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The detection efficiency of a 3 X3 matrix of NE 110 scintillator blocks, 153 X 153 X 270 mm long, has been measured n the
neutron kinetic 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 in front of the counter. The probabilities of detecting a neutron 1n a block different
from the one struck by the beam (‘mixing’) and in more than one block (‘multifiring’) have also been measured as a function of
threshold and shielding. Comparisons have been made with a Monte Carlo program which accounts for the modular structure
of the counter The efficiency and the spatial resolution of a very large matrix have been obtained, using both experimental

and Monte Carlo results.

1. Introduction

In previous papers'"?) we described a large aperture
145 element neutron counter (PEP counter) used in a
series of electroproduction experiments at the Dares-
bury Laboratory Synchrotron NINA. Prior to final-
1zing its design, a prototype counter consisting of
only 9 elements was constructed and an extensive series
of efficiency measurements carried out using the
neutron time-of-flight (TOF) facility at UKAEA
Harwell. The module was sufficiently manceuvrable
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 (£) 15-120 MeV. The
finely collimated neutron beam enabled us to mvesti-
gate 1n detail how the efficiency and the spatial reso-
lution depended on the modular structure of the
counter.

A Monte Carlo program was wrtten®) and its
predictions compared with the experimental measure-
ments. Good 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 section 3 the results of
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the efficiency measurements are presented, together
with a discussion of the ‘mixing’ and ‘multifiring’
effects; the ‘effective’ absorption cross section of
neutrons in lead 1s also derived. Section 4 outlines the
relevant features of the Monte Carlo program and a
comparison is made with the measured efficiency
Finally 1n section 5 the efficiency and spatial resolution
of the PEP counter are deduced for the running con-
ditions of the Daresbury electroproduction expert-
ments.

2. Experimental technique

The technique used to measure the efficiency,
Nmoa (E), was very simple; the number of neutrons
detected in the module to be calibrated, Ny,q(E), was
compared with the number of neutrons detected in a
reference counter, Nic(E), of known efficiency,
nrc(E), for the same number of incident neutrons
The efficiency was then given by

N moa (E)

rIMod(E) =
RC(

Nrc(E).

2.1. EXPERIMENTAL APPARATUS

The Harwell TOF spectrometer has been fully
described elsewhere?). 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 20x 20 mm? at the position of the counter to
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be tested. A scan across the beam with a thin scintilla-
tion counter gave the beam dimensions.

The TOF start pulse was derived from the beam
deflection system of the synchrocyclotron and triggered
a gated oscillator clocking pulses into a 300 MHz
scaler; the TOF stop was provided by the neutron
detector. A typical TOF spectrum 1s shown 1n fig. I.
The y peak, evident in the first few channels, was used
for calibrating the TOF origin. Details of the fast
electronics are given in ref 5
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Fig 1. Typical time-of-flight spectrum.
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The neutron detector (fig 2) consisted of a 3 x3
array of NE 110 scintillator blocks 153 x [53 x 270 mm
long contamed in a crate structure formed by inter-
locking black perspex sheets 6.35 mm thick Each
scintillator was viewed by an RCA 8575 photomultiplier
through an air light guide that was simply an extension
of the scintillator compartment coated with diffusive
reflecting paint. The module was mounted on a stand
provided with vertical and horizontal movements and
was able to rotate around a vertical axis.

The reference counter used a cylindrical scintillator
177.8 mm long and 76 2 mm in diameter; its threshold
was kept constant throughout the experiment at
30 MeV equvalent proton energy where its efficiency
had been measured®) The relative intensity of the
neutron beam was monitored with a 10 mm thick
scintillation counter left permanently in the beam

The data acquisition system was capable of handling
only one event per burst. The data for each event,
namely TOF and pattern of the blocks firing in the
neutron detector, were stored on magnetic tape via a
DDP 516 computer’). A limited on-line inspection of
a sample of the data was possible The complete
analysis was performed off-line.

