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The detecUon efficiency of  a 3 × 3 m a m x  of  NE 110 scint i l lator  blocks, 153 × 153 × 270 mm long, has been measured m the 
neutron kmenc  energy range 15-120 MeV for several thresholds, ranging from 2.80 to 15 75 MeV equivalent  electron energy, 
and for various thicknesses of  lead shielding m front of  the counter.  The probabd~ues of detecting a neutron in a block d~ffereat 
from the one struck by the beam ( 'mlx lng ' )  and in more than one block ( 'mult l f i r lng ' )  have also been measured as a function of  
threshold and shielding. Compar i sons  have been made w~th a Monte Carlo program which accounts for the modular  structure 
of  the counter  The effioency and the spatml resoluuon of  a very large matr ix  have been obtained,  using both experimental  
and Monte Carlo results. 

1. Introduction 

In previous papers 1' 2) we described a large aperture 
145 element neutron counter (PEP counter) used in a 
series of  electroproduction experiments at the Dares- 
bury Labora tory  Synchrotron N I N A .  Prior to final- 
lzlng its design, a prototype counter  consisting of  
only 9 elements was constructed and an extensive series 
of  efficiency measurements carried out using the 
neutron rime-of-flight (TOF) facility at U K A E A  
Harwell. The module was sufficiently manoeuvrable 
to be placed at any desired position relative to the 
incident neutron beam and yet large enough to allow 
extrapolation of  the results to the PEP counter. 

The performance of  the module was studied for 
several thresholds and shielding configurations in the 
neutron kinetic energy range (E) 15-120 MeV. The 
finely collimated neutron beam enabled us to investi- 
gate m detail how the efficiency and the spatial reso- 
lution depended on the modular  structure of  the 
counter. 

A Monte Carlo program was written 3) and its 
predictions compared with the experimental measure- 
ments. G o o d  agreement was obtained, and the Monte  
Carlo was subsequently used to extrapolate the experi- 
mental results to higher energy. 

The paper is organized as follows: 
section 2 briefly describes the experimental apparatus 
and the running conditions. In secnon 3 the results o f  

* Present address The Cabinet  Office, Whitehall ,  London,  
England 

the efficiency measurements are presented, together 
with a discussion of  the 'mixing'  and 'mult if i rmg'  
effects; the 'effective' absorption cross section of  
neutrons in lead is also derived. Section 4 outlines the 
relevant features of  the Monte  Carlo program and a 
comparison is made with the measured efficiency 
Finally m section 5 the efficiency and spatial resolution 
of  the PEP counter are deduced for the running con- 
ditions of  the Daresbury electroproduction experi- 
ments. 

2. Experimental technique 

The technique used to measure the efficiency, 
r/Moa(E ), was very simple; the number  o f  neutrons 
detected in the module to be calibrated, NMo d(E), was 
compared with the number  of  neutrons detected in a 
reference counter, NRc(E), of known efficiency, 
r/Rc(E), for the same number  of  incident neutrons 
The efficiency was then given by 

NMod(E)  
r/Mod(E ) --  _ _  r /Rc(E ) .  

NRc(E) 

2.1. EXPERIMENTAL APPARATUS 

The Harwell TOF  spectrometer has been fully 
described elsewhere4). Basically the neutron beam was 
produced by deflecting the 143 MeV proton burst onto 
a thin Al target, and the neutrons and the y-rays 
produced were collimated along a 50 m flight path to a 
size of  20 x 20 mm 2 at the position of  the counter to 
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be tested. A scan across the beam with a thin scintdla- 
t ion counter  gave the beam dimensions.  

The T O F  start  pulse was derived f rom the beam 
deflectmn system of  the synchrocyclo t ron  and tr iggered 
a gated osci l la tor  c locking pulses into a 300 M H z  
scaler;  the T O F  stop was provided by the neutron 
detector.  A typical  T O F  spect rum is shown in fig. I. 
The 7 peak,  evident  in the first few channels,  was used 
for ca l ibra t ing the T O F  origin. De t ads  of  the fast 
electronics are given in ref  5 
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Fig 1. Typical time-of-flight spectrum. 

The neutron detector  (fig 2) consisted of  a 3 x 3 
a r ray  of  N E  110 scint i l lator  blocks 153 x 153 x 270 mm 
long conta ined in a crate structure formed by inter- 
locking black perspex sheets 6.35 mm thick Each 
scinti l lator  was viewed by an R C A  8575 pho tomul t lphe r  
th rough  an air light guide that  was s imply an extension 
of  the scint i l lator  compar tmen t  coa ted  with diffusive 
reflecting paint.  The module  was mounted  on a stand 
provided with vertical and horizontal  movements  and 
was able to rotate  a round  a vertical axis. 

