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The Tissue Equivalent Proportional Counter 

"Real Time" Neutron Monitor 

R. C .  Smith, J .  N .  Strode,  L. W .  Brackenbush & L. G .  Faust 

Abstract  

The Tissue iqu i  val en t  Proportional Counter (TEPC) has been developed 

t o  nionitor low level  neutron expos'ure r a t e s  a t  working s t a t i o n s  i n  a 
nuclear fuel  f abr ica t ion  f a c i l i t y .  I t  has proven capable of accurate ly  
measuring neutron dose r a t e s  a t  l e v e l s  from 0.1 t o  0.2 mremlhr. I t  a l s o  
ca l cu l a t e s  the  Qua l i t y  Factor which i s  of importan'ce i n  loca t ions  where 

the  neutron t o  gamma r a t i o  may vary s i gn i f i c an t l y  and i r r e g u l a r i l y .  The  

system described i s  .computerized t o  monitor 100 work locati 'ons simul t a -  
neously and can be expanded t o  monitor 384 loca t ions .  Neutron dose 

i s  accumulated on a real  time bas is  and a f t e r  t h e y o t o n  drop point  
i s  es tab l i shed ,  dose r a t e  can be read out  a t  any time f o r  the  dose 
accumulated over a spec i f i ed  period of time. 

The cur ren t  development program which provides reduced system 
L 

maintenance, lower. detect ion l i m i t s  and improved accuracy i s  discussed 
along w i t h  examples of measurement data and work experience with the  

cur ren t  system. 
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TISSUE EQUIVALENT PROPORTIONAL COUNTER 
THE TEPC REAL TIME NEUTRON MONlTOR 

R. C.  Smith, J. N. Strode, L. W .  Brackenbush and L. G. Faust 

I n t r o d u c t i o n  

Assessing personnel neut ron  dose f o r  occupat iona l  workers i n  a  

f u e l  f a b r i c a t i o n  p l a n t  presents one o f  t h e  most d i f f i c u l t  personnel ex- 

posure measurement problems i n  t h e  nuc lea r  i n d u s t r y .  A ma jor  d i f f i c u l t y  

l i e s  i n  t h e  c o n s t a n t l y  s h i f t i n g  and p o t e n t i a l l y  l a r g e  changes i n  t h e  

neut ron  t o  gamma r a t i o  encounteted a t  t h e  work l o c a t i o n .  . Whi le t h e  gamma 

dose r a t e  i s  r e l a t i v e l y  cons tan t  a t  a  g i ven  work s t a t i o n ,  f o r  a  p a r t i c u -  

l a r  f u e l  type,  t h e  neut ron  dose r a t e  i s  a  va ry ing  f u n c t i o n  o f  t h e  f u e l  

q u a n t i t y  and geometry. It i s  s u b j e c t  t o  bo th  r o u t i n e l y  changing f u e l  

movement and f low through the  process, and i r r a t i c  b u t  n o t  i n f r e q u e n t  

l a r g e  mass v a r i a t i o n s  due t o  f u e l  hold-up i n  t h e  process caused by tern- 

po ra ry  process v a r i a t i o n s ,  q u a l i t y  assurance and va r i ous  o t h e r  f u e l  

mov$men t de lays  . 
Th is  v a r y i n g  neut ron  source s i t u a t i o n  coupled w i t h  design c r i t e r i a  

f o r  new f a c i l i t y  dose r a t e  c o n t r o l  l e v e l s  t h a t  a r e  be low . the  c u r r e n t  

l i m i t s  o f  d e t e c t i o n  f o r  most personnel neut ron  badges ( i n  a  month ly  badge 

change i n t e r v a l )  has necess i t a ted  t h e  development o f  new neut ron  m o n i t o r i n g  

i ns t rumen ta t i on .  A t  t h e  Hanford Eng ineer ing  Development Labora tory  (HEDL), 

t h e  T issue Equ iva len t  P r o p o r t i o n a l  Counter (TEPC) i s  being developed f o r  

more accura te  m o n i t o r i n g  o'f low l e v e l  neut ron  f i e l d s  on a  r e a l  t ime  bas is .  

