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ABSTRACT 

T h i s  report contains a mare complete description than that given i n  AERE EL/ 
R 2149 of a simply constructed f a s t  neutron counter. 

The counter takes the f u r m  of a se r i e s  UP polythene-lined c e l l s  with a comon 
anode wire and f i l l e d  w i t h  a mixture of methane and argon. !The dimensions Clf a 
three-cell  counter are 2 inch diameter by 5.5 inch length, Its sens i t iv i ty  can be 
adjusted so that at any energy i n  the rarge 0,l - 15.0 MeV the counting rate is 
0.9 2 0 .18~  sec" per maximum permissible level (mop.lo) of fast  neutron flux; the 
m.p.l,'s are those recornended by the International Commission on Radiological 
Protection. A t  this sens i t iv i ty  219 m.p,l. of Radium g radiation or  99 m.p.1. 
of s l o w  neutrons also p r d E e  a counting rate of 0,gc s 3 ,  and the minimum pulse 
s ize  at the counter anale w i  h an applied potential  of 1400 volt correspo&s to the 
col lect ion of' 5.5 2 2.5 x 10 2 ion pairs, 

By increasing the length of the  counters s ens i t i v i t i e s  of up to 3 . 6 ~  secml 
(mop.l.)-l can be o b t a i s d  

sens i t i v i ty  of 0 . 7 ~  sec-1 (rn.p.l.7-1 f o r  a three c e l l  counter is  recommended when 
the counter is used w i t h  electronic  equipment whose discriminator b ias  level is not 
very stable. 

Procedures far the setting-u of the counter sensitivities are outlined. A 

The counters are non-directional. 
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1 . Introduction 

A detector which is t o  be used f o r  f a s t  neutron dos imtry  may be based on one 
of several c r i t e r i a  af neutron dose, but the most important is the reconanendations 
of the International Conmission on Radiological F'mtection (1.C.Ft.P.) f o r  the 
maximum permissible levels  (m.p.1.) of neutron f lux  as  a function of e n e d l f o r  a 
dose r a t e  t o  the human body of l e s s  than 7.5 m.rem/hr. These are shown i n  Table I, 
and formed the bas ' s  of the detectors described i n  this report, vhich replaces 
A.E.R.E. EI/R 214912). 

TAB= I 

Maximum permissible leve ls  of neutmn 
f l u x  intensi ty  recommended by the International 

Conmission on Radio1op;ical Protection 

Neutmn Energy 

0. I 

0 s  5 

1 .o 

2.0 

3.0 - 

0.025 ev 

10 ev 

10 kev 

hfev 

MeV 

MeV 

MeV 

0 rev 

Neutron flux in tens i ty ,  
n/cm2/sec 

~ 

2000 

2000 

I000 

200 

80 

60 

40 

30 

I n  addition t o  sat isfying a c r i t e r ion  of dose, the detector  should be re la t ive ly  
insensi t ive t o  other ty-pes of radiation, i n  par t icu lar  gamma radiat ion and slow 
neutrons. The a rb i t ra ry  condition has been adopted t h a t  at l ea s t  one hundred m.p.1. 
of g m a  radiation or thermal neutron f l u x  should be required t o  produce a response 
equal t o  I m.p.1, of fast neutrons. Further, if t h e  detector i s  to  f i n d  widespread 
application, it should be non-directional i n  response, rugged and eas i ly  produced 
i n  quantity; any associated electronic  equipment should be of a simple or standard 
pattern. 

2. Counter design ard construction 

The design i s  based on a theoret ical  analysis outlined i n  the Appendix I. 
Each counter, F i g .  I ,  consists of a number of polythene-lims c e l l s  placed i n  l ine,  
with a comon anode wire made from 0,001 inch diameter tungsten wire. 
are formd f r o m  polythene discs and cylinders, Fig. 2, which act  as proton rad ia tors  

The c e l l s  63 
- 1  - 



i n  a f a s t  neutron flux, and a t  any orientation t o  a neutron beam present approxi- 
mately the same area of radiator. 
the direct ion of the beam. 