The reference counter  used a cylindrical  scinti l lator  
177.8 mm long and 76 2 mm in d iameter ;  its threshold 
was kept  constant  th roughout  the experiment  at 
3 0 MeV equivalent  p ro ton  energy where its efficiency 
had been measured 6) The relative intensity of  the 
neutron beam was moni tored  with a l0 mm thick 
scinti l lat ion counter  left permanent ly  m the beam 

The da ta  acqu i smon  system was capable  of  handl ing 
only one event per  burst.  The da ta  for each event, 
namely T O F  and pat tern of  the blocks firing in the 
neutron detector,  were stored on magnet ic  tape via a 
D D P  516 computerT).  A hmlted on-hne inspection of  
a sample of  the da ta  was possible The complete  
analysis was performed off-hne. 

2.2. RUNNING CONDITIONS 

The detect ion threshold of  each counter  was set at  a 
level cor responding  to the mid-poin t  of  the exper imen-  
tal C o m p t o n  edge of  the ThC" (2°8T1) y-ray spect rum;  
the max imum energy of  this source is 2.615 MeV, 
giving a max imum recoil electron energy of  2.40 MeV 
Fol lowing a method suggested by Chlkkur  and 
Umakantha8) ,  the actual  threshold setting was deter- 
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Fig. 2 Schematic of  neutron counter module. 
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m i n e d  to  be  (2 8+_0.32)  MeV.  T h i s  v a l u e  was  c h e c k e d  

a p o s t e r l o n  w i t h  t he  M o n t e  C a r l o  p r o g r a m  as ex- 

p l a i n e d  in s ec t ion  4. V a r i a b l e  a t t e n u a t o r s  were  t h e n  

u sed  to  r e p r o d u c e  h i g h e r  t h r e s h o l d s  

M o s t  o f  t he  m e a s u r e m e n t s  were  m a d e  w i t h  t he  

n e u t r o n  b e a m  i n c i d e n t  n o r m a l l y  o n  t he  c e n t r e  o f  t he  

m o d u l e  ( ' s t a n d a r d  i l l u m l n a t m n '  c o n d l t m n ) .  T h e  

eff ic iency was  m e a s u r e d  fo r  several  d e t e c t i o n  th res -  

ho lds ,  n a m e l y ,  2.80, 5.58, 7.89, l 1.15, a n d  15.75 M e V  

e q m v a l e n t  e l ec t ron  e n e r g y  (eq el. en.)  w h i c h  co r r e s -  

p o n d e d  to  a t t e n u a t o r  se t t ings  o f  0, 6, 9, 12 a n d  15 dB.  

T h e s e  va lues  c o r r e s p o n d e d  a p p r o x t m a t e l y  to  7.0, 

11.5, 14.8, 19.5 a n d  2 6 7 M e V  e q u i v a l e n t  p r o t o n  

e n e r g y  as  o b t a i n e d  us ing  the  p a r a m e t r i c  f o r m u l a  o f  

C r a u n  a n d  Smi th9 ) .  T h i s  t h r e s h o l d  s can  was  r e p e a t e d  

fo r  1, 2 a n d  3 inches  o f  l ead  s h i e l d m g  in f r o n t  o f  the  

d e t e c t o r  t o g e t h e r  w~th a p e r s p e x - i r o n - p e r s p e x  s a n d w i c h ,  

e a c h  layer  l0  m m  th ick ,  to  sxmula te  the  ve to  c o u n t e r  

sys t em of  t he  P E P  c o u n t e r  I '  2). I n  t he  res t  o f  the  p a p e r  

we re fe r  to  t he se  t h r e e  s h i e l d i n g  c o n d i t i o n s  as 1, 2 a n d  

3 inches  o f  lead a n d  to  t he  c o n d i t i o n  w i th  n o  s h i e l d i n g  

a t  all as  t he  b a r e  c o u n t e r .  

T h e  d e t e c t i o n  eff ic iency o f  the  m o d u l e  was  a lso  

s t u d i e d  as a f u n c t i o n  o f  b o t h  t he  i m p a c t  p o s i t i o n  a n d  

the  a n g l e  o f  i nc idence  o f  the  n e u t r o n  b e a m .  T h i s  set  o f  

m e a s u r e m e n t s  was  m a d e  a t  a t h r e s h o l d  o f  11.15 M e V  

eq. el. en.  a n d  w i t h  2" o f  l ead  s ince  th i s  was  the  m o s t  

l ikely r u n n i n g  c o n d i t i o n  fo r  t he  e l e c t r o p r o d u c t i o n  

e x p e r i m e n t s .  

F r e q u e n t  r u n s  were  m a d e  w i th  t he  r e fe rence  c o u n t e r  

in  o r d e r  to  m o n i t o r  t he  n e u t r o n  e n e r g y  s p e c t r u m  a n d  

the  T O F  or ig in .  