2.2, RUNNING CONDITIONS

The detection threshold of each counter was set at a
level corresponding to the mud-point of the experimen-
tal Compton edge of the ThC” (?°®Tl) y-ray spectrum;
the maximum energy of this source 1s 2.615 MeV,
giving a maximum recoll electron energy of 2.40 MeV
Following a method suggested by Chikkur and
Umakantha®), the actual threshold setting was deter-
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mined to be (2 8 £0.32) MeV. This value was checked
a posteriort with the Monte Carlo program as ex-
plained in section 4. Variable attenuators were then
used to reproduce higher thresholds

Most of the measurements were made with the
neutron beam incident normally on the centre of the
module (‘standard illumination’ condition). The
efficiency was measured for several detection thres-
holds, namely, 2.80, 5.58, 7.89, 11.15, and 15.75 MeV
equivalent electron energy (eq el. en.) which corres-
ponded to attenuator settings of 0, 6,9, 12 and 15 dB.
These values corresponded approximately to 7.0,
11.5, 14.8, 19.5 and 267 MeV equivalent proton
energy as obtained using the parametric formula of
Craun and Smuth®). This threshold scan was repeated
for 1, 2 and 3 inches of lead shielding in front of the
detector together with a perspex-iron-perspex sandwich,
each layer 10 mm thick, to simulate the veto counter
system of the PEP counter!" ). In the rest of the paper
we refer 1o these three shielding conditions as 1, 2 and
3 inches of lead and to the condition with no shielding
at all as the bare counter.

The detection efficiency of the module was also

TABLE 1
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studied as a function of both the impact position and
the angle of incidence of the neutron beam. This set of
measurements was made at a threshold of 11.15 MeV
eq. el. en. and with 2” of lead since this was the most
likely running condition for the electroproduction
experiments.

Frequent runs were made with the reference counter
in order to monitor the neutron energy spectrum and
the TOF origin.

Typically 10* monitor counts were taken for each
run; this corresponded to ~20 min running time and
on average 5 x 10* events were recorded in the module
or in the reference counter. Since the chosen intensity
at the counter was a few neutrons/burst, the dead-time
correction'®) applted was rather small, r.e. of the
order of a few percent at the extreme end of the TOF
spectrum where the correction was maximum.

The experimental results were grouped in 5 MeV
energy bins over the range 10< £< 135 MeV. The
energy resolution varied from 1.1% at 15 MeV to
3 2% at 135 MeV. For statistical reasons the maximum
energy accepted was limited to 120 MeV; the statistical
error on the measured efficiency was typically +3%

Total efficiency of the module for the bare counter condition ( X 102)

Threshold
(MeV eq
el en) 280 5.58 7.89 11.15 15.75
E
(MeV)
10 26.444+0.72 1.17£0.13 012+004 0.16+£0.03 0.10+£002
15 3501 £0.96 11.46 +0.49 203+0.20 026+£0.04 020+0.04
20 33.03£0.93 17.30+0 62 10.39+0.47 184+0.12 0.024+0 01
25 3137x0.87 19 61 £0.65 12 26 +0.50 694+024 0.60+£0 06
30 37.25£0.99 23 13+0.73 14 48 +£0.56 11 10£0 33 4.27+0.19
35 38.19+£0.99 23 554+0.74 19 03 £0.65 12.85+0.36 8.3010.27
40 36 61 £0.96 25711077 19 52+0.65 1536+0.40 9.8710 30
45 3572+£0.93 2635+£077 20 41 £0.66 1719+£0.42 11.58+£0.33
50 36.11+094 28 07+£0 80 2311071 17.95+0.43 14 08 +£0 37
55 33.77+0 89 27264077 2222+£0.68 18 50+0.44 14.77+0 38
60 33.01+£0.88 2781+079 22.76 £0 70 19.89£0.47 16.52+0.41
65 31.76 087 25.981+076 24 04£0.73 20.81+0.48 17.21+£0.42
70 3182+088 25.39+0.77 2226+070 21.26£0.50 18 85+0.46
75 30.70£0.87 26.25+0.79 24 00+0.75 21.78+0 52 19 58+0 48
80 30.07+0.87 26 63+0.81 24,33+0 76 21.844+0.52 20.26+0 50
85 290.76 £ 0 87 26 69 +0.81 2363+0.75 2226+0.54 1935+048
20 29.48+0 88 2493+079 21.991+0.73 22 28+0.55 20734052
95 29.16+£0.89 24 56+079 2229+0.74 21 82+055 2087+£0353
100 2997+094 2572£085 23.65+0 81 2248+0 58 21 45+0.56
105 2901£097 2501+£088 22.86+£0.82 21.48£0.59 20.85+0.56
110 30.14x£1 05 25.08+£0 90 23.17+0.86 224240.62 21.621+0 60
115 30 50+£1.08 25.38+£0.96 23.87+£093 21 62+0.64 222040 65
120 3005+1.18 25204106 26 60£1.07 2204+0.70 21.40+£0.68
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3. Experimental results
3.1. EFFICIENCY