T h i s  ensures that  the response is independent of 

The radiators are made from natural  grade B polythene i n  accordance with 
B.S.S. 1973 ( I .C.I .  grade 7)  and are completely vacuum-coated wi th  aluminium t o  
produce an e l ec t r i ca l ly  conducting surface; a resistance of the order of I O  ohms is  
measured between t h e  envelope of t h e  counter and the inside surface of the 
radiators. 

Care has been taken i n  t h e  design t o  avoid d r i f t s  i n  the operating 
character is t ics  due to  e lec t ros ta t ic  charging of the insulators, by placing these 
outside the collecting volume of the counter, 

which an e l ec t r i ca l  connection t o  the anode is made by a standard metal/glass seal. 
The vacuum envelope is a s ta in less  s tee l  container wi th  welded ends, through 

The gas f i l l i n g  is 17.3 cm Hg pressure of methane and 1.7 cm Hg pressure of 
argon. 
f i n a l l y  sealed off during which time the gas pressure decreases by about one 
percent due to  absorption by the polythene. 

The gases are allowed to  mix f o r  about 16 hours before the counters are 

With the above gas f i l l i n g  the neutron sens i t iv i ty  of each ce l l  var ies  w i t h  
neutron energy i n  such a way that  i n  the energy range 0.1 - 14 MeV the counting 
r a t e  is p ro  ortional t o  the dose-rate. The counting r a t e  of' a single c e l l  is  
0.3 counts  P sec f o r  one mopel., and thus a typical three-cell counter w i l l .  have a 
sens i t iv i ty  of  0.9 counts/sec/m.p.l. 
c e l l s  have been constructed, having similm character is t ics  and a neutron sensi t i -  
v i ty  which is proportional t o  the number of cells .  

Counters containing two, three, s i x  and twelve 

To maintain the quality of the counters it is  necessary t o  adhere to  a str ict  
are pumped a t  a temperature of 6O0C f o r  about 10 days processing schedule and the 

a t  a pressure of  10-5 - I O - g  mm Hg, un t i l  the outgassing r a t e  over a period of 
16 hours is l e s s  than 10-5 litre-microns/sec. 

3. Fast neutron sens i t iv i ty  

Integral  bias  curves obtained with a typical three-cell counter irradiated by 
mono-energetic neutrons are shown i n  Fig. 3.  
neutron be,m para l le l  t o  the counter axis; w i t h  the beam perpendicular t o  t h i s  
axis similar but somewhat steeper curves were obtained. 

The curves were taken with the 

Mono-energetic neutrons were produced by using suitable targets  i n  the proton 

It was not possible to  produce neutron fluxes of accurately known intensity 
beam from a Van de Graaff generator o r  the deuteron beam from a Cockcroft-Walton 
set. 
with energies between 3 and 14 MeV, 

A potent ia l  of 1400 volt  was applied t o  the counter and the output was fed t o a  
starfiard pulse amplifier with different ia t ing and integrating time constants of &bout 
1,O microsec. 
the overall  gain of the system, par t icular ly  a t  high neutron energies; a t  14 MeV a 
!$ change i n  the amplifier gain o r  a 0.5% change i n  the potent ia l  applied t o  t h e  
counter w i l l  change the counting r a t e  by 3;. 

It w i l l  be noted t h a t  the response is very sensitive t o  cliaxes i n  

- 2 -  



Using the curves of Fig. 3 the response of the counter can be determined as a 
function of neutron energy a t  any discriminator b i a s  level,  and f o r  a s m a l l  range of 
t h i s  b i a s  it approximates t o  tha t  required by the I.C.R.P. recommendations. For the 
three-cell counter the best  approximation corresponds to  a sens i t iv i ty  of 
0.9 counts/sec/m.p.1. 