Typ ica l l y  104 m o n i t o r  c o u n t s  were  t a k e n  fo r  e a c h  

r u n ;  th i s  c o r r e s p o n d e d  to  ~ 2 0  m l n  r u n n i n g  t i m e  a n d  

o n  a v e r a g e  5 x 104 even t s  were  r e c o r d e d  in t he  m o d u l e  

o r  in  the  r e f e r ence  c o u n t e r .  S ince  t he  c h o s e n  i n t e n s i t y  

a t  t he  c o u n t e r  was  a few n e u t r o n s / b u r s t ,  t he  d e a d - t i m e  

c o r r e c t i o n  1°) a p p h e d  was  r a t h e r  smal l ,  i.e. o f  the  

o r d e r  o f  a few p e r c e n t  a t  t he  e x t r e m e  e n d  o f  t he  T O F  

s p e c t r u m  w h e r e  the  c o r r e c t m n  was  m a x i m u m .  

T h e  e x p e r i m e n t a l  resu l t s  we re  g r o u p e d  in 5 M e V  

e n e r g y  b in s  o v e r  t he  r a n g e  1 0 ~ < E ~ < 1 3 5 M e V .  T h e  

e n e r g y  r e s o l u t i o n  va r i ed  f r o m  1.1% at  15 M e V  to  

3 2 %  a t  135 M e V .  F o r  s ta t i s t ica l  r e a s o n s  t he  m a x i m u m  

e n e r g y  a c c e p t e d  was l imi t ed  to 120 M e V ;  the  s t a t i s t i ca l  

e r r o r  o n  t he  m e a s u r e d  eff iciency was  typ ica l ly  + 3 %  

TABLE 1 

Total efficiency of the module for the bare counter condition ( × 10 2) 

Threshold 
(MeV eq 

~ el en) 
E_ 
(MeV) \ 

2 80 5.58 7.89 11.15 15.75 

10 26.444-0.72 1.174-0.13 0 124-0 04 0.164-0.03 0.104-0 02 
15 35 01 4- 0.96 1 1.46 4- 0.49 2 03 4- 0.20 0 26 4- 0.04 0 20 4- 0.04 
20 33.034-0.93 17.304-0 62 10.394-0.47 1 844-0.12 0.024-00l 
25 31 374-0.87 19 61 4-0.65 12 264-0.50 6 944-0 24 0.604-0 06 
30 37.25+0.99 23 134-0.73 14484-0.56 11 104-0 33 4.274-0.19 
35 38.194-0.99 23 554-0.74 19 03-t-0.65 12.854-0.36 8.304-0.27 
40 36 614-0.96 25 71 4-0 77 19 524-0.65 15 36-t-0.40 9.874-0 30 
45 35 724-0.93 26 354-0 77 20 41 4-0.66 17 194-0.42 11.584-0.33 
50 36.11 4-0 94 28 074-0 80 23.11 4-0 71 17.954-0.43 14 084-0 37 
55 33.774-0 89 27 264-0 77 22 224-0.68 18 504-0.44 14.774-0 38 
60 33.01 4-0.88 27 81 4-0 79 22.764-0 70 19.894-0.47 16.524-0.41 
65 31.76::t:0 87 25.984-0 76 24 044-0.73 20.81 4-0.48 17.21 ±0.42 
70 31 824-0 88 25.394-0.77 22 265:0 70 21.264-0.50 18 854-0.46 
75 30.704-0.87 26.254-0.79 24 004-0.75 21.784-0 52 19 584-0 48 
80 30.07 4- 0.87 26 63 ± 0.81 24.33 4- 0 76 21.84 4- 0.52 20.26 4- 0 50 
85 29.764-0 87 26 694-0.81 23 63 4-0.75 22 264-0.54 19 35 4-0 48 
90 29.484-0 88 24.934-0 79 21.994-0.73 22 28+0.55 20 73±0  52 
95 29.16±0.89 24 564-0 79 22 294-0.74 21 82±0  55 20 874-0 53 

100 29.974-0 94 25 724-0 85 23.654-0 81 22 48±0  58 21 45±0.56 
105 29 01 ± 0  97 25 01 ± 0  88 22.864-0.82 21.484-0.59 20.85±0.56 
110 30.144- 1 05 25.08 4-0 90 23.174-0.86 22 424-0.62 21.624-0 60 
115 30 504- 1.08 25.384-0.96 23.874-0 93 21 624-0.64 22.204-0 65 
120 30 054- 1.18 25 204- I 06 26 60± 1.07 22 04±0.70 21.404-0.68 
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3. Experimental results 

3.1. EFFICIENCY 

The detection efficlencles measured under 'standard 
illumination' condition for the different threshold and 
shielding conditions are hsted in tables 1 4  The 
efficiency for the bare counter at three threshold 
values, 2.80, 5.58 and 11.15 MeV eq el en., as shown 
an fig 3, together with the Monte Carlo computations, 
which will be discussed an sectaon 4. At the lowest 
threshold, the well-known behaviour of neutron coun- 
ter efficiency as shown, with a dip at ~25 MeV due 
to the rapidly decreasing n-p elastic cross sectaon and 
to the onset of the neutron-carbon melastac inter- 
action*. At higher threshold values the shape of the 
efficiency curve follows that of the n-C inelastic cross 
section. The dependence on the threshold becomes less 
important as the kinetic energy of the neutron in- 
creases and the efficiencies tend to the same value which 
compare rather well with the emparacal one of 1%/cm. 

