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A NEUTRON R E M  COUNTER 
9 

Abstract:  

I. 0. AnderssoRand J. Braun 

A neutron detector i s  described which rneasures the neutron dose 

r a t e  in rem/h independently of the energy of the neutrons f r o m  ther -  

mal to  15 MeV. 

The detector consis ts  of a B F  proportional counter surrounded 3 
by a shield made of polyethylene and boron plastic that gives the appro- 

pr ia te  amount of moderation and absorption to the impinging neutrons 

to  obtain r em response. Two  different versions have been developed. 

One model can utilize standard B F  counters and i s  suitable for use 

in installed monitors around reac tors  and acce lera tors  and the other 

model i s  specially designed for use in a portable survey instrument.  

The neutron r e m  counter for portable instruments has  a sensitivity of 

2 . 4  cps/mrem/h and i s  essentially nondirectional in response.  With 

co r rec t  bias setting the counter is insensitive to gamma exposure up 
t o  ZOO r /h  from Co 6 0  . 

Printed and distributed in January 19 64. 



L I s r  OF' CON TENTS 

Abstract  

1.  Definitions of concepts 

2 .  Measurement of neutron dose equivalent 

3 .  Description of detector a r rangement  

4 .  Theory 

5.  Measurement of: neutron response 

6 .  A neatron rem counter fo r  a portable su rvey  
ins  t I' ument 

Acknowledgements 

K e f e I- en c t' s 

Tables  

F igures  

P a g e  

10 

1 2  

1 3  

1 5  

16 



- 3 -  

1.  Definitions of concepts 

The quantity used as a - m e a s u r e  of radiation darnage for radiation 

protection purposes is the dose equivalent and the unit of dose equi- 

valent i s  the r em.  

and Measurements ( ICRU) has  recomi-nelldzd the s s e  of this quantity 

and given the definitions (1). 

logical Protect ion (ICRP) uses the r e m  in i t s  radiation protection 

guides. The dose equivalent in r e m  i s  defined a s  the absorbed dose 

in rad  multiplied by cer ta in  quality factors  (QF). The QF a r e  u s e d  

The International Commission on Radiological Units 

The Iiiternational Commission on K a d i o -  

t o  express  the modification of biological effect due to l inear  e n e r g y  

t ransfer  (LET) ,  relative damage factor (n) and other conditions. 

I C K P  has  furnished specific values of the QF to  be used in different 

regions of LET. 

The concepts given above a r e  also applied to  neutron i r radiat ion 

of t i s sue .  

distribution in the exposed volume. W .  S. Snyder and J. Neufeld, Oak 

Ridge, U S A ,  have calculatcd the absorbed dose distribution and the 

LET distribution in an infinite s lab of t i s sue ,  

The radiation damage is descr ibed by the dose equivalent 

30 cm thick,  i r radiated 

c 

by a broad beam of monoenergetic neutrons.  

distribution in rern/n/crnZin the slab could then bc determined. Their 

resu l t s  have been used to establish a Radiation Protect ion Guide ( K P G )  

for  neutrons,  which is at  present  widely followed. The calculations 

and the R P G  a r e  presented in U S  National Bureau of Standards Hand- 

book 6 3  ( 1  957). W e  have reproduced in F i g .  1 the curve  showing the 

maximun? dose equivalent in rem,/n/cm 

of neutron energy. 

in this repor t .  

energies  that produce 2.5 mrem/h .  

t o  as  the R P G  for  neutrons or the maximum permiss ib le  neutron flux 

densit ies.  They follow f r o m  the curve in F i g .  1. 

The dose equivalent 

in the tisssue s lab as a fiunction 

This curve i s  fundamental for the work described 

Table I gives the neutron flux densit ies at  differcnt 

These figures a r e  usually r e f e r r e d  

2. Measurement of neutron dose equivalent 

The measurement  of dose equivalent in the case  of neutron i r rad ia-  

tion appears  to have involved conslderabie difficulties. It i s  not real ly  
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possible to design an  instrument with a physical response mechanism 

that i s  in accordance with the definition of the r e m  unit. The dose 

equivalent can be calculated by use of the information 111 Fig .  1 if 

the neutron fluence and the neutron energy spectrum a r c h  known. 

