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ABSTRACT 

Scattered radiation reaching the point of measurement is one of the 

major problems of neutron dosimetGy., An experiment was designed to de- 

tennine the variation in neutron dose rate at s point in air with, (a) the 

distance between the source and the detector, and-(b) the height of the 

aource and detector above a concrete slab. 

The experimental data are compared with data obtained from the albedo 

theory, and the results w e e  within the experimental error. When a conical 

frustum of paraffin, which reduces the direct beam of neutrons by a factor 

of a few thousand, was placed between the source and detector, only the 

scattered neutrons contributed to the dose rate. 

which enables one to correct for scattered radiation. 

scattering material to a minimum the detector and source were supported five 

feet below a steel bar which was suspended from two painter's scaffolds forty 

feet apart and fifty-five feet high. 

(which gave neutrons with an average energy of 2.5 MeV). The dosimeter was 

a proportional counter, ethylene-polyethylene type, with a pulse integrator 

for measuring the tissue dose. 

This method gives data 

To reduce extraneous 

The neutron source was Polonium-Boron 

It was found that the inverse square law predicts the dose rate for 

distances up to approximately 1.5 meters between the source and the detector; 

and if the source, detector, etc. are 1.5 meters fromthe walls, floor, etc., 

the dose rate contribution at the detector due to scattered neutrons is less 

than six per c,ent. 

calibration of a neutron dosimeter in air. 

The results of this experiment apply directly to the 

i 
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I e INTRODUCTION 

The purpose of t h i s  experiment was t o  test the  theories  of 

neutron sca t te r ing  and t o  improve the  technique of neutron dosimetry. 

Scattered radiat ion reaching the  point of measurement i s  one of the  

major problems i n  neutron dosimetry because it increases the dose 

rate above t h a t  predicted by the Inverse square law.  

ca l ibra ted  at  a point where appreciable scattered neutrons were 

An instrument 

present would give an erroneously low reading i n  the f i e l d  where t h e  

instrument would be used, If t h e  dose rate due t o  scat tered neutrons , 

were known, the calibration-could be corrected accordingly, 

One can experimentally observe the var ia t ion i n  neutron dose 

rate at  a point i n  air, as a function of the  distance between the  

source and the detector. 

with values of neutron dose rate calculated using the  inverse square 

l a w ,  Also, one can experimentally observe the var ia t ion i n  neutron 

dose rate as a function of the  height of the  source and detector above 

a concrete slab. If a conical frustum of paraff in  is  interposed between 

the  source and the detector, one can measure the  scattered neutron dose 

rate as a function of the  height of t he  source and detector above the 

concrete slab. These measurements can be compared w i t h  values obtained 

from theore t ica l  considerations, 

This var ia t ion i n  dose rate can be compared 

The detector used was an ethylene-polyethylene neutron dosimeter. 



2 

. 

1 
T h i s  instrument is essent ia l ly  non-directional, foe. ,  i ts  response 

fs independent of the  angle of incident of t h e  neutrons. 

2 The subject matter of this thes i s  has been reported. 

Barr, To A., and H u r s t ,  G. S.,  Nucleonfcs 12, No. 8, 33 (August 1954). 

Cure, J. We, and H u r s t ,  G. S., Nucleonics - 12, Noo 8, 36 (August 1954), 
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II* E X P E R m A L  ARRANGEMEmT AI?D EQUIPMENT 

. .  

The experimental arrangement i s  shown i n  Fig. 1. The towers a re  

of the pa in te r ' s  scaffold type. The steel bar, suspended between the  

two towers by steel cables, can be raised and lowered by hois ts .  The 

detector and source are held approximately 1.5 meters below the bar by 

aluminum rods. Two steel measuring tapes, one a t  each end of the bar, 

assure that the source and detector are always at the same height above 

the  concrete. The thickness of the concrete s lab varied from three t o  

f o e  inches. 

The electronic  equipment is  shown i n  the  block diagram of Fig. 2. 