The decrease in efficiency with ancreasing lead 

* For a full discussion of  neutron interactions m scinti l lator see 
ref 11 

shielding is illustrated in fig. 4 for a detection threshold 
of 11.15 MeV eq. el. en. The neutron-lead interaction 
has two components: (1) the elastic n-Pb scattering, 
which causes mainly a distortion of the neutron 
energy spectrum by decreasing the neutron energy, 
(2) the inelastic n-Pb scattering. The latter can be 
divided into two processes: a diffractive-hke excitation 
of the nucleus, with low momentum transfer to the 
lead, and absorption of the neutron. Since, as fig. 3 
shows, apart from the very low threshold condition, 
the efficiency is rather independent of the energy in the 
range 30-120MeV, one may expect that both the 
elastic and d~ffractive-like n-Pb interactions do not 
affect the measured efficiency. Using this assumption, 
one can deduce an 'effective' absorption cross section 
of neutrons m lead, apb, by simply comparing the 
efficlencles for different lead shielding thicknesses. 
With a straightforward notation one has 

N,~x(E) = N0(E) exp{ "/K6 AX cr~b(E)} 
A 

where N O (E) is the incident neutron spectrum, NAx(E) 

TABLE 2 

To ta l  effioency of  the module  for 1" of  lead condmon ( x 10z). 

~ , ~  1 laresnold 
(MeV eq 

el. en) 
E \ 
(MeV) \ 

5 58 7.89 11 15 15.75 

10 0 8 2 ± 0  07 0.204-0 03 0.174-0 03 0 . 0 9 t 0  02 
15 7 .59±0.26 1.504-0.11 0 444-0 06 0 .12±0.03 
20 12.404- 0.36 6.734- 0.25 1.25 4- 0.10 0.02 4- 0.01 
25 13.844-0 37 9 844-0.30 4 924-0 20 0.234-0 04 
30 16.794-0.43 11.724-0 34 8 244-0.27 2 764-0.15 
35 19.624-0.47 14.494-0.39 10 104-0.31 5 224-0.21 
40 20.824-0.49 17 224-0.43 12.054-0.34 6.33 4-0.23 
45 21 064-0 49 17.91 4-0.43 13 844-0.37 8 184-0 26 
50 23 034-0.52 18.784-0.45 14.704-0 39 9.71 4-0 29 
55 22.444-0.50 18.75-4-0.44 15 094-0 38 11 004-0.31 
60 23 13 4- 0.52 20 41 4- 0 47 16.08 4- 0.40 12 31 4- 0.34 
65 23.71 4-0.53 21.684-0.50 16 894-0.42 12 584-0.35 
70 24.094-0.54 20.454-0.48 17 304-0 43 14.074-0.37 
75 24 494-0.56 22.49-4-0 53 18.474-0 46 15.284-0.40 
80 24.374-0.57 21.76-4-0 52 19.824-0 49 16.094-0.42 
85 24.68 4- 0.58 22.30 4- 0.53 19 50 4- 0.49 15.63 4- 0 42 
90 25.174-0.60 22.474-0.55 19.364-0.49 16.444-0.44 
95 23 894-0.58 21.794-0 55 18.524-0 48 16.81 4-0 45 

100 24 344-0 61 23 004-0 59 19 944-0 53 18 234-0.50 
105 24.37 4- 0.62 22.85 4- 0.59 20 30 4- 0 55 17 35 4- 0.49 
110 24.864-0 66 23.444-0.64 20 034-0 57 18 764-0.54 
115 24.174-0 69 23 834-0.68 20 254-0 61 18 404-0.57 
120 25 704-0.78 24 574-0.68 20 33 4-0 66 19 51 4-0.64 
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TABLE 3 

Total  effioency of  the module  for 2" of  lead condi t ion ( × 102). 

Th re sho ld  
(MeV. eq 

~ e l .  en ) 
E \ 
(MeV) 

5.58 7.89 11.15 15 75 

10 0.81 5:0.07 0 18±0.03 0 .25±0.05  0 10+0.02 
15 6 145:0.23 1.34±0.13 0 41 5:0 09 0 164-0.04 
20 10.405:0 32 6.035:0.23 1.135:0 09 0.035:0 01 
25 11 61 5:0.33 8 085:0.27 4.634-0 19 0.31 4-0 05 
30 14 164-0 38 10 504-0 32 6 91 4-0 25 2 404-0 14 
35 16.364-0.42 12.894-0.36 8.294-0.27 4.454-0 19 
40 18.475:0.45 14 004-0.37 9.824-0.30 5 58 5:0 21 
45 18.71 4-0 45 15 43-4-0 39 11 644-0 32 7.31 :t:0.25 
50 19.885:0.47 16.175:0.41 12.584-0.34 8 824-0.27 
55 19 474-0.45 16 83 4-0 41 13.11 4-0.37 9 424-0 28 
60 21.104-0.49 18.11 4-0.44 14.574-0.38 10.704-0.31 
65 20 91 4-0 49 18 41 4-0.45 14 954-0.38 11.71 4-0 33 
70 2l  01 4-0 49 19.274-0 46 15.244-0 40 12.365:0.34 
75 21.894-0 56 20.434-0.54 16.104-0.42 13.61 4-0 42 
80 22.764-0.54 21.594-0.52 17 764-0 45 14.854-0.40 
85 22 204-0.53 20.294-0.50 17.274-0.44 14.674-0.40 
90 22.474-0 55 19.964-0.51 17.424-0.45 15 194-0 42 
95 21.71 4-0 54 20.774-0.53 17 644-0 47 15 334-0 43 