The TEPC De tec to r  

The TEPC d e t e c t o r  has been used f o r  years i n  a  f e w . l a b o r a t o r i e s  and i s  

descr ibed i n  d e t a i l  i n  t h e  l i t e r a t u r e ;  ' - 3, i t  i s  t h e r e f o r e  o n l y  b r i e f l y  des- - 
c r i b e d  here. The.de tec to r  i s  composed of  a  ho l l ow  sphere o f  t i s s u e  equiva-  

l e n t  (TE) p l a s t i c  f i l l e d  w i t h  a  methane compounded TE gas. Detai1,s of t h e  

p l a s t i c  and gas composi t ion may be found i n  ICRU Report  ~ ( ~ 1 .  The gener- 

a l  des ign o f  t h e  de tec to r ,  c a l l e d  t h e  Rossi Counter, i s  shown i n  F igu re  1. 

The p l a s t i c  sphere i s  con ta ined i n  a  p ressure  vessel w i t h  a  va l ve  f o r  ad-. 

m i t t i n g  TE gas. W i t h i n  t h e  sphere t h e  c e n t r a l  anode i s  surrounded by a  

h e l i c a l  g r i d  t o  ma in ta in  un i f o rm gas m u l t l p l i c a t f o n  a long the  l e n g t h  of 

t h e  anode w i r e .  The gas pressure  i s  kep t  a t  a  ve ry  low va lue  (about  25 t o r r  

i n  these u n i t s )  so the  charged p a r t i c l e s  cros-sinn t h e  c a v i t y  l o s e  very  l i t t l e '  





energy and the energy deposited within the cavity i s  equal to  the l inear  

energy t ransfer  of the pa r t i c l e  times the path length. The' gas pressure 

i s .ad jus ted  i n  the gas f i l l e d  cavity so tha t  i t  has the same mass stopping 

power as a sphere of human t i ssue  of about two micrometers. This gives 

the detector an equivalent diameter of two micrometers which a s s i s t s  in ,  
I 

simple mathematical t ranslat ion of dose. 

Figure 2 shows a typical pulse height spectrum derived from a Rossi- 

type TEPC. Curve B represents the data from the TEPC detector exposed to  

1.4 MeV neutrons. Curve C i s  derived by multiplying the counts per chan- 

nel from a multichannel analyzer times the channel number and i s  propor- 

t ional t o  the energy deposited or the dose. Curve A represents the data 

from gamma rays. Neutron and gamma induced events can be separated 

on the basis of event s ize .  Thus the minimum point 1 i s  sel.ected.as. 'the 

lower l imi t  of neutron events. This works well unless the photon ra te  i s  

suf f ic ien t  to  produce pulse pile-up. Several rads/hr of gamma are  required 

t o  produce pulse pile-up. 

/ Point 2 ,  the point of inf lect ion on curve C i s  defined a i  the proton 

drop point. This corresponds to  a slow proton recoil  having the highest 

l inear  energy t ransfer ,  o r  stopping power, traversing the diameter of the 

spherical cavity.   he proton drop point i s  independent of the i n i t i a l  

energy of the neutron producing the events. This occurs a t  about 98 keV/pm 

and i s  a very slowly varying function of the TE gas pressure. 

Mu1 tiplying the number of events of a given s ize  by the energy gives 
the absorbed energy dis t r ibut ion int'heTE gas, which i s  a d i rec t  measure 

of the absorbed dose. Following the nomenclature in ICRU-26f1', t h i s  may 

be s tated mathematically as: 

where h ' i s  the ;easured pulse height exposed as channel nurnber, N ( h )  i s  
the nu~i~ber o f  pulses accumulated i n  channel h ,  h l  and h, are  the l imits  
i n  pulse height between which the absorbed dose i s  determined, p i s  the 

gas density, V i s  the sens i t ive  volume of the cavity,  and c i s  the cal-  

ibration relat ing energy to  channel number, determined from the proton 

drop point. 
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The TEPC System 

The part icular  system now being u t i l ized  a t  HEDL uses a Nuclear 

pata 6600 data handling system to compile, s tore ,  analyze and display the 

neutron information from the TE detectors.  I t  i s  a computerized 

pulse height analysis system capable of determining absolute neutron 
absorbed dose and qual i ty  factors  from a number of locations simultaneously. 
The present system i s  designed fo r  use on the H E D L  fuel fabrication l i n e  

and for  the High Performance Fuel Laboratory being designed a t  H E D L .  