The detection efficiencies measured under ‘standard
illumination’ condition for the different threshold and
shielding conditions are listed 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., 1s shown
in fig 3, together with the Monte Carlo computations,
which will be discussed in section 4. At the lowest
threshold, the well-known behaviour of neutron coun-
ter efficiency 1s shown, with a dip at ~25 MeV due
to the rapidly decreasing n—p elastic cross section and
to the onset of the neutron-carbon inelastic 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 empirical one of 1%/cm.

The decrease in efficiency with increasing lead

* For a full discussion of neutron interactions in scinttllator see
ref 11

TABLE 2

Total efficiency of the module for 1”7 of lead condition ( x 103).
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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 mto two processes: a diffractive-like 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 30-120 MeV, one may expect that both the
elastic and diffractive-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, op,, by simply comparing the
efficiencies for different lead shielding thicknesses.
With a straightforward notation one has

Nax(E) = No(E) exp {“ % ax O-I”b(E)}’

where N, (E) is the incident neutron spectrum, N,y (E)

1 hresnold

\ (MeV eq

N, el.en) 558 7.89 1115 15.75

E N\

(MeV) \
10 082+007 0.20+0 03 0.17+003 0.09+002
15 7.59+0.26 1.50£0.11 044+006 0.12+0.03
20 12.40+0.36 6.73+£0.25 1.25+0.10 0.02+0.01
25 13.84+0 37 9 84+0.30 492+020 0.23+0 04
30 16.791+0.43 11.72+0 34 824+0.27 276+0.15
35 19.621+0.47 14.49+0.39 10 10+0.31 522+0.21
40 20.82+0.49 17 224+0.43 12.05+0.34 6.33£0.23
45 2106049 17.914+£0.43 13 84+0.37 818+026
50 23 034+0.52 18.78 +0.45 14.70£0 39 9.71+029
55 22.44+0.50 18.75+0.44 1509+0 38 11 00+0.31
60 2313+0.52 20411047 16.08 £0.40 1231+0.34
65 23.71+0.53 21.68+0.50 16 89£0.42 12 58 +£0.35
70 24.09+0.54 20.45+0.48 1730+043 14.07+0.37
75 24 49+0.56 22.49+0 53 18.47+0 46 15.28+£0.40
80 24.37+0.57 21.76 £0 52 19.82+0 49 16.09 £0.42
85 24.68 +0.58 22.30+0.53 19 50 +0.49 15.63+0 42
90 25.17+0.60 22.47+0.55 19.36 £0.49 16.44 +0.44
95 23 89+0.58 21.79+0 55 18.52+0 48 16.81+£0 45
100 24 3440 61 23000 59 199440 53 18 23+0.50
105 24.37+0.62 22.85+0.59 2030+0 55 17 35+0.49
110 24.86+0 66 23.4430.64 2003+0 57 18 76 £0.54
115 24.1730 69 23 834+0.68 2025+0 61 18 40+0.57
120 2570%£0.78 24 57+0.68 2033066 19 51 £0.64




TABLE 3

EFFICIENCY AND SPATIAL RESOLUTION MEASUREMENTS

Total efficiency of the module for 2” of lead condition ( x 10?).