100 23 534-0 60 21.024-0.55 18 284-0.50 16 23 4-0 46 
105 22.634-0 59 21.474-0 57 17.464-0.49 15.734-0 46 
110 23.234-0.63 21.104-0.59 18.124-0.53 16.624-0 50 
115 24.264-0.69 22.294-0.65 18.065:0 56 16 624-0.53 
120 25 424-0.77 22.004-0.70 17.41 4-0.59 17.904-0 60 

0 4  

} 

1 ~ Symbol Threshold 
f _ (MeV ecl elen) 

o] / / • 2.80 
/ )j , 5 . 5 8  / • 1115 

o 25 50 zs ,bo ,~5 
Neutron k~net,c energy (MeV) 

Fig. 3. Total  effioency of  the bare counter  for several threshold values. The sohd curves are the Monte Carlo predictions. 
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TABLE 4 

Total  efficiency of  the module  for 3" of  lead condit ion ( × 102). 

Threshold 
(MeV eq 

• e e l )  7.89 11.15 15.75 

10 0.224-0 03 0 I 1 4-0.02 0 084-0.02 
15 1 034-0.09 0 254-0 05 0.104-0.03 
20 4 644-0.20 1 044-0.09 0 084-0 03 
25 6 61 4-0.24 3.744-0.17 0.304-0.05 
30 8 21 4-0.27 5 954-0.23 2,004-0.13 
35 10 584-0.32 7.124-0.25 3.874-0.18 
40 11.774-0.33 8.604-0.28 4.81 4-0.20 
45 12.304-0.34 10.254-0.30 6 024-0.22 
50 13 984-0.37 11 374-0 32 7 374-0 25 
55 14.404-0 37 12 084-0 33 8 084-0.26 
60 15.564-0 39 13.134-0 35 9.624-0.29 
65 15.71 4-0.40 13 21 4-0.36 l0 11 4-0.30 
70 16 664-0 42 14 324-0.38 10 554-0 31 
75 17 064-0 47 15.034-0 45 11.71 4-0 38 
80 17,46 4- 0.45 15.23 4- 0.41 12.87 4- 0.37 
85 17 744-0.45 15 63 4-0.42 13.43 4-0.38 
90 17.98 4- 0.45 16.29 4- 0.44 13.79 4- 0.39 
95 18.164-0.48 16 184-0.44 13.81 4-0 40 

100 19.364-0.52 17.374-0.48 14.824-0 43 
105 17.924-0.50 17.184-0.49 14.374-0.43 
110 18.824-0.54 16.904-048 15.234-0.47 
115 19.264-0.59 17.394-0.55 15 024-0.49 
120 18.364-0.61 17.444-0.59 15 254-0 54 
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Fig. 4. Total  efficiency of  the module,  for several shielding condit ions at a threshold of  l 1 15 MeV eq. el. en. 
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is the spectrum after traversing a thickness AX of lead, 
A and d are the atomic number and density of lead 
respectively and vV" is Avogadro 's  number. 

By comparing the experimental efficlencles for 
3" and 2" of lead and for 2" and 1" and taking the 
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I v J DeJuren and N Knable (ref 14] 

2~ sb zL~ lbo 115 1;o 

Neutron k lnet*c  energy {MeV) 

F~g. 5. "EffecUve" absorpUon cross sectmn for neutrons m lead 
compared with the experimental values of  the total inelastic 
n -Pb  cross section, taken from refs. 12-14. 

weighted average between the two values, a'pb(E) 
was obtained in the energy range 30-120MeV. As 
expected, @b(E) was found to be independent, within 
the experimental errors, of the threshold value and 
was therefore averaged over the different threshold 
conditions. In fig. 5, O"pb(E ) is reported together with 
the experimental values for '"~ taken from refs 12-14. O ' p b  

The ratio R = a'pb(E)/a~l(E) is nearly independent of 
energy and its weighted value is equal to 0.67 + 0.01. 

The dependence of the efficiency on the impact 
position and the angle of incidence of the neutron was 
studied for 2" of lead and for a threshold of 1 I. 15 MeV 
eq. el. en. The response of the module was investigated 
both as 'single block efficiency', i.e. the absolute 
efficiency of the block struck by the beam and as the 
total efficiency of the whole module. 