But since neutron spec t rum measurements  a r e  usually very compli- 

cated and t ime-consuming, i t  i s  not a procedure that can be applied 

in ordinary radiation protection work. H.  H. Ross i ,  Columbia Uni- 

vers i ty ,  New York, USA, has  developed a device for measuring the 

distribution of absorbed dose i n  LET,  

can be calculated ( 2 ) .  

it is  necessary  to  have a m o r e  simple routine. 

f rom which the dose equivalent 

But for  the purpose of practical  health physics 

A convenient method of measuring dose equivalent is  to use an 

instrument that has been given artif ically a neutron sensitivity, e. g. 

in counts/n/cm , that var ies  with neutron energy in accordance 

with the curve shown in F i g .  1 .  The number of counts f rom such a 

detector i s  proportional t o  the dose equivalent in r e m ,  

of the energy distribution of the neutrons is superfluous. 

2 

and knowledge 

This approach to  the problem of measurement  of neutron dose 

i s  commonly used. Detectors that have co r rec t  dose response over 

cer ta in  energy regions have been described in the l i t e ra ture .  Hurs t ,  

Ritchie and Wilson ( 3 )  designed a proton-recoil  proportional counter 

whose response t o  unidirectional neutrons is such that the number 

of counts produced is approximately proportional to the fir st-collision 

t i s sue  dose for  neutron energies  between 0 . 2  and 1 0  MeV.  Dennis 

and Loosemore (4) have described a proton-recoil  proportional coun- 

t e r  essentially nondirectionsl in response and with an  energy 

response curve that follows the 1954 recommendations of the Inter- 

national Commission on Radiological Protection over the energy range 

0 .  1 - 15 MeV. 

and a B F  

i s  approximately proportional to  the dose ra te  in rem/h  i n  accordance 

with the RPG in NBS Handbook 6 3  over a range from 0 . 2  - 5 MeV. 

Basson (6) has  presented a neutron detector consisting of a 6 .  3 cm 

De Pangher (5)  has  shown  that a paraffin moderator 

counter can be arranged in  such a way that the count ra te  3 
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cliz-met2r sphere surrounding a boron-loaded scintillation counter with 

a response p ~ c p o r t i ~ i i ~ l  to  within 9 12 70 of the dose r a t e  in rem/h for  

energies  bet-accn 1 ev to 1 0  keV. 

A L h e r r n s l  ~ L ~ ~ E L T ~ . - L  detector surrounded by moderating mater ia l  

i s  senbitive to  neutrons of a l l  energ,,es. The composition and shape of 

the moderator has  a la rge  influence on the sensitivity a s  a function of 

neutron energy. In this report  we shall descr ibe an investigaticn made 

to  find out whether if: was  possible to design a detector according to 

this principle and having an approximately cor rec t  dose response over 

the energy range f rom thermal  to  15 MeV neutrons. We a l s o  took into 

consideration that the detector should be suitable for use  in a portable 

instrurrent  for  radiation protection su rvey .  

R. L. Bramblet t ,  R. I. EvJing and T. W. Bonner, Rice Univer- 

si ty,  USA (71, D. E. Hankins, Los Alamos, USA ( 8 ) *  and K. D. 

Androsenko and G. N. Smirenkin, 

that consist  of a polyethylene o r  a paraffin shield around a thermal  

neutron detector ,  which a r e  useful a s  neutron dosimeters  over a wiee 

znergy range. By using a more elahorate shield around the thermal  

neutron detector we hoped to  get improved approximation to the ideal 

dose response and a considerable reduction in weight. 

USSR ( 9 ) ,  have descr ibed counters 

A p rogres s  report of this work wan presented at the IAEA Sympo- 

s ium on Neutron Dosimetry in Harwell 1962 (10). 