The ethylene-polyethylene detector, which operates as a proportional 

counter, i s  shown i n  Fig. 3. 

one atmosphere of pressure and is l ined  with polyethylene. The detector 

i s  r ig id ly  fixed t o  the  preamplifier with an amphenol coaxial connector, 

The preamplifier, detector, and a desiccant ( "Drierite") were put in to  

It is f i l l e d  with ethylene t o  approximately 

.a' pol-Y@thylene bag one m i l t h i c k ,  and the bag was sealed. The polyethylene 

bag had no detectable effect on the  dose rate. The sealed bag was 
a .  

necessary because it prevented the  noise' l eve l  of the detector from r i s i n g  

t o  a jprohibi t ively high leve l  due t o  high humidity. 

a cathode follower. 

The preamplifier was 
I 

A s iby - foo t  cable connected the  preamplifier t o  
i 

the electronic  equipment which was in the shed at the rear of one of t he  

towers 

' 

Hurst, G o  S. ,  and Ritchie, Re H., Radiology, - 60, No. 6, 864 (June 1953). 
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. 

The device which automatically adds the pulse heights is known 
4 as a "pulse integrator", It consists of two scales of 64 binary 

scaling uni ts  with a set of discriminators. The set of discriminators 

i s  arranged so that a l l  pulses greater than f ive  vol ts  f i r e  indicator 

''lrr, t en  vol ts  f i r e  indicator "2", twenty vol ts  f ire indicator r14", 

etc.  This gives a device which automatically adds pulse heights. In  

actual  operation a five-volt pulse would f i re  indicator "l", A 

ten-volt pulse would fire indicator "2". Indicator "1" is f i r ed  by 

t h i s  ten-volt pvlse i f  it is i n  the 'roff" position, which gives a t o t a l  

of three counts, If indicator "1" is i n  the "on" posit ion when the 

ten-volt pulse arr ives ,  it is effect ively erased because the second 

stage is already busy, Thus the e f f ec t  is t o  a l ternately add and sub- 

t r a c t  a count which gives a net r e su l t  of two counts per ten-volt pulse 

on the  average. Similar reasoning,shows that a twenty-volt pulse gives 

an average of four counts, a forty-volt pulse gives an average of e ight  

counts, e tc ,  This type of arrangement is  extremely simple since there 

i s  no need t o  use anticoincident c i r cu i t s  t o  prevent additions of pulses 

from lower level discriminators. 

The neutron source used was polonium-boron which gives neutrons 

5 with an average energy of 2.5 MeV. 

Glass, F, M., and H u r s t ,  Go So, Rev. Scient. Ins t r ,  - 23, l o .  2, 67 

(February 1952) 

5 Cochran, R. Go, and Henry, K. M e ,  ORML-1479 (April 2, 1953). 
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1110 CHECK AND CALBRATION 

. The following checks were made. A cal ibrated sixty cycle 

variable pulse height pulser ( "Q" pulser), was used t o  ascer ta in  tha t  

the A 1  amplifier was l inear,  and it was a l so  used t o  set the discrimi- 

nator voltages, 

e f fec t ive ly  cu t  o f f  gamma pulses was determined, For t h i s  purpose the 

proportional counter tube was placed i n  a 2 r/hr ganmaa-ray f i e l d  (from 

The operating voltage of the detector which would 

a Co6' source), then the  discriminator on the l i nea r  A1 amplifier was 

set t o  six vol t s  which was w e l l  above the noise leve l  of the equipment. 

The high voltage was adjusted t o  give a gama response of approximately 

one pulse per second. 

the A1 amplifier discriminator was ra i sed  t o  about nine vol t s  a t  the 

same high voltage se t t i ng  the @ma pulses would be completely cut off,  

The tube had a very sharp  amm ma cut  off ,  If 

"his gamma bias was checked about once a week, and if  it had changed, 

the high voltage was adjusted t o  again give one pulse per second, 

Normally the high voltage had t o  be raised a f e w  vo l t s  a week, This 

changed the neutron dose rate sensi t ivi ty .  Thus, a standard geometry 

had t o  be arranged t h a t  could be reproduced from t o  day t o  determine 

the r e l a t ive  neutron dose r a t e  sens i t iv i ty ,  With t h i s  information the 

dose rate can be converted t o  a normalized value, and data can at  any 

time be reproduced within the experimental e r ror ,  The half l i f e  of 

Po2l0 is  138 days; t he  dose rate was corrected accordingly, 

The experimental arrangement was checked t o  ascer ta in  if there 

was any detectable neutron scat ter ing from any of the equipment (shed, 
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towers, bar, e tc , )*  None could be measured. 

