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Measu remen t s  on plastic scmtdlat~on counters  o f  28 6 cm th~ck- detail for d~fferent par ts  o f  the  counter  and  integrated to gwe 
ness  and  30 cm dm have been made  with neu t rons  o f  energies the  overall efficiency as a f u n c h o n  of  energy 
20-130 MeV The  de tecnon  efficiency has  been measured  m The  results are compared  with calculat ions based on the work 

o f  Kurz  and  are found  to be consxstent wRh them 

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

A knowledge of the absolute detecnon efficiency of 
hydrocarbon sclntdlators is often necessary when they 
are used for detecting neutrons m h~gh energy physics 
experiments At neutron energtes up to 10 MeV and for 
scintillator dtmens~ons of a few cm the effic~enc~es 
can be rehably determined from the systemancs of 
single neutron-hydrogen collisions 1) prowded the bins 
level is sufficiently well known 

Above 10 MeV, calculations must also take into 
account neutron-carbon interactions and the rescat- 
termg contnbuhons m detectors whose dimensions are 
of the order of magmtude of the mean-free-path for 
neutron mteracnons Up to 14 MeV, calculanons show 
fairly good agreement with experiment 2' 3) For higher 
energies the shortage of mformanon on the neutron- 
carbon interactions makes the calculations difficult 
and less rehable 
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However, Kurz 4) has developed a F O R T R A N  pro- 
gramme which uses all the available cross-section data 
to calculate the detection efficiency for cylinders of 
plastic sclntdlator in the neutron energy range 1-300 
MeV The calculations have an uncertainty eshmated 
to be + o/ _ 10,o, but the agreement shown with the 
measurements of Wlegand et al s) is compatible with 
the experimental error 

We report here measurements of the efficiency of six 
detectors used m a study of the reaction 

n -  + p  ~ n+rr+rr ,  

on N~mrod at the Rutherford Laboratory. The meas- 
urements were designed to show the vartanon m 
neutron response over the face of a particular counter 
and that from counter to counter Also they were to 
be used as a comparison with the calculations using the 
Kurz programme. 

The detectors, hereafter called the Nimrod counters, 
were used m a rime-of-flight system which selected and 

r ~  oqltor 

Fig  1 Geometr ica l  layout  o f  beams  and  counters  
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Fig 2 Simphfied dmgram of a Nimrod counter All distances m cm 

measured neutron energms In the range 20-200 MeV. 
To find the detection efficlencles in th~s energy range, 
the neutron-time-of-flight spectrometer on the Harwell 
synchrocyclotron was used The method involved the 
comparison, as a function of energy, of the total num- 
ber of neutrons detected in a Nimrod counter, with 
those detected in a cahbrated counter, whose neutron 
detection efficiency had been measured indepen- 
dently 6) 

For a particular neutron energy E the measured 
efficiency eE is given by 

SE = (NtJnE)Se, 

where Are is the number of neutrons detected in the 
Nimrod counter, nE ~S the number detected m the 
cahbrated standard counter and SE is the detection 
efficiency of the standard counter The measurements 
were made over the neutron energy range 20-130 MeV 
and the detection efficmncies found were compared 
with the values computed from the Kurz programme. 

2. Experimental  details 

The spectrometer has been described in detail else- 
where7), so it will suffice to say that the neutrons are 
produced by deflecting the proton bunch in the syn- 
chrocyclotron onto an alummlum target, m a single 
turn. The protons, which have an energy of 143 MeV, 
are stopped in the target and produce neutrons with 

Counter 

Cahbrated 
Counter 

energies up to 137 MeV. The neutrons emerging frorr 
the target are colhmated to form two beams as showr 
m fig 1 The main beam is defined by collimators Cj 
and C 5 to be one cmz at the counter, which is 26 rr 
from the target. The second beam ~s the monitor bearr 
and is defined by the colhmator C6 and the monlto~ 
counter itself The number of charged particles in th~ 
beams ~s neghglble 