3 .  Description of detector arrangement  

The detector design that was selected for investigation is shown 

in Fig.  2. A BF proportinnal counter i s  surrounded by two cylindri- 

ca l  l aye r s  of poi3ethylene separated by a 5 rnm layer  of boron plastic.  

Ci rcu lar  disks  of the same mater ia l s  znd thicknesses make up the ends 

of the cylinders.  The boron plastic layer  contains 200 rng/cm2 of 

boron. It i s  made ct l  z 2.5  i:?m sheet  oi the material’: wrapped 

3 

* Delivered by F i r m a  N. Orne ,  Ban6rgataI: 81, Stockholm, Sweden 
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twice. The cylindrical polyethylene l a y e r s  a r e  made by  winding 1 mm 

sheets  of polyethylene. The adjustment of the neutron sensitivity as 

a function of energy to  fit the r e m  dose curve in Fig.  1 was to  be 

ca r r i ed  out by variation of the three  following parameters :  

1 .  the thickness ( d l )  01 thc inner polyethylenc layer 

2 .  the thickness (d ) of the outer polyethylene layer  

3 .  the number of holes dril lcd through thc boron plastic layer .  

2 

In the f i r s t  s e r i e s  of expci-iments i t  w a s  intended to have  the 

neutrons incident normally to  thc axis  of thr: counter.  

4. Theory 

I t  w a s  felt to  be necessary  to  develop a t  l eas t  a crude theory tor 

the purpose 01 guiding thc experimental  work. 

complex as  that of our counter,  Monte Car lo  calculation seemtxd to  

offer the best  approach for  accura te  r e su l t s .  But a s  it w a s  felt that 

in any  c a s e  the final adjustments must be made by t r i a l  and e r r o r ,  

this  expensive approach w a s  not t r i ed .  

In a geometry as 

A simplified theory,  originally used fo r  guiding the initial expcri-  

ments ,  explains the principle of the counter and i s  therefore  given 

below. The theory was based on the foliowing model. Al l  neutrons 

entering the counter and making their f i r s t  collisiun in the outer 

polyethylene layer  were considered as  being absorbed in the boron 

shield,  e .  g. lost  for  the purpose of detection. On the other hand, 

a l l  neutrons making their  f i r s t  collision in the polyethylene region 

inside the boron shield were regarded as  counted in the detector with 

a probability k. 

With these assumptions the probability of obtaining a pulse  f rom 

a ncutron of energy E incident normally to  the axis  of the counter 

is . 
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where Z(E) i s  the macroscopic total scattering cross-sect ion and dl 

and d a r e  as given in Fig. 2. 2 

The values of d and d2 should be chosen t o  give the function the 

s a m e  energy dependence a s  the r e m  dose curve. One would a l so  like 

to  have dl a s  large as possible to obtain a high sensitivity and d 2 +  d l  

as small  as possible to get a counter which is easy  t o  handle. With the 

simplified theory the optimum solution of this probiem is dl = 16 m m  

and dZ = 32 mm. The calculated dose curve is then followed to  within 

f 30 ‘$0 over the energy range 1 eV to  10 MeV. 

1 

The theory finally used for interpolation between experimental 

points was somewhat more  refined. In a n  ea r l i e r  report  Ill] a method 

of calculation of the neutron sensitivity of a polyethylene- moderated 

B F  counter has been described. A multigroup diffusion programme,  

developed for bulk- shielding calculations, has been utilized with 

astonishingly good resul ts ;  this encouraged u s  to use a similar  app- 

roach for improving the theoretical t reatment  of the case  in hand. The 

original programme i s  not able to handle the perforated boron layer  

between the two polyethylene layers .  

s idered a s  consisting of two separate  cases .  

fnrward direction of the f i r s t  polyethylene layer  was  split into two 

par t s .  The pa r t  penetrating the boron layer  w a s  attenuated exponenti- 

ally,  and the sum of this pa r t  and the contribution leaking through the 

holes made up the input of the inner region of the counter. The calcu- 

lation w a s  car r ied  out for d = 16 mm, d2 = 30, 50, 65 and 67 mm 1 
and 0,  3.0 and 1 1 . 3  ‘$0 of holes in the boron layer.  An approximate 

dose response of the counter could be expected i f  the values of the pa- 

r a m e t e r s  were d 

holes in  the boron layer  = 10 70. 