The hi& voltage f o r  the detector was monitored with a Leeds 

and Northrup Potentiometer, so that it could be kept st a par t icular  

s e t t i ng  withfn a tenth of one per cent, 
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Curves showing the dose rate as a function of the distance 

(h) above the concrete f o r  several  different  source-to-detector 

distances (D) are shown i n  Figs, 4 through 9. 

cludes neutrons which travel d i r ec t ly  from the  source t o  the detector 

as well as neutrons that are scat tered from the  concrete, 

This dose rate in- 

The dose 

rate has been normalized t o  a value of one (one is the  dose rate due 

t o  d i r ec t  neutrons) fo r  the f la t  portion of each curve, and all of 

the curves have been p lo t ted  t o  the same scale. 

As the source and detector approach the concrete from above, 

f o r  any par t icu lar  distance (D) between the source and detector, there 

is a point at  which the neutrons scat tered from the concrete begin t o  

contribute noticeably t o  the dose rate. As h decreases further, the 

number of scattered neutrons reaching the detector increases; therefore 

there is  a rise i n  the curve. As shown by Figs. 7, 8, 9 and 13, the 

dose rate reaches a maximum at  the point h / D s  0.25. 

values of h/D the  neutrons tha t  are scat tered have t o  t r ave l  increasingly 

greater distances through the concrete i n  order t o  reach the detector, 

Th i s  r e su l t s  in a net decrease i n  the dose rate. 

the concrete effect ively absorbs the neutrons which would be scat tered 

from the  concrete as far as the detector can tell .  The dose rate when 

h/D L 0.05 could possibly be less than the f lat  portion of the curve 

because there is ~ Y C  air scat ter ing instead of ha air scattering. The 

r e l a t ive  deviation (R.D. = 

For smaller 

When h /D z O e 0 5 ,  

l/a) of each count i s  shown on these curves. 
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Figures 0 ana 11 are plots  of the-dose-rate  aga-rrst the  height 

of t he  detector and--the-source atrove the surface of the  concrete fo r  

80 centimeters and 160 centimeters between the  source and detector 

with a 4k-centtnmeter conical paraff in  frustum between the source and 

detector. The 44 centimeters of p a r a f f i n . r e h e d  the dose rate of 

the  d i rec t  beam by a fac tor  greater than five thousand. 

follow very closely the portions of the curves of Figs. 7 and 8 due 

t o  scat ter .  Therefore, i f  a paraff in  frustum of suff ic ient  thickness 

is  placed between the source and detector, the dose rate recorded i s  due 

t o  the-scet tered neutrons o w .  

on these curves 3s f$ve per  - c a t  or-less: 

These curves 

The re la t ive  deviation of each point 

Figure 12 is a p lo t  of t he  dose rate as-read-from t h e  f l a t  portions 

of the  curves of Figs. 4 through 9, i.e., fo r  heights above the  concrete 

where neutron scat ter ing from the concrete i s  negligible, against the  

corresponding distance between the source and the detector. 

experimental e r ror  of ten  per cent is  shown on t h i s  curve. The dose 

r a t e  follows the inverse square l a w  up t o  a distance of about 1.5 

’ 

The 

meters between the  source and detector. Then the dose rate increases 

above tha t  predicted by the  inverse square law.  

increase above the inverse square law i s  due t o  scat ter ing of neutrons 

It i s  thought t h a t  t h i s  

by a i r .  

A l l  s t a t i s t i c a l  errors were kept below f ive  per cent. However, 

other e r rors  (changes i n  geometry, Instrument errors ,  etc.)  may be 

additive and could make the  over-all e r ror  as large as  ten  per cent i n  

some instances. 
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V. THEORY 

The proportional c-er tube is l ined  with a layer  of 

polyethylene whose thickness is  just greater  than the range of the  

most energetic proton t h a t  is produced by FOB neutron co l l i s ion  with 

hydrogen atoms. The energy diss ipated by the  r eco i l  protons i s  

proportional t o  the  energy diss ipated by the neutrons. The t o t a l  

ionizetion produced i n  the detector cavity i s  proportional t o  the  

energy diss ipated per gram of ethylene, provicted "W" (e lectron 

vol ts / ion pa i r )  i s  independent of proton energy. If one calculates  

the  first co l l i s ion  dose f o r  neutrons as a function of energy for 

both t i s s u e  and ethylene, one f inds  t h a t  t he  r a t i o  (ethylene dose/ 

t i s sue  dose) i s  essent ia l ly  independent of neutron energy. This 

means t h a t  the  neutron dose delivered t o  ethylene is proportional 

t o  the  dose delivered t o  t i s sue .  