@ 

It w a s  found tha t  a t  t h i s  bias  leve l  each counter gave the same counting rate, 
within close limits, when a Ra-Be source of known neutron emission w a s  placed i n  a 
fixed posit ion with respect t o  the counter. This is used as a convenient method of 
finding the operating point of any three c e l l  counter; the exact procedure is 
discussed more f u l l y  i n  Appendix 11. The average response of three counters selected 
a t  random and se t  up i n  t h i s  way is plot ted i n  Fig. 4. and compared w i t h  t h a t  required 
by the I.C.R.P. recommendations. 

The experimental points f i t  the required response more closely than is  preducted 
by the simple theory; the reasons f o r  t h i s  are discussed i n  the Appendix. 
maximum deviation from t h e  required response between neutron energies of 0.1 - 14. MeV 
is  20$. 

The 

4. G m m  sens i t iv i ty  

Wien the counters are i r radiated a t  a dose-rate R due t o  a radium source the 
counting r a t e  C is re la ted  to  the discriminator b ias  level  VB by an expression of 
the form:- 

-6vB C = pRe . . D O . .  I 

where p and 6 are  constants. The value of  6 is  such that  the g a m  sens i t i v i ty  
var ies  rapidly w i t h  small changes i n  b i a s  level. Thus a I$ change i n  b ias  voltage 
r e su l t s  i n  a 2Qj change i n  gamma sens i t iv i ty  although the sens i t iv i ty  to  14. MeV 
neutrons i s  al tered by only 2.5'0. Equation 1 is  found t o  hold f o r  dose-rates from 
2 x 1 0 4  r /h r  t o  2.7 r/hour. 

There is a s l i gh t  variation i n  gamma sens i t iv i ty  between d i f fe ren t  counters 
but a t  the operating b ias  f o r  a three-cell counter, when the neutron sens i t iv i ty  is 
0.9 counts/sec rn.p.1. , t h e  count ing r a t e  due t o  a gama-radiation dose rate of 
2.6 r/hour (360 m.p.1.) will not exceed I e 5  counts/sec. 

It is  found that  the r a t i o  of gamma/neutron sens i t i v i t i e s  of counters is 
increased markedly if the f u l l  pumping and outgassing procedure has not been 
completed. It is possible that  gaseous impurities from the polythene cause an 
increase i n  the recombination coefficient of t h e  f i l l i n g  gas, which has a greater 
e f fec t  on the more densely ionised proton tracks than on electron tracks. 
is not affected, however, by traces of air  o r  mercury vapour i n  the f i l l i n g  gas. 

The r a t io  

5. Slow neutron sens i t iv i ty  

The measured counting r a t e  from three-cell counters when i r radiated i n  a slow 
neutron f l u x  equivalent to  100 m.p.1, is about 1 count/sec. 
shape of the b i a s  curve are consistent w i t h  the l4N(nYp)l4C react ion taking place i n  
the 0.36 nitrogen impurity present i n  the argon used i n  the gas f i l l i ng .  
surrounding t h e  counters i n  a cadmium shield the thermal neutron response may be 
eliminated. 

This value and the 

By 
@ 
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6 .  Pulse character is t ics  - 
In the range 1300-1500 volts,  the r e l a t ion  between the mean pulse s ize  S and w 

the applied voltage is of the form 

....e. 2 0.008v S = Ae 

T h i s  equation is typical of a proportional counter i n  which gas multiplication 
takes place only i n  the electron avalanche and no secondary processes occur. 
a batch of 40 counters s e t  up using a Ra-Ee source as  described ear l ie r ,  the pulse 
s ize  a t  the counter anodes at the o erating b i a s  w a s  equivalent t o  the collection of 
between 0.47 x 
volts. 
gas purity and s l igh t  constructional differences. 

For 

and 1.23 x coulombs f o r  an applied potential  of 1400 
The var ia t ion is presumed t o  be due t o  differences i n  gas filling pressure, 

The mean gas gain a t  1400 vo l t s  is  of the order of one thousand. 