A diagram of a N~mrod counter is given in fig 2 ! 
consists of a cylinder of NE 102A plastic scmtdlato 
optically coupled to a sohd polyvmyl-toluene hgh 
guide and viewed by a single 58 AVP photomultJpher 
The assembly is mounted m an alumlmum and mik 
steel container and the neutrons incident at the fron 
pass through a 25 pm alummium window 

The timing electromcs is shown schematically u 
fig 3. A "start" Umlng pulse is provided by the de 
flectaon system and triggers a t~me-to-amphtude con 
verter (t~me sorter) "Stop" pulses come from e~the 
the Nimrod or standard counter and are split tw( 
ways into a fast-slow system to ~mprove timing ac 

<~Fast ~ I stop 

Discrlrn,nator J Pulse 

2-Wa/ 
I 0 o  J~- 

Deflection 
System 

Split ] 

DIScrlm mat°rl I q 
Fig 3 Schematic dlagrarn of the timing electromcs 
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curacy  In  order  to  avo id  pi le-up on the " s low"  sMe, 
the " fa s t "  d i sc r imina to r  opens a l inear  gate to al low 
only the " s low"  pulse co r re spond ing  to the t imed 
" fas t "  pulse  to  t r igger  the " s low"  d i sc r imina to r  The 
ou tpu t  f rom this d i sc r imina to r  gates the  t ime sor ter  
ou tpu t  onto  one of  two 256 channel  &sp lays  in the 
pulse height  ana lyser ;  one cor responds  to poor ly -  
t imed  events be low the " s low"  d i sc r imina to r  threshold ,  
the other  to wel l - t imed events The  bias level in this 
exper iment  is set by the " s low"  & s c r i m m a t o r  thres-  
hold .  

The  N i m r o d  counters  were m o u n t e d  one at  a t~me 
on a tab le  which could  be moved  remote ly  so tha t  the  
beam could  fire into a n u m b e r  of  selected posi t rons 
across the  counter  face I t  could  also be moved  com-  
pletely away f rom the co l l ima to r  so tha t  the beam 
could  enter  the cahbra t ed  counter  

The  inves t igat ion o f  each counter  t ook  the fo rm of  a 
scan across a diameter ,  giving par t i cu la r  regard  to 
po in ts  near  the per imeter ,  since the efficiency at  large 
radi i  cont r ibutes  mos t  to the  average efficiency of  the  
counter  

Inves t iga t ions  were made  into the con t r ibu t ion  to 
the eff ioency f rom beam enter ing the a l u m m l u m  and  
steel of  the conta iner  The efficiency for  detect ing 
neutrons  scat tered f rom the con ta iner  when the beam 
is 1½ cm f rom the edge of  the sc int i l la tor  IS 0 05 while 
at 3 cm the efficiency is 0 015 

Background  effects con t r ibu ted  f rom F}o to 3°o to  
the de tec tmn efficiency at  any one po in t  and were 
measured  by b lock ing  up  the c o l h m a t o r  

3. Efficiency measurements 
The p rocedure  for  de te rmin ing  the efficiency at  a 

par t i cu la r  p o s m o n  on a N i m r o d  counter  was s imply  to 
measure ,  as a funct ion of  energy, the number  of  
neut rons  detected per  uni t  m o n i t o r  count  c o m p a r e d  
with the s t anda rd  counter  F r o m  measurements  at 
several  different posmons ,  the average detect ion effi- o 4 
clency was found  by in tegra t ion  over  ItS sensitive area  

Before mak ing  any measurements ,  the b,as levels on  ~ o 3 
7 

the counters  had  to be set at  a r eproduc ib le  level The  _~ 
U 

bias levels of  the m o m t o r  and cahbra t ed  counters  were ~_ 
set using a 1 3 7 C s  source6), but  this was not  apphcab le  ~ o 2 
in the  case of  the N i m r o d  counters  because  of  the 
re la t ively high b a c k g r o u n d  levels expected in the  m a m  o.~ 
exper iment  A n  a l ternat ive  m e t h o d  was devised in 
which the cosmic  ray  peak  o f  the counter  was used as a 
ca l ib ra t ion  po in t  Then,  knowing  tha t  the ou tpu t  pulse o 
he ight  of  the counter  ,s a l inear  func tmn of  the energy 
depos i ted  m the scint i l la tor  and  to what  value the 
cosmic  ray  peak  cor responds  (these were bo th  de- o 4 
t e rmlned  in a separa te  exper iment) ,  the  pulse he,ght  
analyser  can be ca l ibra ted  as a funct ion o f  par t ic le  
energy The  bins can be set at any  channel  of  the ~ z o.3 