A d i rec t  current (dc) measurement of t he  number of ions pro- 

duced in the  etbylene would be a sa t i s fac tory  method f o r  determining 

the  dose except f o r  the f a c t  that the measurement would be affected by 

gamma radiation. To make the  instrument insensi t ive t o  gamma rays, we use 

a bias such that tbe smaller g a m - r a y  pulses are not counted. Then we 

determine the  number of Ion pairs-produced by adding the  pulse heights. 

The bias causes some loss of neutron dose, but t h i s  is  of l i t t l e  s ign i f i -  

cance as long as the  neutron energy is  grea te r - than  500 kev. 
3 The pulse 
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height is proportional t o  the number of ion pairs i f  there is no 

appreciable electron recombination, and if  the A1 l inear  amplifier 

time constant is made much longer than the time of collection of 

the electrons. 

An absolute neutron t i s sue  dose cal ibrat ion involves several 

factors. Either the source strength or the detector dose sens i t iv i ty  

must be known. If the source strength is known, which is the usual 

case, one can set the detector at some distance from the source, and 

calculate the neutron flux at the detector by the inverse square law. 

The equipment should be suff ic ient ly  far away from the floors, walls, 

etc.  so that no scattered neutrons are  detected. 

i n  reps (1 rep = 93 ergs/gram of t issue)  for  po2l0B neutrons is  

The average dose 

2 3.54 x lo-’ rep - cm /neutron.6 Assuming a neutron source s t r e n g t h  

of 10 
6 

n/sec and a source-to-detector distance of 20 centlmeters, the 

neutron flux at the detector i s  

N, 10 6 n/sec 
= - -  = 1.99 x lo2 n/cm2 sec. 

Fn 4xD2 - 4 ~ ( 2 0 ) ~  cm2 

The neutron dose r a t e  a t  the detector i s  

2 
Dose Rate = (1.99 x lo2 n/cm2 sec) (3.54 x rep cm /n) 

Dose Rate = 7.01 x loo7 rep/sec. 

Hurst, G. S., B r i t .  J. Radiol. MNII, - 



. 

I f  t h e  pulse integrator  records a dose rate of 200 counts/sec 

a t  t h i s  distance, the  dose sens i t i v i ty  of the detector i s  

7.01 x rep/sec 

200 counts /sec 
Dose Sens i t iv i ty  = = 3.5 x 10-9 rep/count. 

To f ind  the  t i s sue  dose the count as recorded on the pulse 

integrator  i s  multiplied by the dose sens i t i v i ty  ( i n  t h i s  case, 

3.5 x 10-9 rep/count). 

By means of the  albedo theory 7 a theore t ica l  curve can be drawn 

t h a t  agrees with the experimental curve t o  within the experimental 

error .  

neutrons are scat tered from the concrete according t o  the cosine l a w .  

The theore t ica l  curve is based on t he  assumption t h a t  the 

Taking equation (7) from Appendix I we have, 

a 
Ratio of Dose Rate = 1 + - k2 f ( k ) .  