7. Conclusions 

A proton-recoil proportional counter is described i n  which the counting r a t e  
is  d i rec t ly  proportional t o  the estimated biological dose due t o  f a s t  neutrons i n  
the energy range 0.1 - 14 MeV. 
0.6 counts/sec/ql t o  3.6 counts/sec/mpl depending on the physical size of the 
counter . 

The f a s t  neutron sens i t iv i ty  varies from 

Over I50  counters have been constructed i n  a s ize  giving a sens i t iv i ty  of 
0.9 counts/sec/mpl, and are i n  general use. 
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APF’ENDIX I 

I Theory of counter response 

The following derivation o f  the response of a f a s t  neutron proton recoi l  
counter is  a simplified account since t h e  presence of complicated w a l l  and end 
e f f ec t s  together w i t h  the var ia t ion i n  gas multiplication along the anode wire 
would make a rigorous derivation extremely d i f f i cu l t .  

gases when bonibardcd w i t h  energetic neutrons has been treated many times(3-7) and it 
is not proposed t o  repeat these calculations i n  detai l .  
obey a rangeenergy r e l a t ion  of the type R = kE$ i n  hydrogenous materials, where n 
and k are  constants. For polythene, when R is measured i n  cm and the proton energy 
% i n  MeV, kl and nq both have the value 1079 i n  t h e  energy range 0.2 - IO MeV, a d  
i n  the range 0.1 - 0.2 Mev kq is 3@10. For methane, when R is measured i n  mgm/un2, 
k2 and n2 are  1.56 and 1.80 respectively. When these values are substi tuted i n  the 
range-enerp re la t ion  the values of R a re  w i t  

emerge w i t h  energies i n  the range Bq t o  B2 from a thick slab of  hydrogenous material 
i s  given by the expression 

The problem of proton recoi ls  from thick and t h i n  radiators and from hydrogenous 

Protons are assumed t o  

I C $  of those given by Hirschfelder 
the number of protons, Ns ,  which and Magee(9 4 , Adopting the notation of H u r s t  , 

...... 3 

where N(E) = number of neutrons of energy E incident on the slab per u n i t  area 
per unit time, a t  r igh t  angles to  the surface of the slab. 

A = area of slab 

Q 

6 ( E )  

= number of hydrogen atoms per uni t  volume of slab. 

= neutron-proton scattering cross-section f o r  neutrons of energy E, 

A thick slab is  one f o r  which the thickness is  greater than, o r  equal to,  the range 
of the most energetic r eco i l  proton. 

I The nuniber of proton recoi ls ,  NG, i n  a hydrogenous gas with energies i n  the range 
B1 t o  B3 is givenby 

NG = N(B).*_I.P.((E)($ - 2) ..e... 4 

where t = depth of gas volume. 

In  a r e c o i l  counter the lower energy l i m i t  Bq i n  equations 3 and 4 is determined 
only by the discriminator b ias  level ,  but as high energy protons a re  l i gh t ly  
ionising the upper limits B2 and B3 are governed by the path length i n  t h e  counter 
as w e l l  a s  by the b ias  setting. B2 and B3 may be evaluated as follows: 

A 
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If' the path length in the  counter gas of a proton from the s lab  is h &an2 
and it leaves the counter volume with a residual energy & then 

R - h = k  E n 2 - X = k A n 2  .....e 5 
* P  

The mean energy expended by a proton i n  the counter is 

For energetic protons the energy (% - ER) expended i n  t h e  counter may be less 
than Bq, due t o  t h e i r  low t o t a l  spec i f ic  ionisation. 
f o r  detection is t h a t  value of % f o r  which Ep - EN = B1. 
depend on the direction of the proton recoi l ,  and an arbi tary figure of 103 times 
the c e l l  depth has been used i n  the calculations; the m a x i m u m  possible path length i n  
a cel l  is  1.6 times t h e  depth, 

Thus the upper energy l i m i t  €31 
The value o f  X mill  dpend 

Proton recoi l s  from the gas will have shorter path lengths i n  the counter than 
those f rom the  walls, 
counter a t  a distance (X - x) from the wall w i l l  be 