3 

Therefore the problem was con- 

The output current  in the 

- 16 m m ,  d2  = 70 - 75 mm and the percentage of 1 -  
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5, Measurcrnent of neutron i-csponst’ 

A counter arrangement  of cl design that is  outimeci in F i g .  2 was 

built fo r  experimental  Investigations. 

is shown i n  Fig.  3. 

made 16  m m  . W c  s tar ted with no holes  in thc boron shield and i t  

w a s  arranged that the t h i c m c s s  0 1  thch outer pvlyethylcnc laycr  coulcf 

be  changed betwecn d = 3 0 ,  5 0  and 6 7  mm. i n  a fii-st >c r i e s  of Inca- 

suremcnts  we wanted t o  dcterrnine the neutron sensitivity a s  a func- 

tion of energy for the three different values of d 

incident at right angies to thc a\ci:i of the counter 

The € 3 F j  countcbr that was used 

The thickness of the, inner polycthylene laycr  was 

2 

with the  neutrons 2 

Monotne rgctic fast  neutrons w e r e  produccd by the charged ~ ~ T ~ I C I C  
7 7 3 3 reactions Li (p ,  n) Be and XI (p ,  n ) H e  using the 5. 5 MeV V a n  de 

Graaff rnachine at the AB Ktomcnergi Research Laboratory a t  Jtudsvih. 

The radioactive neutron sourc.tas Sb- BL. a n d  P u -  Be W L J I - ~  used to c a r r y  

out r -nrasuccxinents  a t  3 5  k c V  a n d  4 h 4 e V  respecctive-iy. A t h e r m a l  neutron 

source  w a s  prepared  h y  placing a Sls-Be source  in  a cavity with 1 1  cm. 

thick wails of polyethylenc. The fast  neutron fluence w a s  measured by 

a Hanson- McKibben  long counter,  

the long counter and the neutron dosc counter were  placed at  the same 

dis tance,  170 c m ,  f rom the target  and a t  the samc angle,  4 0  , but on 

opposite s ides  relative to the direction of the proton b e a m .  

were exposcd simuitaneously. T h e  pulses  delivered ay thc coiintcrlj 

were regis tered in  sca l c r s .  The absolute long countcr t,fficir:ncy w a y  

determined b y  the use of calibrated Iia-Bt. and Pu-Be sourctxs to a11 

accuracy of i 5 ‘YO. The relative long counter efficiency a. a function 

of energy w a s  taken from Allen e t  a i .  [ 1 2 ] .  

thermal  neutron source w a s  measured  b y  a calibrated BE’ 

I n  the Van de  Grdaif  experimtants 

0 

Thc countcx-3 

The € l u x  density f rom the 

3 
counter. 

With these monoenergetic ncutron sources  of known intensity w e  

determined the sensitivity of the dose counter arrangement  in counts 

p e r  n/crn iit th ree  different values of d The resul ts  a r e  shown in  

F i g .  4. The ideal r e m  response c u r v e  IS given by  thc dashed line in 

t h r  f igure.  It appears that a vaIut. o f  d_, slightiy i e s s  than 6 7  r n n  

2 
2 ’  

L 

n 
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would give a sensitivity curve that follows the r e m  response curve f a i r -  

ly  well in the region 3 5  keV to  5 MeV. These resu l t s  were in reason-  

able agreement  with the multigroup diffusion calculations. Below 35 

keV, the. theory predicts a sensitivity which i s  considerably lower than 

that required to obtain r e m  response,  and at t he rma l  energies  there  i s  

practically no sensitivity because che neutron a r e  effectively absorbed 

in the boron shield. In order to  cope with this problem we dr i l led a 

number of holes in the boron shield,  thus introducing a third parame-  

t e r .  