2% 

If t h i s  equation i s  p lo t ted  against  l / k  f o r  comparison with the experimental 

data (see Fig. 13) then a, the  dose albedo, is  determined t o  be approxi- 

mately 0.32. As can be noted from Fig. 13 the theore t ica l  curve does not 

fa l l  exactly on the  experimental curve, but it is within the experimental 

e r ro r  of t en  per cent. 

e r ror  of the  experimental points f o r  the paraf f in  frustum between the  

source and detector,  except i n  two cases. These two points are shown 

The theore t ica l  curve l ies  within the  experimental 

Plesset ,  M. S., RAD-196 (August 1948). 
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c i rc led  i n  red on Fig, 13. 

are due t o  scattered neutrons only  and as a re su l t  t en  per cent e r ror  

of t h e i r  value is much smaller than it would be for the  points that 

It should be noted tha t  these two points 

have the dose rate due t o  d i rec t  neutrons included. 

points which did not fall  on the theoret ical  curve are the two points 

for h/D 2 0.20. 

theoret ical  curve assuming isotropic scat ter ing from the surface of 

the concrete is j u s t  l i ke  the cosine scat ter ing curve of Fig. 13 

except tha t  it reaches i ts  maximum f o r  h/D = 0.00 instead of h/D 2 0.35. 

Because of this, if  a correction due t o  isotropic scat ter ing were 

added t o  the cosine scat ter ing curve, the theoretical  curve would more 

nearly approach the experimental curve. 

The only two  

Here the two points are above the albedo curve. A 



VI. coNcLusIoN 

The inverse square law predicts the approximate dose rate 

for  source t o  detector spacings of twenty t o  one hundred and 

f i f t y  centimeters. The. neutron dose rate varies with the height 

of the  detector and the source above a concrete slab,  and with 

the distance between the source and detector. If a conical paraff in  

frustum long enough t o  reduce the d i rec t  beam by a factor  of a 

few thousand is placed between the source and the detector with 

the small end against the source, the  detector dose rate resporpe 

is essent ia l ly  that  due t o  scattered neutrons. 

t h i s  experiment apply d i rec t ly  t o  the case i n  which one wishes t o  

ca l ibra te  a neutron dosimeter i n  a i r  by weighting the neutron 

spectrum reaching the instrument using the first co l l i s ion  dose 

curve. 

The results of 

. 
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. 
By means of the albedo theory7 a theoret ical  equation can be 

formulated that predicts the neutron dose rate.  Before the equation 

can be formulated there a re  several assumptions tha t  must be made: 

a),  the amount and angular dist r ibut ion of the concrete re-radiated 

energy per un i t  of incident energy is assumed t o  be independent of 

the angle of the  incident energy of the concrete; b), the  amount of 

the  re-radiated energy i s  assumed t o  be proportional t o  the  cosine 

of the angle of the re-radiated energy with respect t o  the normal t o  

the surface of the concrete; c ) ,  the concrete is  assumed t o  re-radiate 

an amount of energy which is proportional t o  the amount of energy 

incident upon it ( the proportionality constant i s  defined as the  energy 

albedo a, i o e o ,  the re f lec t ion  coeff ic ient) ;  d), the extent of the 

source is assumed t o  be much less than D so that the s,ource i s  effect ively 

a point; and e),  air attenuation of the neutrons is neglected. 

Several symbols must be defined. 

E,,, = the  energy scattered from the concrete reaching 
the detector per square centimeter per second 
assuming cosine scattering. 

No = the number of par t ic les  emitted from the source, 
isotropically,  per second. 

Eo = the energy of each par t ic le .  

.. 

From Fig, 14 the energy flux on the element ds of the re f lec t ing  

surface is 

Eo No h 

4n r2 r 
- 0 -  
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The scat tered energy flux from t h i s  element of area is 

. 

. 

Wow i f  we suppose that the back-scattered flux is proportional t o  the 

cosine l a w  (Lambert's law), and i f  A n  = n r , 2 / r t 2  (where r l  is the 

radius of the detector) is the element of so l id  angle subtended by the 

receiver at  the scat ter ing point, the energy per second scattered t o  

the receiver from ds i s  

The t o t a l  energy scattered in to  the receiver per second per uni t  area 

of t he  receiver i s  thus 

cos 4n n r 3  r13 
E 

Since 

r2 = p + h2, and r t 2  = f 2  + 2D p cos 0 + D2 + h2, 

and if  
= E8 F1' 