323

Threshold
(MeV. eq

el.en) 5.58 7.89 1115 1575
E
(MeV)
10 0.81+0.07 018+0.03 0.25+0.05 010+0.02
15 6 14+0.23 1.34+0.13 041+009 016+0.04
20 10.40£0 32 6.03+0.23 1.13+0 09 0.03+001
25 11 61+0.33 8 08+0.27 4.63+0 19 0.31+005
30 14 16+0 38 10 50+0 32 691+025 240+0 14
35 16.36+0.42 12.89+0.36 8.29+0.27 4.45+0 19
40 18.47+0.45 14 00+£0.37 9.82+0.30 5584021
45 18.71£0 45 1543+039 11 64+032 7.31£0.25
50 19.88 +0.47 16.17+0.41 12.58+0.34 882+0.27
55 19 47+0.45 16 83+0 41 13.11£0.37 942+028
60 21.10£0.49 18.11+0.44 14.57+£0.38 10.70+0.31
65 20914049 18 41 +£0.45 14 95+0.38 11.71+£0 33
70 2101049 19.27+0 46 15.24+0 40 12.36+0.34
75 21.89+0 56 20.43+0.54 16.10£0.42 13.61 £0 42
80 22.76 £0.54 21.59+0.52 17760 45 14.85+£0.40
85 22204+0.53 20.294+0.50 17.274+0.44 14.67+0.40
90 22.474+0 55 19.96+0.51 17.424+0.45 15194+042
95 21.71+0 54 20.77+0.53 17 640 47 15334+043
100 23 53+£060 21.02+0.55 18 28+0.50 16 23+£0 46
105 22.63+0 59 21.47+057 17.46 +0.49 15.73+£0 46
110 23.23+0.63 21.10+0.59 18.12+0.53 16.624+0 50
115 24.26+0.69 22.29+0.65 18.06+0 56 16 62+0.53
120 2542+0.77 22.00+0.70 17.41+0.59 17.90+0 60
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Fig. 3. Total efficiency of the bare counter for several threshold values. The solid curves are the Monte Carlo predictions.
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TABLE 4
Total efficiency of the module for 3” of lead condition ( x 102).

Threshold
(MeV eq
el.en) 7.89 1115 15.75

E
(MeV)
10 0.224+003 011+0.02 0 08+0.02
15 103+£0.09 025+005 0.10+0.03
20 4 64+0.20 104+£0.09 008+£003
25 661+0.24 3.74+0.17 0.30£0.05
30 821+0.27 595+0.23 2.00+0.13
35 10 58 +0.32 7.12£0.25 3.87+0.18
40 11.77£0.33 8.60+0.28 4.81+£0.20
45 12.30£0.34 10.25+£0.30 602+0.22
50 13 98+0.37 1137+£032 737+025
55 14.40+0 37 120840 33 8 08+0.26
60 15.56 0 39 13.13+0 35 9.62+0.29
65 15.71 £0.40 1321+0.36 1011+£0.30
70 16 66+0 42 14 32+0.38 10 55+ 0 31
75 1706+047 15.03+045 11.7140 38
80 17.46+0.45 15.23+0.41 12.87+0.37
85 17 74+£0.45 1563+£0.42 13.43+0.38
90 17.98+0.45 16.29+0.44 13.79+£0.39
95 18.16+0.48 16 18+ 0.44 13.81+040
100 19.36 £0.52 17.37+£0.48 14.82+043
105 17.92+0.50 17.18+0.49 14.37+0.43
110 18.82+0.54 16.90£0 48 15.23+0.47
115 19.26 +0.59 17.39+0.55 1502+0.49
120 18.36+0.61 17.44+0.59 1525+054
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Fig. 4. Total efficiency of the module, for several shielding conditions at a threshold of 11 15 MeV eq. el. en.



EFFICIENCY AND SPATIAL RESOLUTION MEASUREMENTS

is the spectrum after traversing a thickness 4X of lead,
A and ¢ are the atomic number and density of lead
respectively and A" is Avogadro’s number.

By comparing the experimental efficiencies for
3” and 2” of lead and for 2” and 1” and taking the
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weighted average between the two values, op,(E)
was obtained in the energy range 30-120 MeV. As
expected, ap, (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, ap, (E) is reported together with
the experimental values for o' taken from refs 12-14.
The ratio R = apb(E)/a‘“e'(E) is nearly independent of
energy and 1ts weighted value 1s 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 11.15 MeV
eq. el. en. The response of the module was investigated
both as ‘single block efficiency’, 1.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 reproducibiity 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 positions.