to 
analyser  and  its value known The bins level of  the 
N i m r o d  counters  for these measurements  was set at  E o.2 to 
2 5 MeV equivalent  e lec t ron energy o r  app rox ima te ly  
6 MeV p r o t o n  energy 8'9) o 

The  measurements  t o o k  the fo rm of  shor t  runs at 
each pos i t ion  The  centre  of  a N i m r o d  counter  served 
as a reference po in t  to check s tabi l i ty  several  t imes .v 
dur ing  the course  o f  inves t iga t ion  o f  a par t i cu la r  
counter .  Genera l ly ,  one run  in six was made  using the 
ca l ibra ted  counter  The  counter  gams and  bmses were 
checked at  intervals.  

4. Analysis and results 

Dead  t ime correc t ions  6) and n o r m a h z a t l o n  factors  
were apphed  to the exper imenta l  results which were 
then  g rouped  into energy bands  5 MeV wlde in the  
energy range 20 to 130 MeV 

The detect ion efficiency ~ as a funct ion of  neut ron  

(o) 

' ' o '  g ' 6 ' o  . . . . . . . .  2 ,4 BO IOO 12~' t 40  
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NEUTRON ENERGY, MeV 

Fig 4 Detection effictencms vs energy for a point at the centre 
of the counter (a), 14 cm from the centre (b) The Nas is at 6 MeV 

proton energy 
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Fig 5 Detection effioencles vs radial poslUon for 40 MeV neutrons (a), 120 MeV neutrons (b) The contribution outside the scintil- 
lator hmits is due to the container The horizontal error-bars indicate the beam width 

energy E for a gwen p o s m o n  x on a N~mrod counter  t 
was then computed  by using the expression 

s'(E,x) = [ {N'(E,x)- B'(E,x)} / {n'(E)- b'(E)}]s(E), 

where N'(E, x) and  n ' (E)  are the normal ized spectra for 
the Nimrod  and  s tandard  counters  respectively B'(E,x) 
and  b'(E) are the corresponding background spectra 
s(E) is the efficiency of the s tandard  counter.  

Typical  efficlencles as a funct ion  of energy for two 
radial  posi t ions on the scintil lator face are shown m 
fig 4. The efficiency as a func t ion  of radial  posi t ion for 
40 and  120 MeV neut rons  is shown in  fig 5. In  bo th  
figures the vertical errors are statistical The hor izontal  
error-bars indicate the beam width Outside the scintil- 
lator limits, the cont r ibut ions  to the efficiency are due 
to neu t ron  interact ions in the a lumin lum and steel of 
the conta iner  

The overall detecUon efficiency was calculated by 
weighting the measured efficlencles according to radml 
posit ions and then integrat ing graphically over the 
face of the detector CorrecUons were made  for beam 

width and the con t r ibu t ion  f rom the metal in the con- 
tamer  The average of the calculated values f rom the 
s~x Nimrod  counters  for each of twelve neutron 
energies is given m table 1 All six counters  gwe slmdar 
values within the experimental  errors 

T A B L E  1 

Average 
neutron energy 

(MeV) 

22 5 0 296 
27 5 0 314 
32 5 0 341 
40 0 354 
50 0 360 
60 0 357 
70 0 336 
80 0 318 
90 0 298 

100 0 294 
110 0 286 
120 0 280 

Efficiency 

± 0 014 
± 0 015 
± 0 007 
± 0 016 
± 0 015 
± 0 012 
± 0 010 
± 0 010 
± 0 009 
± 0OO9 
± 0OO9 
± 0011 



D E T E C T I O N  E F F I C I E N C Y  O F  P L A S T I C  S C I N T I L L A T I O N  C O U N T E R S  91 

0 . 4  

0 3  

Z 

L ~ 
5: 
u- 
u J 0 2 ,  

} Th~s Exl~rJment 
~ Wlegand et ol 

Gattl et el 

O01' 

o ~' 23 4b 6b ~b ~6o ~o ,40 ~o ,do 26o 
NEUTRON ENERG'(, Me~' 