where 

and F1 = I, J g d ~ , ~  a Eo No h2 
E, = 

4n2 r r  > 



then 
26 $$$k 

c 

From this follows 

0 

F1 =J 

=J 
0 

00 

0 

Let 

then, 

bo =[ 
0 

PdP 

( 4  + h2)3/2 

5" 0 
[ (e + D)2 + h2 - 2 D ( l ( 1  - cos e)] 3/2 

4D f 
K2 = ( e +  D)2 + h2 

where I? L 1 , 

d 2  
4 m p  d e  

+ ( c f +  D)2 + h2)3/2 1 [1 - IS 2 ( 1 - COS , e )] 3/2 ( e  



( 1 - K2 sin2 8/2) -3/2 de 

(90 

4 4 d P  
( e 2  + h2)3/2 (if+ D)2 + h g  3/2 

0 0 

If (1 -. K~ sin' 8/21 -3/2 is expanded, 

3 3/2 (OK? sin2 9 / 2 ) -  
4? d e  

( e' + h2)3/2 @ f +  D)' + h') 3/2 im 0 

F1 = 

0 

3/2 (-5/2)(-K2 sin2 8/2)2 3/2 (-5/2)( -7/2)(-K2 sin2 

- - -1 - - 
2 !  3 :  

Mow rearranging and completing the steps, 

00 

( + h2)3/2 
') 3/2 ["2 de + 3/2 K2 sin2 0/2 

4 e d e  

0 0 

1 3'5 3.5.7 
+ - I+ sin4 e/2 + - I+ sin6 812 + - - - - - 

4 2.4 2 4.6 I 



If we in tegra te  from zero to n/2, 

4P P [ n/2 + 3/2 K2 (1/2)(%/2) 

0 ( p  + h2)3/2 (cp+ D)2 + h2) 3/2 

1 +[2) &(2) (n/2) +(-)& 3.5-7 (”) (a/2) + -------- 
2 - 4  2.4 2-4.6 2.496 

. If th i s  i s  rearranged i n t o  a more convenient form, 

3-5 4 
1 + 3/4 K2 + - K 

2.4 

4 P V  

( p 2  + h2)3/2 (cp+ D)2 + h2) 3/2 

2 Multiplying both numerator and &enominator by (1 - K ), 
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If the  l i k e  terms a r e  col lected,  

8 ,  Now looking i n  the  handbook, 

1 2 -(z) K6/5 - - - - -  

Burington, R .  S. Handbook of Mathematical Tables and Formulas (1949). 



f 

7 

30 , 

\ -  

where E(K, n/2) i s  a complete e l l i p t i c  in tegra l  of t he  second kind. 

and f ina l ly ,  

1 00 
. P d P  E(K, n/2) 

4n2 ( p  ' + h2)3/2 ( ( p +  D)2 + h') 3/2 1 - K2 
- 

E C 0 6  - 

Equation (2) i s  obtained from equation (1) by multiplying both 

numerator and denominator by 2D 2 4  h . 

P d P  
Ecos - - &r2 Eo D2 No (!?)[&4 ( p 2  + h2)3/2 (cy+ D)2 + h 2 ) 3/2 

0 



3l 
If k = D/h 

and if 

d E(K, 31/21 
1 - K  2 f ( k )  = 8h4 1 ((32+h2)3i [e+  D) 

0 

then, 

a E, No k2 
E = -  f(k) 

cos 8r2 D2 

(3) 

(4) 

A graph o f  f(k) vs k is  shown in Fig. 15. 9 

Energy Energy + Energy 

Energy Energy 
direct direct 

direct scattered ( 5 )  tot81 51 Ratio of Energy Rate = 

No Eo a Eo 18, k2 f ( k )  
-+ 
43I D2 an2 ~2 a 

Eo 2% 
( 6 )  Ratio of Energy Rate = = 1 + - k2 f(k) 

- 
4% D2 

__  _ ~ _ _ _  

This curve was originally given by M. S .  Plesset, RAD-196, however, 

R .  H. Ritchie of ORnL found that the curve was i n  error for large 

values of K .  Fig. 15 i s  the curve as corrected by R .  H.  Ritchie. 
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The neutron source i s  f a i r l y  m~noene rge t i c ,~  and since dose 

is energy absorbed per un i t  volume, the  dose rate would be pro- 

portional t o  t h e  energy rate or  

a 
Ratio of Dose Rate = 1 + - 

2 x  
k2 f(k). (7) 

I n  equation (7) M is t he  dose albedo instead of t he  energy 

albedo as original ly  defined. 
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