The ‘single block efficiency’ for the beam entering
the central block at different positions 18 shown n
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Fig 6 Efficiency for different impact positions for 27 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 nside 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 elastic n-Pb scattering
probably masked the 1/cosf 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 probabilities of detecting a neutron 1n a block
different from the one struck by the beam (‘mixing’)
and 1n more than one block (‘multifiring’) were measur-
ed for several thresholds and shielding thicknesses.
The results presented 1n this section are for ‘standard

020-‘
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. 5 3 -] 3 3
08) Y 3 H 153mm
% Z g § E/ SOy
. A1
[ o
005 4 2
o \\__ |/
Normally incident beam
8
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Neutron kinetic energy (MeV)}

Fig. 7. Efficiency of the central block, with the beam entering at
different positions, for 2” of lead at a threshold of 11.15 MeV
eq el en.
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illumination’ condition. It must be stressed that
although they quantitatively depend on the geometry
of our neutron detector, the qualitative considerations
apply 1n general.

The ‘mixing’ probability for the bare counter 1s
shown in fig 8 A strong dependence upon the thres-
hold 1s 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 1t 1s eventually detected.
The mean number of consecutive interactions a neutron
undergoes before being detected decreases rapidly
with energy due to the decreasing n—C cross section

The ‘mixing’ probability in the shielded cases 1s
much higher compared with the bare counter, as
illustrated in fig 9. The n—Pb elastic interaction, which
1s of the order of 2 5 b over the accepted energy range,
increases the mixing probability by a large amount
which does not depend on threshold, as one expects,
but only on the shielding thickness The noticeable
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Fig 8. ‘Mixing’ probability for the bare counter, for several
threshold values



EFFICIENCY AND SPATIAL RESOLUTION MEASUREMENTS

difference between the mixing probability for the bare
counter and for 1”7 of lead 1s also due to the presence
of the veto system.

‘Multifiring’ 1s 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 in adjacent blocks. Results for
the bare counter are shown 1n fig. 10; no substantial
difference was found with respect to any of the shielding
conditions.

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

4. Monte Carlo program

The Monte Carlo program was basically a reworking
in Monte Carlo form of the successful Kurtz analytical
program!®), based on the updated values of the total
and differential neutron-carbon cross sections and on
the most reasonable splitting among the various
channels of the inelastic n—C cross section''). Particular

‘Standard Humination”
0254
Symbol l Shielding condition

Bare counter
1.inch of lead
2 inches of lead
3inches of lead

<40 b o

015 4 } %
> b
T
* 0101 t i 1 }

005

25 50 75 100 125 150
Neutron kinetic energy (MeV)

Fig. 9 ‘Mixing’ probability for several shielding conditions at a
threshold of 11 15 MeV eq el en
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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
in the literature. The program is applicable to cylin-
drical, conical, rectangular or modular geometry under
any 1ilumination conditions. 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 FEATURES

The progress of a neutron inside the counter is
followed to higher than second order rescattering, up
to a maximum of ten interactions; any charged particle
produced is also followed along 1ts trajectory through
the counter and the energy loss 1s calculated for a
discrete number of steps of predefined length. In this
way 1t 1s possible to study edge effects and for our
counter specifically the effect of its modularty and of
the containing perspex structure.

The light output 1s derived considering the different
response of the scintillator to different ionizing particles.

025,
\Standard Wiumination
Symbol | Threshold
0204 (MeV eq el en )
. 2 80
A 550
] 1n1is
0154
2
3
]
o
Q
T 010 } f
L)
005 ¢ } !
: I
. , 5!
x »
L]
a -
25 50 75 100 125 150
Neutron kinetic energy (MeV)
Fig. 10 ‘Multifiring’” probability for the bare counter, for

several threshold values
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The program also simulates: (1) the amplitude and the
time response of the overall light pulse reaching the
photomultiplier, 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’
efficiencies, ‘mixing” and ‘multifiring” probabilities
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 1s 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

“Standard 1l lumination *
Symbol Shielding
condition
0257 o Bare counter
a 1inch of lead
o 2inches of lead
v 3inches of lead
0201 \
ot5 \
: \
g B ‘ang'
£ 010
0054
: Multifiring

Threshold (MeV eq elen)

Fig. 11. ‘Mixing” and ‘multifining’ probabilities averaged over the
energy range 15-120 MeV, as functions of threshold for various
shielding conditions The solid curves are hand-fitted

G. BETTI et al.

regrouping of the many n-C inelastic channels plays
a critical role!'). Nevertheless, at higher energy, the
Monte Carlo gives a perfectly adequate representation
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 predictions
gave us confidence 1n the quoted values.