Fig. 6a shows the 'single block efficiency' for three 
different blocks with the beam entering normally at the 
centre of each block. The broad agreement exhibited 
shows the reproducibility of the threshold setting 
procedure, whilst the slightly higher efficiency of the 
central block could be due to the larger in-scattering 
contribution from the surrounding blocks The total 
efficiency of the module, fig. 6b, shows a much greater 
variation for the same impact posmons. 

The 'single block efficiency' for the beam entering 
the central block at different positions is shown m 
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Fig 6 Efficiency for different impact posmons for 2" of lead at a threshold of  11.15 MeV eq el. en: (a) 'single block' efficiency, (b) 
total efficiency of  the module 
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fig. 7, the marked difference between the various curves 
being now due to edge effects. On the other hand, we 
could find no appreciable dependence of  the total 
efficiency on the position of  the beam inside the 
central block. 

In order to reproduce the illumination conditions 
of  the electroproduction experiments, several runs 
were made with the beam entering at the centre of  the 
module, with the angle of  incidence varying from 0 ° to 
14 °. Whereas there was a slight change in the 'single 
block efficiency' of  the central block, due to obvious 
geometrical effects, we found no appreciable angular 
dependence of  the total efficiency of  the module. The 
angular spread introduced by the elasUc n-Pb scattering 
probably masked the 1/cos0 dependence which one 
would expect assuming the efficiency to be propor- 
tional to the linear dimension of  the scintillator. 

The effect of  shielding (100 mm of  lead) close behind 
the counter was also studied; no significant back- 
scattering contribution to the efficiency was found. 

3.2. 'MIXING' AND 'MULTIFIRING' 

The probabihties of  detecting a neutron in a block 
different from the one struck by the beam ( 'mixing')  
and in more than one block ( 'multlfirlng') were measur- 
ed for several thresholds and shielding thicknesses. 
The results presented in this section are for ' s tandard 
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Ftg.  7. Eff ic iency o f  t he  c e n t r a l  b lock ,  wi th  the  b e a m  e n t e r m g  a t  
d i f f e ren t  p o s t U o n s ,  f o r  2"  o f  l e ad  a t  a t h r e s h o l d  o f  11.15 M e V  
eq el en .  

i l lumination'  condition. It must  be stressed that 
al though they quantitatively depend on the geometry 
of  our neutron detector, the quahtahve considerations 
apply in general. 

The 'mixing'  probability for the bare counter ~s 
shown in fig 8 A strong dependence upon the thres- 
hold is evident at low energy, whereas at higher energy 
the 'mixing'  probability reproduces the efficiency 
behaviour with threshold. The mixing effect is easy to 
explain: a neutron that impinges on a certain block can 
undergo several consecutive interactions without 
producing sufficient light to be detected, it may then 
enter a nearby block, where it ~s eventually detected. 
The mean number  of  consecuUve interactions a neutron 
undergoes before being detected decreases rapidly 
w~th energy due to the decreasing n -C  cross section 

The 'm~xmg' probability m the shielded cases ~s 
much higher compared with the bare counter, as 
illustrated m fig 9. The n -Pb  elastic mterachon,  which 
is of  the order of  2 5 b over the accepted energy range, 
increases the mixing probabdlty by a large amount  
which does not depend on threshold, as one expects, 
but only on the shielding thickness The nouceable 
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t h r e s h o l d  va lues  
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difference between the mixing probabihty for the bare 
counter  and for 1" of  lead is also due to the presence 
of  the veto system. 

'Multifirlng'  is mainly due to the following processes: 
(1) multiple interactions producing light output  above 
the detection threshold in several blocks, (2) a single 
interaction producing a charged particle with sufficient 
energy to be detected m adjacent blocks. Results for 
the bare counter  are shown in fig. 10; no substantial 
difference was found with respect to any of  the shielding 
conditions. 

Fig. 11 shows the 'mixing'  and 'multifiring' pro- 
babfliUes averaged over the accepted energy range, for 
all the experimental conditions studied. 

4. Monte Carlo program 

The Monte Carlo program was basically a reworkmg 
in Monte  Carlo form of  the successful Kurtz analytical 
program a 5), based on the updated values of  the total 
and differential neu t ron-carbon  cross sections and on 
the most  reasonable splitting among the various 
channels of  the inelastic n -C  cross section ~ ~). Particular 
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care was taken to make the program as flexible as 
possible in order to allow a comparison to be made 
with the data of  the various neutron detectors described 
m the literature. The program is applicable to cyhn- 
dncal ,  conical, rectangular or modular  geometry under 
any dluminaUon condmons.  The good agreement, see 
also ref. 11, gave us sufficient confidence to use the 
Monte Carlo program for extrapolating the measured 
efficiency to higher energy and for different illumination 
conditions. 