thermal  neutroqs. The sensit ivit ies a t  thermal  energy and at 35 keV 

(Sb-Be) were now measured as a function of the number of holes in 

the boron shield. The holes had a diameter of 7 m m  and they were 

uniformly distributed. F o r  3.0 70 and 8 . 3  TO of the a r e a  of the boron 

shield covered with holes,  the sensit ivit ies were a l so  determined at  

different values of d 2 
select  a combination of percentage of holes and thickness of the outer 

polyethylene l aye r ,  d2,  to  obtain the cor rec t  sensit ivit ies a t  thermal  

and 35 keV energies .  A hole a r e a  of 1 1 . 3  70 and d2 = 65 mm were 

finally accepted and a counter with these data was manufactured. This 

is the counter that is actually sh0v.q in  Fig. 2. A new calibration w a s  

made and the resul ts  are presented in  Fig. 5. The absolute sensitivity 

of the neutron dose counter is 7.6 cps/mrem/h.  The deviation f rom 

the icleal r e m  response is given by the numbers in the figure.  

sensit ivity measured with Sb-Be has been r e fe r r ed  to  a neutron energy 

of 40 keV.  

spec t rum and the detector response.  In the region between thermal  

energy and 40 keV, where the re  a r e  no experimental data ,  the shape 

of the response curve i s  taken f rom the multigroup diffusion theory. 

The measured  sensit ivit ies a r e  estimated to be co r rec t  within f 10 70. 
In the region around 5 keV the accuracy i s  expected to  be f 30 '7'0. 

' id 

This w i l l  obviously increase  the response for  thermal  and epi- 

around d2 = 67 mrn. It was then possible to 

The 

This will  include the correction for the Sb-Be neutron 

The response curve in Fig. 5 should be obtained for  a.ny BF3 
counter or  other thermal  neutron detector that may be inser ted into the 

shield. The dose sensitivity can be estimated by use of the relation 

ca D = 0 .82  x N  
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where D is the dose sensitivity in cps/mrerri/h and N is the thc,rmal 

neutron synsitivity in count/n/cm 

itself .  T h e  shield can be 1lzngthent.d to  maKc it possibic to use longer 

UF tubcs without se r ious  effect on ?he response curve.  11 thc. length 

of the shield is reduced i t  will afIect the response curvcA. 

discussed in grea te r  detail in the rext  chapter.  

2 of the thermal  neutron detector 

3 
This 15 

If one wants to make use of BF' tubes of diameters  above 30  m m  3 
it will probably be necessary  to change the dc.sign of the shield to 

some extent. The values of d and d that a r c h  give11 in  F i g .  L ,  1 6  mrn 

and 6 5  m m ,  m-ean that the cylinders consist  of 1 6  a n d  65 l aye r s ,  r e s -  

pectively, of 1 m m  thick polyethylene. 

fit perfectly into each other and the layers arc. not wrapped absolutely 

tightly, the total diameter of the counter,  2 0 7  m m ,  has  been slightly 

l a rge r  than the sum of the thicknes3t.s of the different  laycrs  and the 

diameter  of the BF tube. The r ea l  dimensions are important becausc 

i t  is both the geometr ic  extension and the mass of the material  around 

the thermal  neutron detector that afftlct the rcsponse.  

1 2 

Because the cylinders do not 

_I 

3 

The dose counter we have descr ibed h a s  a n  approximately co r rec t  

r e m  response over the energy ran  e 0 .  025 eV to 1 5  M e V .  It i s  charac-  

ter ized by high sensitivity, flat bias platcau and v c r y  good discr imina-  

tion against gamma radiation. 

f rom Cob'.  'fhe directional dependence ( F i g .  6) and the weight, 1 5  

k g ,  make the counter most suitable €or ubv i n  installed monitors ,  to r  

example around r eac to r s  and acce lera tors .  