Fig 6 Neutron detecnon efficiency vs neutron energy The points • refer to the present experiment wxth a 28 6 cm thick plastic 
scintillator and a btas of 6 MeV proton energy The points L are for a 10 cm thick plasnc sclnnllator and bias of 6 MeV proton 
energy [Gatn et a110)] The points x are for a 15 cm thick plasnc scmtdlator and bins of 4 MeV proton energy [Wlegand et al 5)] 

The sohd hnes corresponding to each set of data are calculated using the method of Kurz 

The s t ansnca l  er rors  are very much  reduced on 
in tegra t ion  and are typica l ly  less than  1% The ma in  
er rors  arise f rom the uncer ta in ty  m knowing  exact ly  
how the efficiency approaches  zero at  the per iphery  o f  
the  sclntdla tor .  Es t imates  o f  the sensinvl ty  of  the 
overal l  efficiency to varmt lons  at  the per iphery  were 
made  by no t ing  the effect of  several  pa rame te r s  The 
to ta l  e r ror  was esUmated to be + 5% at 22 5 MeV 
fal l ing to  -I-3% at 80 MeV and rising to +4°/0 at 
120 MeV 

5. Discussion 

The detect ion efficlencies t abu la t ed  in table  1 are 
p lo t ted  as a funct ion  of  neu t ron  energy in fig 6 The 
sohd hne associa ted  with this set o f  da t a  co r responds  
to the  calcula ted efficlencies using the me thod  given 
by Kurz  The calcula t ions  are m agreement  with the  
measured  efficiencles especially at the higher  neu t ron  
energies 

F o r  compa r i son  we have also p lo t ted  on fig 6 the 
efficlencles o f  the  counters  of  Wiegand  et al 5) and  
G a t n  et al ~o) together  w~th the  calcula ted effic~encles 
co r re spond ing  to each counter  The Wiegand  counter  

measurements  are m good  agreement  with the  calcu-  
la t ions  and those f rom the Gat t l  counter  are  not  m- 
consis tent  

Af ter  the Initial var ia t ions  near  the cut-off  imposed  
by the bias, the efficiency of  the counters  vanes  s lowly 
with neut ron  energy and above  abou t  100 MeV Js 
a lmost  independent  of  it In  this  energy region the 
efficiency is app rox ima te ly  l°/0/cm of  scint i l la tor  thick-  
ness The three counters  have different geometr ies  and  
the Wlegand  counter  has a lower  bias so tha t  the con-  
c lusmns are tha t  above  100 MeV neu t ron  energy, the 
efficiency depends  pr incipal ly  on the scint i l la tor  thick-  
ness, but  no t  s igmficant ly on the o ther  d imens ions  
and  is Insensitive to small  changes in bias 

The effect of  bins on the N i m r o d  counters  was cal- 
cula ted  for  energies up  to 200 MeV and is shown in 
fig 7 F o r  biases higher  than  6 MeV p ro ton  energy, 
the efficiency is a smoo th  funct ion of  neu t ron  energy 
and above  100 MeV is affected ht t le  by relat ively large 
bins changes Measurements  at  different biases made  
on the N i m r o d  counters ,  a l though  not  as comple te  as 
the measurements  at 6 MeV bias, do conf i rm the t rend 
of  the  calculat ions  
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Fig 7 The calculated detection efficiency of the Nimrod counter as a functton of neutron energy for dtfferent bins levels 

Because our work here has shown the rellabdlty of 
Kurz 's  calculations, we have used the results of his 
programme to extrapolate our experimental results 
Into the region 130-200 MeV and use these in the 
analysts of the Nimrod experiment. In this experiment 
we detect neutrons of energies up to 200 MeV w~th a 
blas set at 12 5 MeV proton energy 
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