4.1. MAIN VEATURES 

The progress of  a neutron inside the counter  is 
followed to higher than second order rescattermg, up 
to a maximum of  ten interactions; any charged particle 
produced is also followed along its trajectory through 
the counter and the energy loss ~s calculated for a 
discrete number  of  steps of  predefined length. In this 
way it is possible to study edge effects and for our 
counter specifically the effect of  its modulari ty and of  
the containing perspex structure. 

The light output  is derived considering the different 
response of  the sclntdlator to different ionizing particles. 
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Fig. 9 'Mixing'  probabdlty for several shielding conditions at a Fig. 10 'Multlfirmg' probablhty for the bare counter, for 
threshold of  11 15 MeV eq el en several threshold values 
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The program also simulates: (1) the amplitude and the 
time response of  the overall hght pulse reaching the 
photomultlplier,  taking into account  the attenuation 
and the transit time through the scintillator, (2) pulse 
shaping, e.g. clipping of  photomultiplier pulses, and 
(3) the finite resolution of  the system. The total effi- 
ciency of  the counter  is computed together with the 
contribution to the efficiency from individual cross 
section channels. For  modular  counters 'single block" 
efficiencles, 'mixing'  and 'multlfiring' probabihties 
are also given. 

4.2. COMPARISON WITH EXPERIMENTAL RESULTS 

Monte Carlo predictions for the bare counter are 
presented in fig. 3, together with the measured effi- 
ciencies. Excellent agreement is obtained over the 
whole energy range for the lowest threshold value. The 
agreement is not  as good between 40 and 80 MeV for 
the higher threshold where the somewhat  arbitrary 
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Standard d lumlnatton Symo~ Shteldmg 
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~ I Bare counter 
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Fig. 11. 'Mix ing '  and 'mul t l f i rmg '  probabdJtles averaged over the 
energy range 15-120 MeV, as functmns of  threshold for various 
shielding condmons  The sohd curves are hand-fitted 

regrouping of  the many n -C  inelastic channels plays 
a critical rolell). Nevertheless, at higher energy, the 
Monte Carlo gives a perfectly adequate representaUon 
of  the efficiency for all threshold values 

The threshold values were also checked with the 
Monte Carlo program The internal consistency 
obtained in the threshold region (fig 3) between all the 
experimental results and Monte Carlo predmtlons 
gave us confidence in the quoted values. 

4.3.  EDGE AND PERSPEX EFFECTS 

The variation of  efficiency across the counter was 
also investigated using the Monte Carlo program A 
scan was simulated with a polnthke beam incident 
normally to the face of  the counter. Relative efficiencles 
for several neutron energies and two threshold values 
are shown in fig. 12 The main features of  the results 
are: 

1) The fall in efficiency at the edge of  the scintillator 
is more pronounced at the higher threshold In all 
cases, however, 'full '  efficiency is recovered in less 
than 1 cm from the edge, and the dependence on 
neutron energy is small A similar behaviour is also 
visible in the data of  Crabb et al 16) 

2) A substantml fraction ( > 5 0 % )  of  the neutrons 
entering the perspex is detected in one of  the adjacent 
blocks. The influence of  the perspex is slightly greater 
at the higher threshold value, as can be expected, and 
increases with decreasing energy 

4 4 EXTRAPOLATION OF THE EFFICIENCY 

TO HIGHER ENERGY 

The efficiency of  the shielded counter at higher 
energy, which needed to be known for the 7z + electro- 
product ion experiment Iv) was derived by scaling the 
Monte Carlo results for the bare counter with a flux 
reduction factor due to the shielding This factor was 
calculated f rom the data presented in section 3.1, 
using the assumption that the neutron flux reduction 
was constant from 120 to 250 MeV, smce the inelastic 
n Pb cross section is also constant m that energy range 
A subsequent experiment is) made at Daresbury 
Laboratory,  using the ?p--+~+n process to directly 
measure the PEP counter efficiency at higher energy, 
confirmed the validity of  our extrapolation 

5. EffÉciency and spatial resolution of a large array 

The experimental and Monte Carlo results were used 
to deduce the efficiency and the spaUal resolutmn of  
the PEP 145 element counter as described below 

Assuming point-like illumination at its centre, the 
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Fig. 12. Monte Carlo predlcnon of  the relaUve effioency across the counter for four neutron kinenc energies and for two threshold 
values 

total efficiency of a matrix, /`r, for a given threshold 
and shielding thlckness may be expressed as 

n 

~T ( E )  = E ~ , ( E )  

where I/o is the efficlency contribution from the central 
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Fig. 13. Contribution to the total effioency from t/o, r/i and q2, 

see also text, for 2" of lead at a threshold of  11 15 MeV eq el en. 

block, r/t IS the contribution from the first ring sur- 
rounding the central block, and so on. Since most of 
the measurements were taken at a threshold of 11.15 
MeV eq. el. en. and for 2" of lead, we deduced the 
efficiency and the spatial resolunon for this condition, 
using reasonable assumptions at is also possible to 
derive them for the other shleldmg thicknesses and 
threshold values. 