Briefly,  the following sequence occurs in the Tissue Equivalent 
Proportional Counter system: 1 )  The TE detector measures the energy 
released by neutron secondaries which are  produced when a neutron traverses 
the TE material within the detector.  2 )  A preamp1 i f i e r ,  amp1 i f i e r  and 

I 

discriminator are  used to  amplify and shape the output from the detector.  
3) A mixer/rejector/router network, cal led a qated anal06 router 

( G A R ) ,  routes the signal to  the proper memory locations in a mini-computer, 

allowing simul taneous data acquisit ion from several detectors.  4) Using 

the Rossi model f o r  1 inear energy t ransfer  ( L E T )  d i s t r ibut ions ,  the absolute 
neutron absorbed dose r a t e  and qual i ty  factor  a re  calculated for  each 
detector.  A simple wiring schematic fo r  t h i s  sequence of events i s  shown 
in Figure 3 .  Four defectors may be handled by one GAR and four GARS may 
be routed into a s ingle  analog. t o  d ig i ta l  converter ( A D C ) ;  u p .  to  eight 

-ADCs can interface into each display and acquisit ion subsystem (DAS) and 
the ND6600 system can be expanded to  handle three DASs, giving the total  

system a capacity f o r  384 detectors or  monitoring locations.  All software 

f o r  the current system i s  writ ten in Fortran IV; 

TEPC Measurement Experience 
The TEPC neutron measuring system has 'been appl i ed to  a variety of 

s i tuat ions i n  plutonium fuel fabrication f a c i l i t i e s  and has been used as 
a research tool fo r  shielding analysis studies.  Because of the continuing 
trend toward lowering allowable occupational exposure l imi ts ,  t he  development 
e f f o r t s  have been directed to  obtaining the lowest practicable l imi t  of 

detection. I t  has proven a very r e l i ab le  and useful instrument fo r  determing 
doses a t  a variety of positions from various sources and a t  varying distances 

from shields.  
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E a r l y  measurements were made o f  a  Fas t  Fuels  f e s t  F a c i l i t y  (FFTF) 'J 

subassembly be ing  b u i l t  a t  HEDL. for  t h e  Fas t  Breeder Reactor.  The FFTF 

subassembly c o n t a i n s  217 f u e l  p i n s  assembled i n  a compact hexagonal a r r a y  

and c o n t a i n s  approx imate ly  7.3 kg o f  p l u ton ium as a  mixed ox ide ,  25% Pu02- 

75% U02. The TEPC was l o c a t e d  a t  t h e  midplane o f  t h e  36- inch  l o n g  f u e l  

s e c t i o n .  The r e s u l t s  a r e  g i v e n  i n  Tab le  1. The neu t ron  dose r a t e s  were 

measured on f i v e  d i f f e r e n t  days , a t  s i x ~ d i f f e r e n t  d i s t ances  f r om t h e  sub- 

assembly. 

TABLE 1  

Neutron Dose E q u i v a l e n t  Rates f r om "A" Type FFTF Subassembly 

Dose Equ i va len t s  i n  M Rem/hr 

D i s tance  t o  Counter Center  ( inches lcm)  

Date 2.115.33 6115.2 12130.5 24161.0 36/91 .4 4811 22 

12/11 24.4 10.9 2.5 0.91 

1211 2  23.4 10.8 2.5 , 0.95 

12/15 24.7 11.4 2.8 0.82 

12/18 5.3 2.1 1.2 0.71 

1211 9 5.2 2.0 1.2 0.74 

Average 

The l a r g e s t  pe rcen t  d i f f e r e n c e  -occurred - i n  t h e  measurements made a t  t h e  

two f e e t  d i s t a n c e  an3 were about  17% percen t .  Most of  t h e  d i f f e rences  a t  

h i g h e r  dose r a t e  l e v e l s  were below 3  pe rcen t  and t h e  maximum a t  t h e  l o w e s t  

dose r a t e s ,  thuse  measured a t  f o u r  f e e t  f rom t h e  subassembly were about  f 14% 
. pe rcen t .  The gamma dose assoc ia ted  w i t h  these  measurements v a r i e s  w i d e l y  

b e i n g  about  t h r e e  t imes  t h e  neu t ron  dose a t  those  measurements made near  t h e  

s u r f a c e  and about  equal o r  s l i g h t l y  l e s s  t han  t h e  neu t ron  component a t  f o u r  

f e e t  away. 