The counter is unaffected up to  100  r/h 

6 .  A neutron r e m  counter for  a uoi-table s a r v e v  instrument 

A neutron dosimeter for radiation prottaction survey :,hould be 

nondirectional in response- and it should be easy to handle. The dose 

counter wcx have presented has not very good propert ies  in these t w o  

r e spec t s ,  but if  the length of the counter is reduct.d, 

tions could he expected. After experiments with different a r range-  

improvcad condi- 

. 



ments the construction shown i n  Fig. 7 was finally adopted. This 

w a s  considered a n  optimum solution to  the problem of getting high 

srnsitiu:!y. reasonable weight  and good directional propert ics .  We 

call  the n c w  counter tile N e u t i o n  Rcm Countt,:-, 

modifications h c i v e  b e e n  i n t r o d u c e J  i n  the dt.5 ign. The BF, tube has 

a sensitive. length of 60 rrim. T h e  tl Lckness of the outer polyethylene 

disks  a t  the ends I S  reduced to -46 rnni to  increabe thc sensitivity for 

neutrons incident parallel  to  the axis of thc. counter. 

length of the counter i s  further shortened by  having thtb pump tube 

entering into the shield. The hole a r e a  in the boron shield i s  2 2  'A 
to  get the best fit t o  the ideal r e m  response curve.  I t  w i l l  compen- 

sate  for the hizher thermal  neutron leakage in thc smal le r  volume 

and slightly l a r g e r  diameter  of NRC 111. 

NRC 111. Sec.\/eral 

3 

The total 

A final calibration was car r ied  out. The energy rtxgion 3 5  k e V  
7 7 

to  4 M e V  was covered by neutrons f r o m  Sb-Be, Li ( p ,  n) Be and 

Pu-Be and a long counter a s  a fiux density monitor. 'I'he H Z - O  r e -  

actor  a t  Studsvik was used for the thermal  neutron calibration. The 

measurements  were made in a cavity i n  a la rge  volume of heavy 

water which was placed close to  the tank of the reac tor .  The ther -  

mal neutron fluence was determine I by the Mn-foil activation tech- 

nique. The response of N R C  111 for  thermal  neutrons was obtaincd 

a s  the difference in counts a t  i r radiat ion with t h e  counter bare  and 

placed in a container of 1 mrn thick cadmium. 'The sensitivity a t  

14. 7 M e V  w a s  measured  by neutrons f r o m  the 'T(d ,  n) lle reaction 

with the 300 k V  accelerator  at the National Eelencr  Laboratory at  

Ursvik.  The f l u x  density w a s  determined by a stilbene scintillation 

recoi l  spec t rometer .  

, 

4 

The resu l t s  of the calibration a r e  shown in  F i g .  8. The I-esponse 

was measured both for neutrons incident a t  right angles and parallel  

t o  the axis of the counter. 

The deviation f r o m  ideal r e m  Sesponse i s  indicated 111 Fig. 8 and in  

Table 11. The counter should be useful as  a dosimeter  in the energy 

range 0 . 0 2 5  e V  to  15 MeV. The angular responses  for Pu-Be dnd 

The absolute sensitivity i b  2 . 4  cps/mrem/h. 
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Sb-Be neutrons a r e  shown in Fig.  9. 
improved and it should be sufficient fo r  most applications. The weight 

of the counter is 8. 5 kg .  F i g .  10  shows a photo of NRC I11 and Fig.  11 

displays the details  of which it is made UP. 

The uniformity is  considerably 

The formula for calculation of the dose sensitivity gives a good 

resu l t  even for the shor te r  shield. The thermal  neutron sensitivity 
2 of the BF  tube in N R C  I11 i s  2. 8 counts,/n/cm , The formula then 

gives 0 .  82 * 2 .  8 = 2 .  3 cps/mrem/h,  

value 2 . 4  cps/mrein/h. 

