  per form t h e  above ca l cu la -  
t i o n s  and compute q u a l i t y  f a c t o r s  us ing  d i q i t a l  f i l t e r  techniques t o  smooth b 

t h e  data and eva lua te  t h e  d e r i v a t i v e .  I t  i s  n o t  p o s s i b l e  t o  d i s t i n g u i s h  
between photons o r i g i n a t i n g  from H(n,y)D r e a c t i o n s  i n  a  phantom o r  t i s s u e  
equ i va len t  p l a s t i c  coun te r  and photons from e x t e r n a l  sources, so a l l  photon 
events a re  exc luded i n  ou r  ana l ys i s .  The expe r imen ta l l y  de r i ved  q u a l i t y  
f ac to r s  a re  shown as c i r c l e s  i n  F igure  4. The c losed  c i r c l e s  a re  t he  
q u a l i t y  f a c t o r s  de r i ved  from TEPC measurements on t h e  sur face  o f  a  phantom; 
the  open c i r c l e s  a re  qua1 i t y  f ac to r s  der i ved  f rom TEPC measuremznts i n  f r e e  
a i r .  The upper curve represents  va lues from the  Monte Car lo  computer code 
c a l c u l a t i o n s  o f  Aux ier ,  e t  a1 [9], on t he  c e n t r a l  su r face  element o f  a. 
0.3m d iameter  by 0.6m h i g h  phantom i n  which t he  c o n t r i b u t i o n  f rom H(n,y)D 
reac t i ons  have been e l im ina ted .  These c a l c u l a t i o n s  should c l o s e l y  match 
the  TEPC measurements. The lower  curve i n  F igure  4  represents  t h e  valiues 
o f  q u a l i t y  f a c t o r  f rom I C R U  Report 26 [3], which a re  used f o r  h e a l t h  phys ics 
purposes. The data i n  the  2  t o  4 MeV reg ion  may be suspect due t o  carbon 
contaminat ion from vacuum pump o i  1  on t he  a c c e l e r a t o r  t a r g e t s  produc i  qg 
some lower  energy qeutrons. , 
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The Rossi model neg1,ects energy l o s s  e f f e c t s  f rom s t r a g g l i n g  and sca t -  
t e r i n g ,  energy. l o s s  f rom t h e . r e g i o n  due t o  d e l t a  rays  and v a r i a t i o n s  o f  LET 
a long  the  p a r t j c l e  t r ack .  I n  s p i t e  o f  these l i m i t a t i o n s  t h e  Rossi model 
seems t o  be s u . f f i c i e n t l y  accura te  t o  determine q u a l i t y  f a c t o r s  w i t h i n  one 
i n t e g e r  va lue, 'which i s  adequate f o r  h e a l t h  phys ics  purposes, f o r  neut rons 
w i t h  energ ies .from 200 keV t o  about  10 M e V .  

Since photon events were exc luded i n  t h e  q u a l i t y  f a c t o r  a n a l y s i s ,  t h i s  
method o f  anal .ysis f a i l s  f o r  neu t ron  energ ies  below about 200 keV, where 
~ ( n  ,?)D r e a c t i o n s  w i t h i n  a  phantom c o n t r i b u t e  s i g n i f i c a n t l y  t o  t h e  e f f e c t i v e ,  
q u a l i  t y  factor: .  Exposures a t  t h e  f i l t e r e d  neu t ron  beam f a c i l i t y  a t  t h e  U.S. 
Na t i ona l  Bureau o f  Standards con f i rmed t h i s .  .For 144 keV neut rons t h e  TEPC 
gave a  q u a l i t y :  f a c t o r  o f  10..4 t o  10.8, which i s  i n  e x c e l l e n t  agreement w i t h  
Monte Car lo  computer code c a l c u l a t i o n s  i n  which photon c o n t r i b u t i o n s  a r e  
e l i m i n a t e d  [9]. b u t  i n  poo!r agreement w i t h  t h e  va lue  o f  8  e x t r a p o l a t e d  f r om 
ICRU-26 [3 ]  data.  For  25; keV neut rons t h e  r e c o i l  p ro tons  d i d  n o t  have s u f -  
f i c i e n t  energy, t o  t r a v e r s e  t he  c a v i t y ,  and t h e  Rossi model obv ious l y  f a i l e d  
f o r  a  one micron e q u i v a l e n t  d iameter  d e p o s i t i o n  s i t e .  

CONCLUSIONS , 

For heal  t h  phys ics  purposes t h e  t i  ssue e q u i v a l e n t  p r o p o r t i o n a l  coun te r  
has been demonstrated t o  be s u f f i c i e n t l y  accura te  f o r  f a s t  neu t ron  dos imetry .  
W i t h i n  t h e  neu t ron  energya range o f  200 keV t o  about 10 MeV a  s i n g l e  measure- 
ment w i t h  a  TEPC operated a t  a  1  o r  2  m ic ron  e q u i v a l e n t  d iameter  g i ves  bo th  
t he  abso lu te  absorbed dose and t h e  q u a l i t y  f a c t o r .  Even i f  t h e  q u a l i t y  f ac -  
t o r  cannot be a c c u r a t e l y  determined a t  o t h e r  neu t ron  energ ies,  t h e  absorbed 
neu t ron  dose can s t i l l  be measured. I f  t he  counter  i s  operated a t  two o r  
t h r e e  d i f f e r e n t  gains,  i t  i s  p o s s i b l e  t o  measure both photon and neu t ron  
induced events and absorbed doses. I n  t h e  p a s t  t h e r e  has been g a i n  s h i f t  
problems due t o  d i f f u s i o n  of e l e c t r o n e g a t i v e  gases from t h e  t i s s u e  equiva-  
l e n t  (TE) p l a s t i c  w a l l s  i n  to  t he  TE gas. B e t t e r  manufac tu r ing  techniques now 
make i t  p o s s i b l e  t o  operate  t h e  counters  f o r  more than  2  months w i t h o u t  s i g -  
n i f i c a n t  g a i n  s h i f t s .  Wi th  t he  i n t r o d u c t i o n  05 s u i t a b l e  non- l i n e a r  e l ec -  
t r o n i c s  o r  microprocessors ,  i t  may soon be p o s s i b l e  t o  i n c o r p o r a t e  t he  
t i s s u e  e q u i v a l e n t  p r o p o r t i o n a l  coun te r  i n t o  a  p r a c t i c a l  heal t h  phys i cs  
ins t rument  f o r ,measu r i ng  bo th  absorbed dose and q u a l i t y  f a c t o r s  f o r  neut rons.  
I t  would a l s o  be r e l a t i v e l y  s imp le  t o  change such an ins t rument  t o  accommo- 
da te  p o s s i b l e  changes i n  t h e  d e f i n i t i o n  o f  neu t ron  q u a l i t y  f a c t o r s .  
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FIGURE 2: pulse Height Spectra from a Tissue Equivalent. 
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