An e x a m ~ l e  of  t h e  use of  thpTEPC t o  measure l ow  l e v e l  0 ~ c u p a t i 0 n a l  

dose c o n d i t i o n s  i s  shown i n  Tab le  2. These measurements were fr.0111 t h e  . 

f u e l  s t o rage  area. The p i t  s t o rage  area i s  used t o  s t o r e  completed FFTF 

subassembl ies o r  t o  s t o r e  Flodel 60 i n s e r t s  wh ich  c o n t a i n  120 ' f u e l  p i n s  be fo re  t h e y  

have been assembled i n  t h e  f i n a l  f u e l  subassemblies f o r  t h e  r e a c t o r .  Storage 

h o l e s  a r e  app rox ima te l y  14 f e e t  deep, s t e e l  1  i n e d  and a r c  s h i e l d e d  hy conc re te  



within the p i t  area. Steel extensions 'three' f ee t  high were ' l a t e r .  added above 

f loor  level so tha t  two Model 60 inser t s  could be stored in a s ingle  p i t  

location. For the neutron measurements, three TEPC detectors were located 

a t  f loor  leve l ,  a t  12 inches and 24 inches above f loor  level centered 

between t ~ o  tubes. A fourth detector was centered one inch- above one -of the 

tubes. The neutron dose r a t e s ' a r e  given in Table 2. 

TABLE 2 

Neutron Dose Equivalent Rates In The P i t  Storage Area 

Dose Rates in mrem/hr 

Measurement Floor 1 eve1 12 inches 24 inches 38 inches* 

#1 0.20 0.12 '0.25 0.18 

# 2 0.22 0.10 0.21 0.10 

Average 0.21 0.11 0.23 0.14 

*The detector was placed above the p i t  and,centered over t h e  
.. p i t  hole while the other locations were equidistant between 

two  tube extensions. 

The measurement times r ep res in t  42 hours of data accumulation fo r  each.of these 

measurements which were made over successive weekends t o  assure undisturbed 

conditions and to  obtain more accurate dose background information. 
a 1.t i s  of in t e re s t  t o  compare the measured dose r a t e  from 

different  detectors measuring the same source. Although two or more 
' 

detectors cannot be placed in precisely the same radiation environment, 

as there i s  some non-assymetry around a fuel assembly, different  detec- 

to r s  a t  the same distance from a source should compare reasonably well. 

In Table 3, measurement data a re  presented fur- different  detectors 

measuring the dose ra te  from a Model 69 fuel i n se r t  containing ,120 FFTF 

fuel pins. The act ive fuel length i s  about 36 inches and there i s  about 

5 kg of plutonium in the source. The individua'l fuel pins are  clad in 

s ta in less  s t e e l .  



TABLE 3 

Measured Neutron Dose Rate From a Model 60 insert 
Dose Rates i n  mremlhr 

Surface* 12 inches 24 inches 6 inches 

#2 #4 -- - # 3 #I # 3 #1 #2 #4 #3 #1 - --- 
14.5 15.0 3: 41 3.96 1.08 0.92 7.78 8.36 7.98 8.93 

14.3 14..9 -- 3.48 -. 3.55 1.06 0,89 

.14.7 14.9 3.45 3.66 . 1.05 0.91 (Average) 

*The surface  dose r a t e  i s  a c tua l l y  the  dose r a t e  about 2.1 inches from 

source. t o  e f f ec t i ve  de tec tor  point .  
2 

The maximum devi.ation among detectors  i s  about 20 percent and most of 

the  measurements a r e  within f i v e  percent. The var ia t ion among detectors  i s '  

not a g rea t  deal d i f f e r e n t  from t h a t  between measurements taken on d i f f e r e n t  

days w i t h  a  s ing le  detector .  Actually, experience has shown much of the  

var ia t ion  t o  be caused by sh i f t i ng  backgrounds. All of these  measurements 

had t o  be made under actual  operating condit ions i n  a  fuel fabr ica t ion  
I f a c i l i t y  where other  fuel was being moved by, around, o r  occasionally stored 

temporarily within t he  e f f ec t i ve  measurement capab i l i ty  of the  monitoring 

sys tem . 
The counting time f o r  these  measurements varied from 16 t o  41 hours; 

however, t h i s  was ' to  obtain maximum counting s t a t i s t i c s  s i nce ' t he  prifiiary 

purposes of the  measurements were t o  obtain dose r a t e s  and to-develop a dose 

ra te  vs dis tance p ro f i l e .  

The measured dose r a t e s  a l s o  were compared t o  calcula ted values and i n  

most cases were found t o  be within 11 percent of values calcula ted from the"  
given plutonium mass, i so top ic  composition and the  spontaneous f i s s i o n  and 

(a1 pha, neutron) y i e ld s .  We have a1 so compared the  TEPC measured neutron 

dose r a t e s  w i t h  TLD measurements on several occasions. There i s  usually a 

g red te r  s c a t t e r  in  t he  TLD data and the  TLD dose r a t e s  a r e  generally from 

10 t o  35 percent higher than the  TEPC values. In t he  case of TLD measurements 

t he  qua l i t y  f ac to r  i s  placed a r b i t r a r i l y  a t  10. 