The energy E(x) deposited by recoi l s  f r o m  an element dx of  the 

0 0 . 0 . .  7 

and the mean energy deposited i n  the counter by recoi l s  from the gas my be roughly 
evaluated as 

. e o . . *  8 
k2n2 

= E p  -h(n2+ 1) 

The cut-off l eve l  f o r  the gas, B3, has been taken to  be that  value of % f o r  which 

19 crn Hg of methane are plotted i n  Fig. 5; and the combined response o f  slab and 
gas f o r  19 c m  H g  t o t a l  pressure (4.75 cm*Hg of argon + 14.25 crn Hg of argon + 
14.25 cm Hg of methane) is plot ted i n  Fig. 6 f o r  different  values of Bq, the gas 
mixture w a s  assumed to  have the same values of  n2 and k2 as pure methane. It is 
apparent from t h i s  diagram t h a t  by a suitable choice of b ias  leve l  Bq the 
sens i t iv i ty  of the coxribination as a function of neutron energy can be made to match 
approximately tha t  required by the I.R.C.P. recommendations, 

= Bq. The calculated values of B2 and B 3  fo r  X = 4 cm and a gas pressure of 

A t  l o w  energies (0.1 - 0.5 MeV) the response will be l e s s  than tha t  calculated 
because 02 attenuation of the neutron beams by the polythene w a l l s ,  while a t  energies 
above 10 MeV the response will not f a l l  off a s  rapidly as the calculation indicates, 
because the contribution to  the response due t o  recoi l ing carbon nuclei w i l l  become 
appreciable. 
elastic scattering is not isotropic and n o n e l a s t i c  col l is ions take place i n  
competition with the elastic scattering, and a lso  because the range energy re la t ion  
fo r  carbon is unknown. 
carbon recoi l s  may be as high as lO-lY$ a t  15 MeV, 

The e f f ec t  of carbon r e c o i l s  is d i f f i c u l t  t o  calculate because the 

However it seems l ike ly  tha t  the t o t a l  contribution of 

@ 



1 

It might therefore be expected tha t  a closer f i t  to  the I.C.R.P. response 
curve w i l l  be obtained than the simple calculation indicates, and t h i s  is borne out 
by the r e s u l t s  i n  Fig. 4. 

For end-on i r radiat ion of t h e  counters the high-energy response w i l l  be fur ther  
increased, since some protons w i l l  t ravel through more than one c e l l  and w i l l  have 
a longer path length than assumed. However a t  lower energies the response w i l l  be 
fur ther  depressed. 
counters sideways on t o  the neutron beam. 

It is probably advisable t o  use six-cell and twelve-cell 
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APPENDIX I1 

Operation and procedures f o r  setting-up and test- 

When used with mains-operated equipment, a counter is  typical ly  connected t o  a 
cathode-follower pre-amplifier, the output of which is coupled t o  a high gain 
amplifier with integrating and differentiating tine constants of  about I microsec. 
A potential  of 1400 vol t s  s table  t o  2 0.1% is applied to  the counter anode. 
output from the amplifier is  fed to  a scaler  o r  ratemeter, and the amplifier gain 
and the discriminator bias  leve l  are adjusted to  t h e  correct values by using a 
radium-beryllium source as  described below. 

The 

Because of t h e  sharp dependance of the gamma sens i t iv i ty  of t h e  counters on the 
b i a s  level,  an increase in  the gamma sens i t iv i ty  may be observed when a counter is 
used with electronic  equipmnt i n  which the effect ive b ias  l eve l  is unstable. 
is most l ike ly  t o  occur with portable b a t t e r y 4  erated equipment. It is then 

a three c e l l  counter from 0.9 c/sec/m.p.l. t o  0.7 c/sec/m.p.l., Pig. 7, t h i s  very 
great ly  decreases the  gamma sens i t iv i ty  and increases t h e  r e l i a b i l i t y  of the se t t ing  
up procedure. 