4.3, EDGE AND PERSPLX EFFECTS

The vanation of efficiency across the counter was
also investigated using the Monte Carlo program A
scan was simulated with a pointlike beam incident
normally to the face of the counter. Relative efficiencies
for several neutron energies and two threshold values
are shown 1n fig. 12 The main features of the results
are:

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

2) A substantial fraction (>50%) of the neutrons
entering the perspex 1s detected 1n one of the adjacent
blocks. The influence of the perspex 1s slightly greater
at the higher threshold value, as can be expected, and
increases with decreasing energy

44 EXTRAPOLATION OF THE EFFICIENCY
TO HIGHER ENERGY

The efficiency of the shielded counter at higher
energy, which needed to be known for the n* electro-
production experiment!’) 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 from the data presented in section 3.1,
using the assumption that the neutron flux reduction
was constant from 120 to 250 MeV, since the inelastic
n-Pb cross section is also constant in that energy range
A subsequent experiment'®) made at Daresbury
Laboratory, using the yp—nr™n process to directly
measure the PEP counter efficiency at higher energy,
confirmed the validity of our extrapolation

5. Efficiency and spatial resolution of a large array

The experimental and Monte Carlo results were used
to deduce the efficiency and the spatial resolution 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 prediction of the relative efficiency across the counter for four neutron kinetic energies and for two threshold

values

total efficiency of a matrix, #y, for a given threshold
and shielding thickness may be expressed as

1=0
where n, 1s the efficiency contribution from the central
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Fig. 13. Contribution to the total efficiency from 7o, #: and 7>,
see also text, for 2” of lead at a threshold of 11 15 MeV eq el en.

block, #, 1s 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 resolution for this condition,
using reasonable assumptions it is also possible to
derive them for the other shielding thicknesses and
threshold values.

no and #, were obtained from measurements taken
with the beam entering the centre of the module; #,
was derived from the set of measurements with the
beam incident in the outer blocks, and applying ob-
vious symmetry consideration. Fig. 13 shows 7y, #,
and #, in histogram form for several energies. #; 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 neghgible. Table 5 presents the values of 4y
obtained after regrouping into larger energy bins. The
errors quoted for #, and #, are not purely statistical
but also include systematic effects due to in-scattering
and beam geometry. The error on #; has been taken as
large as the value of #; 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 ilumination conditions, providing
the neutron envelope 1s well inside the array.

A further correction was also applied for the effect
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TABLE 5

. as function of energy ( x 10?)

G. BETTI et al

E (MeV) o M "2 73
30 5.67+£009 124009 0.35£0 05 006006
40 792+0.11 189+0.11 0.4240 06 0.10+0.10
60 12 30£0.12 2274012 0.68£0 07 0204020
80 15.31£012 245+0.12 0.91£009 034+0.34
100 15.89+£0 13 2.3940.13 1.01£0.09 0.42+0 42
120 151640 16 2254016 1.03£0 12 047+0.47

of the perspex structure. We have treated the perspex as
a reduced efficiency scintillator with a reduction factor
B(E), as computed using the Monte Carlo program
(fig. 12). Since 1n the matrix a volume V/ 1s occupied by
perspex and ¥ by scintillator, the efficiency for uniform
illumination may be written as

n(E) = nr(E) [} — f(E)],

where

VP

fo(E) = [1 = B(E)].

pt Vs
One can also write #(E) as simply proportional to
the efficiency of the module for ‘standard 1llumination’,
Mo (E), as

n(E) = nvea(E) [1 + f(E)],

where f is an overall correction factor Since the sta-
tistical error for #y.q was of the order of 3%, f(E) was
averaged over the energy range 15-120 MeV, and was
found to be equal to (0.01+2.5)%.

The spatial resolution was deduced from the #,
values, assuming the spatial distribution of the detec-
ted neutrons to be gaussian. The standard deviation ¢
as function of energy can be expressed as

[ G
n(E) r}
G(E)y =|=>— |,

Y. n(E)
1=0

where r2 1s the mean square distance from the centre
of the matrix 1n first block, in the first ring and so on;
o was found to be of the order of 0.9 of a block width
and practically independent of the neutron kinetic
energy.

We are indebted to the Harwell time-of-flight group
and the synchrocyclotron team for much help while

setting-up and runmng, in particular to A Langsford,
P. H. Bowen and G. C Cox. We would also like to
thank 1. Edwards for his enthusiastic assistance during
data taking.
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