/`o and r/t were obtained from measurements taken 
with the beam entering the centre of the module; /`e 
was derived from the set of measurements with the 
beam mcadent in the outer blocks, and applying ob- 
vious symmetry consideration. Fig. 13 shows /`o, /`l 
and/`2 in histogram form for several energies, q3 was 
then obtained by making a smooth exponential ex- 
trapolation through the last two bins of the histograms; 
this contribution was found to be rather small and it 
was assumed that the contribution from further rings 
was neghglble. Table 5 presents the values of 00-//3 
obtained after regrouping into larger energy bins. The 
errors quoted for r/1 and q2 are not purely statistical 
but also include systematic effects due to in-scattering 
and beam geometry. The error on/`3 has been taken as 
large as the value of/"]3 to account for the uncertainty 
of the extrapolation. Since the total efficiency of the 
module was relatively independent of the beam position 
within the central block, these considerations are also 
valid for uniform illumination conditions, providing 
the neutron envelope is well reside the array. 

A further correction was also applied for the effect 
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TABLE 5 

t/, as function of energy (x  102) 

G. BETTI et al 

E (MeV) ~/o ql #/2 t/3 

30 5.67 ± 0 09 1 24 ± 0 09 0.35 ± 0 05 0 06 • 0 06 
40 7 92~0.11 1 89±0.11 0,42±0 06 0.10±0.10 
60 12 30±0.12 2.27±0 12 0,68±0 07 0 20::t:0 20 
80 15.31 ±0  12 2 45±0.12 0,91 ± 0  09 0 34±0.34 

I00 15.89±0 13 2.39±0.13 1,01 ±0.09 0.42±0 42 
120 15 16±0 16 2.25±0 16 1.03±0 12 047±0.47  

o f  t he  p e r s p e x  s t ruc tu re .  W e  h a v e  t r e a t e d  t he  pe r spex  as 

a r e d u c e d  eff iciency sc in t i l l a to r  w i t h  a r e d u c t i o n  f a c t o r  

f l ( E ) ,  as c o m p u t e d  u s i n g  the  M o n t e  C a r l o  p r o g r a m  
(fig. 12). S ince  m the  m a t r i x  a v o l u m e  V o is o c c u p i e d  by  

pe r spex  a n d  Vs by  sc in t i l l a to r ,  t he  eff ic iency fo r  u n i f o r m  

i l l u m i n a t i o n  m a y  be  wr i t t en  as 

r / (E)  = r/T(E ) [I  -- f p ( E ) ] ,  

w h e r e  

f p ( E )  = Vp [1 - f l ( E ) ] .  
vp+ v, 

O n e  c a n  a l so  wr i t e  r / (E)  as  s imp ly  p r o p o r t i o n a l  to  

the  eff ic iency o f  t he  m o d u l e  fo r  ' s t a n d a r d  i l l u m i n a t i o n ' ,  

~Mod (E) ,  as 

u(E) = nMod(E) [1 + f ( E ) ] ,  

w h e r e  f is a n  overa l l  c o r r e c t i o n  f a c t o r  S ince  t he  s ta-  

t i s t ical  e r r o r  fo r  r/Moa was  o f  the  o r d e r  o f  3 % ,  f ( E )  was  

a v e r a g e d  o v e r  the  e n e r g y  r a n g e  15-120  M e V ,  a n d  was  

f o u n d  to  be  e q u a l  to  ( 0 . 0 _ 2 . 5 ) % .  

T h e  spa t i a l  r e s o l u t i o n  was  d e d u c e d  f r o m  the  #7, 

va lues ,  a s s u m i n g  t he  spa t i a l  d i s t r i b u t i o n  o f  the  de tec -  

t ed  n e u t r o n s  to  be  g a u s s i a n .  T h e  s t a n d a r d  d e v i a t i o n  a 

as f u n c t i o n  o f  e n e r g y  c a n  be  exp re s sed  as 

a ( E )  = : 

w h e r e  r, 2 is the  m e a n  s q u a r e  d i s t a n c e  f r o m  t he  c e n t r e  

o f  t he  m a t r i x  in  first  b lock ,  in  t he  f irst  r i ng  a n d  so o n  ; 

a was  f o u n d  to  be  o f  t he  o r d e r  o f  0.9 o f  a b l o c k  w i d t h  

a n d  p r ac t i c a l l y  i n d e p e n d e n t  o f  the  n e u t r o n  k ine t i c  

energy .  
W e  are  i n d e b t e d  to  t he  H a r w e l l  Ume-of - f l i gh t  g r o u p  

a n d  t he  s y n c h r o c y c l o t r o n  t e a m  for  m u c h  he lp  whi le  

s e t t i n g - u p  a n d  r u n n i n g ,  in  p a r t i c u l a r  to  A L a n g s f o r d ,  

P. H.  B o w e n  a n d  G.  C Cox.  W e  w o u l d  a lso  l ike to  

t h a n k  1. E d w a r d s  fo r  h is  e n t h u s i a s t i c  a s s i s t a n c e  d u r i n g  

d a t a  t ak ing .  
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