The TE detectors  do respond t o  gamma events as  well a s  those from neutrons, 

however, the  discriminators and the  system software a r e  s e t  t o  disallow gamma 
events.  Very high gamma t o  neutron r a t i o s  have not been tes ted  b u t  the re .  has 



! 
not been interference in measurements where the gamma component was ten 

times the neutron component. 

TEPC Development 

There have been been two factors  which have probably prevented a more 

widespread use of TEPC' s for  personnel exposure monitoring. F i rs t  , they 

cannot be worn as a personnel badge and, therefore,  do not t ru ly  measure 

the dose to  the individual. Secondly, the TE gas becomes contaminated 

with time and so must be frequently replaced. During,much of our develop- 

ment studies we found i t  necessary to  change out and r e f i l l  our detectors 

every week. Gas degradation s tudies  indicated most of the degradation 

products came from the TE detector components. H E D L  now has a develop- 

mental contract with E G  & G* t o  develop improved, .long l i f e  detectors,  

and s ignif icant  improvements have been accomplished. With the old detec-. 

t o r s ,  gain changes of 40% and greater  were experienced over a period of 

seven days. The new detectors currently being tested showed gain changes 

from 2 to  8% the f i r s t  week and then leveled off t o  only from 5 t o  15% 

a f t e r  3 months; some have operated successfully without need of r e f i l l i n g  

fo r  over s ix  months. We consider t h i s  a najor breakthrough for  the prac- 

t i ca l  use of TEPC's in measuring radiation exposure. 

The maximum sens i t iv i ty  or detection level achievable with a TEPC' 

i s  a function of the detector s ize.  We a r e  currently tes t ing three 

different  diameters; a one half inch, the regular 2 114 inch and a large 

5 inch diameter detector.  The small unit  i s  only useful under re la t ive ly  

high level res t r ic ted  geometry s i tua t ions .  The regular 2 114 inch s ize 

i s  used for  most of nlrr work. I t  has been found very re l iab le  fo r  op- 

eration in 0 .2  mrem/hr f i e lds .  I t  usually requires a minimum of eight 

and preferrably 16 hburs to  define the proton drop point fo r  accurate 

quality factor  analyses. After the proton drop point i s  established, 

reasonably accurate data can be established for  eight hour intervals  a t  , 

0.2 mrem/hr or  even 0.1 mrem/hr levels.  A program i s  currently underway 

t o  d e f i n e  the minimum acceptable 1 evel s of detection, min'imum variances 

and the r e l i a b i l i t y  of the instrument a t  neutron dose ra tes  a t  the gen- 

eral  operating 1 evel s t o  which future faci 1 i  t i e s  must control operational 

personnel exposure. 
-. * 
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The l a r g e r  more s e n s i t i v e  5  i n c h  d e t e c t o r s  have a l s o  been t e s t e d .  

Data i n d i c a t e  t h e  5  i n c h  d e t e c t o r  i s  about  a  f a c t o r  o f  5  more sens i -  

t i v e  t h a n  t h e  2  114 i n c h  d e t e c t o r  i f  one i s  w i l l i n g  t o  accept  f 100% 

d e v i a t i o n  a,t v e r y  low dose r a t e  l e v e l s  o f  0.02 t o  0.05 mremlhr. 

Summary and Concl us ions  

The TEPC has been under de'velopment a t  Hanford f o r  t h e  p a s t  seven 

yea rs  as an a rea  neu t ron  m o n i t o r  and research  t o o l .  I t  has been found 

t o  be accu ra te  i n  measuring ne t i t ron  dose a t  dose r a t e s  as low as 0.1 

t o  0.2 mrem/hr and should be a b l e  t o  p r o v i d e  " r e a l  t ime"  neu t ron  moni-  

t o r i n g  a t  these  l e v e l s  on a  d a i l y  bas i s .  A  system i s  desc r i bed  wh ich  

would be capable o f  m o n i t o r i n g  128 separa te  l o c a t i o n s  i n  a  n u c l e a r  

f a c i l i t y  and which c o u l d  be programmed t o  a l a rm  when s p e c i f i e d  p r e s e t  

dose r a t e s  were exceeded. 
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