3 
which i s  close to  the meas:ired 

N R C  111 i s  used in a portable instrument for radiation protection 

survey  (Fig.  12) .  The t rans is tor  e lectronics  is mounted directly on 

one end of the counter.  

the range 0 . 0 3  - 100 mrem/h. 

influence f r o m  gamma r a y  exposure up to  200 r / h  of C o  

The instrument has  a logarithmic display over  

With co r rec t  bias setting the re  is no 
60 - 

The neutron rem counter N R C  111 i s  manufactured coi-nmercidlly 

by 20th Century Electronic  Ltd.  , Croydon, England. 
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TABLE I 

MAXIMUM PEHMISSIULF: NEUTRON FLUX 
From NBS Handbook 63 (1957) 

Neutron energy 100 mrern/40 h 
(MeV) (n/cm 2sec)  

Thermal 6 70 
0.0001 5 00 
0.005 5 70 

0.1 80 
0.5 30 
1 .o 18 
2.5 20 

7.5 17 
10.0 17 
10.0 - 30.0 10 

0.02 280 

5 .O 18 

TABLE I I  
Response of Neutron Rertr Counter NRC I11 

Neutron Sensitivity of NRC 111 
energy relative to a n  ideal rein response of 2.4 cps/rnrern/h 

MeV 

15 0.60 & 10 7% 0.65 ;t 10 % 

10 0.78 'I 0.78 'I 

7.5 0.82 'I 0.80 " 

5 0.98 0.89 " 
2.5 1.20 I' 0.97 " 
1 1.00 0.73 'I 

0.5 1.11 IT 0.77 " 

0.1 1.06 " 0.93 " 

0.040 1.19 " 1.12 I' 

0.020 1.27 f 20 % 1.27 k'20 % 
0.005 1.60 & 30 % 1.60 f 3 0 %  
0.0001 1.12 " 1.12 " 

Thermal 0.94 & 20 % 0.94 f 20 % 

at right angles to t h e  axis parallel to the axis 
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Fig, 2. Construction of neutron rem counter. 
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Sensitive length 200 

Detachable mounting 
cylinder 

0.01 

Material : cqpper 
Filling gas: BF3 (%Ye 8'0 1 to 600 mm Hg 
Anode wire: tungsten 0 0.03rnm 
Sensitivity 2 9.3 cps/n/ c m2.S ( n thermal 
High voltage: 2000 - 2300 V 
Gas amplification: 10 -40 

Fig.  3 .  BF3-counter type RA. 

1 keV 10 keV 100 keV 1 MeV 
NEUTRON ENERGY 

10 MeV 

Fig .4 .  Neutron sensitivity as  a function of energy 
for different thicknesses (d2) of the outer 
polyethylene layer.  



u 
N' 
E 

m l  a 

v) 

J 

C 
. . 
J - 

z 
0 
CX 
3 w z 

+. 0.1 

.- 

NEUTRON ENERGY, (MeV) 

Fig .  5. Neutron sensitivity a s  a function of energy for neutron 
rcrn counter shown in  F ig .  2. The figures give the sen-  
sitivity relative to an ideal r e m  response of 7. 6 cps/mrem/h.  

1.0 

0 

z 
2 
0 
0 

w 

f 0.6 t 

> 0.4 - 
t 

J 
a 
w 
CY 

0.2 

0 45 135 180 w 
Fig.  6. Directional dependence of the neutron r e m  counter 

for  Pu-Be neutrons.  



5 

E 
E s 
cy 

BF3-COUNTER -J POLYETHYLENE BORON PLASTIC 
DIAMETER 30X0,5mm 
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Fig.7. Neutron rem counter NRC 111. 
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Fig. 10. Neutron Rem Counter NRC I11 

Fig. 11. Neutron Rem Counter NRC 111. Details 



Fig. 12. NRC I11 in a portable neutron dosimeter 
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