"his 

advisable to  increase the operating b ias  by 25:0 P t o  reduce the neutron sens i t iv i ty  of 

Whether t h e  counters are  used w i t h  mains or  ba t te ry  operated equipment, t he  
operating b ias  level  and the gamma sens i t iv i ty  of the equipment should be checked 
from time t o  time. 

Sett ing up the operating bias  leve l  usindr a Ra-Be source 

A Ra-Be source of convenient strength f o r  setting-up equipment contains 5 mC of 
R a d i u m  and has a neutron emission of about 7.5 x I& neutrons per second. 
source is placed w i t h  its centre 5 c m  from t h e  side of the counter and i n  a plane, 
which intersects  the axis of the counter at right-angles, passing through t h e  centre 
of the counting volume, as shown i n  Fig. 8. 
b i a s  controls of the equipment are then adjusted to  give the correct counting rate. 
The value of t h i s  counting r a t e  depends on the neutron emission of the source used; 
the values f o r  d i f fe ren t  counters i n  the table  I1 below are f o r  source giving I@ 
neutrons/second as measured by the Radio Chemical Centre, hersham. 
wi th  o t h e r  neu t ron  emissions t h e  count ing rate is  p ropor t iona l  t o  t he  neut ron  
emission, 
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TABLE I1 

Counting ra te  Distance of Centre 
Type of No. of of Counting Volume from at Bias 
Counter Cells the Seal End. 

a b  c.pom0 

3 6.5 176 
118 

FN2/6 6 12 289 

m2/3 

FNZ/I 2 12  23 366 

Counting ra tes  obtained from f a s t  neutron counters a t  the 
correct operating b ias  leve ls  with a Ra-Be source givinlr, 

Neutron 
Sensi t ivi ty  

c/sec/m. p 1 

0. 9 
0.7 

1.8 

3.6 

103 ncutrons/second 

(2) Setting up the operating b ias  level of a three-cell counter using a 
calibration jig type 1546A 

Portable f a s t  neutron monitors containing a three-cell counter are  more easi ly  
s e t  up by using the Calibration J i g  Type 1 5 4 6 ~  which contains a 5 mC Ra-Be source. 
The posit ion of the source has been adjusted so t h a t ,  when a three-cell counter is 
placed i n  the j i g  i n  t h e  posit ion shown i n  Fig, 9, a counting r a t e  of 120 c.p.m. 
is  obtained for a neutron sens i t iv i ty  of 0.9 c/sec/m.p.l., o r  100 c.p.m. f o r  a 
sens i t i v i ty  of 0.7 c/sec/m.p.l. For reasons which have been outlined above, it is 
recommended that  battery-operated equipments are set-up to  the  lower sensit ivity.  
In  the case of the I4O7C Portable Fast-Neutron Monitor, the required counting r a t e  
i n  the j i g  is obtained by means of the preset controls i n  the side of the 
equipment . 
(3) Testing f o r  aamma Sensit ivity 

After the b ias  level  of the equipment has been se t  t o  the operating point by 
one of the  procedures described above, the gamma sens i t iv i ty  may be tested. 
simple t e s t  is t o  place a I mC Radium needle with its centre I crn from the side 
o f  the counter i n  a plane which intersects  the axis of the counter a t  r ight  angles 
and passes through the centre of the  counting volume; the axis of the Radium needle 
should be i n  the plane and a t  r igh t  angles to  the l i n e  from the needle centre t o  
the axis of the counter. 
r a t e  will not exceed 7 c.p.m., unless there is a f a u l t  i n  the counter or  equipment, 

A 

With the Radium needle i n  t h i s  posit ion the counting 
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I DEPTH OF COUNTER GAS = 0 - 4 7  mgm./cm2 (4 cm.AT 19 cm.OF Hg. AND 20' e.) 

HAXIHUU VALUE OF Ep-ER* 

MAXIMUM VALUE O F T .  

I I I I I I I I I I I I I I I I 
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