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" ABSTRACT

A calculation of neutron detection efficiencies
has been pérfofmed for organic scintillators using the Monte
Carlo Method. Effects which contribute to the detection efficiency
have been inéofpofafé@:in the calculations as thoroughly as
possibie."The reliability of thgﬂresults-is verified by comparison
with the cfficiency meastrements available in. the literature for
neutrons in the energy rangehbetweeﬁ'l and 170 MeV with neutron -

detection thresholds between 0.1 and 22.0. MeVee.
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1. INTRODUCTION

A good deal of effort has been devoted to the
calculation bf neutron detédﬁibn’éffiéiencies.of drdahic scin~-
tillatdrs'fcr a wide range of neutron energies (L to 200 MeV)
using the Mdﬁté Carlo method(l;4); ..The éesulﬁs.aré:often in
disagreement with:one ahothér and aré u§able to reproduce the
experimentally determined values: of the'neutron detection
.efficiencies! The principal.cause of these discrepancies is due
to the scarcity, at the time, of: accurate vélues of the many
" parameters necessary for the calculations. For this reason these
calculatidhs wére limited to very special cases so that even when
‘they were able to reproduce experimental results, émple doubt
remained as to'fheifﬁreliébility in ﬁdtéléXtensive applications.

More recentlf;.sevefal éfticles have appeared in
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the literature where the Monte Carlo method was used with a

great deal of success to reproduce the existing values of experi- -

mental neutron detection efficiencies. However, these calculations
do present certain systemafic discrepancies stemming from the
onmigssion of é.few,of_the factors which contribute to the detection
process and from somewhat precarious estimations of some of the
guantities which enter the calculations. |

. The purpose of this work was to improve the
'réliability”and?accuracymof“thewcaiculations»ofeneutfonwdeteetyen-
efficiencies by including, as much%aslpossible,_the many effegts:
invol#ed in. the detection prbcess_and_by.reevaluating the para-
meters more carefully.. The criterion for acceptanc%‘of the new
values is their ability to reproduce the experimental results of
the efficiency measurements and so it should be emphasized that
our accuracy in calculating the efficiencies is limited by the

precision of the efficiency measurements themselves (v 5%). The

calculations have besen extended to a neutron energy range from
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1 +to 170 MeV with detection thresholds between 0.1 and

- 22.0 MeVee,

 Section 2 is e oiscuseion of our:parthmﬂar version
of the Monte Carlo calculation and the corresponding modified
computer code which is used. Section 3 is'a'presentation'of the
results and a combdfieon with the“exPérimental.values of.nentron
detection efficiencies available in the literature for a variety

of cases. Section 4 contains the conclusions.

2. THE MONTE CARLO CALCULATION

The structure of the Monte Carlo computer code is

4
1( ). Our version, however,

ba51cally that developed by Devos et a
extends the calculetions from the original ﬁakiﬁuﬁ neutron

kinetic energy of 15 MeV up to 200 MeV. - To do=this carefully,
various modifications were necessaty, the most important_being

summarized as_follows:

A, Inolu51on of the channels | C(n np) and 12C(n 2n)ll

_Jn the interactlon process of the neutrons w1th the

501ntillator and employment of 1mproved values of the neutron

1nduced cross sectlons and thelr klnematlcs.
: A _ o :

_B;'_Utilization.of more adequatenexpressione-to~represent_the .

light production response_of_the_ebintillatot,
C. Inclusion of the light attenuation effects. ' .-
D;L'Consideration'of'the effect of finite resoiution‘on”the '
amplitudes'of:the'light'pulseS;; ..
E. Employment of better 'range-energy' relations for the charged

particles involved in the interaction processes.
F. The use of relativistic kinematics.

We will briefly discuss these items and their impoftanoe;:”



A. Improvement of the Cross Sections.

Del,_Guerra(S)

has reported an extensive compilation of the
total cross aection_measurements_availabie for various n-C |
processes and the ‘nap scattering prOCess along with mlexmﬂlent
discussion of their relatlve importance for neutron detectlon in
organic scintillators. McNaughton_et al(B? 1n addltlon to a__
similar discussion also empha 1zed the 1mportance of the
C(n,np) B reaction, above 20 MeV neutron energy. Thus the
totality of pfocesses assumed to contribute to ﬁhe detection
efficiency are the elastic scattering of neutrons by 12C and

- by prétons-and the following five‘inelastic scattering processes:

1. . lzc(n’n,y').;l_z(j*‘ S - (Q _ “4..43 Hov)
2. Yem,a®e . (0= ~5.709 Mev)
: . 12 y L
© 3. CarTC{n,nY)Y3a o (Q-= ~7.281 MeV)
e, emnp¥s T (g = ~15.69 Mev)
5. 126 (n,20) 11 (Q = ~20.30 Me¥)

Cross sectlon data for both elastlc scatterlng

processes and tne flrot three 1nelast1c processes were essentlally

(5 )

In the case of the channel 12 C(n,np}
(5)
r

obtalned from Del Guerra
we used not only Lhose experlmentgl values given by Del Guerra

|
but also the cross section value at 56 MeV“reported by McNaughton -

(3)

et al It should be mentioned here that ‘the McNaughton cross

section at 56 MeV also includes all final states in-which a free

proton-occurs_(e,g. 12C(n,2p)). However, since the C(n np)

channel predominates (about 90% acgording to Kellogg_s data(7))

for clarity we refer to all the processes as merely the lgc(n,np)'

channel.

The 120(n,2n):_cross sections were obtained from

G. Bathow et_al(s) and_J.R Stehn et al(g), Although this channel
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is only 10% of the: lzC(n,np) cross section, it is sufficient
to influence the neutron detecﬁiOn.efficieﬁcy for large scin-
tlllat01s and for this reason was 1ncluded 1n the program

” | The Ccross sectlon data for the iast two inelastic
channels cited above (4,5) also contain 1arge gaps which obliged
us to iﬁterpolateQ"The'criterie for choosing acceptable cross
sections in the interpolated region were i) to connect the
‘regions of experimental values by the smoothest possible curve in
the 1nterpolated reglon, ii) the sum of all separate inelastic
channel cross sections considered (five channels) isin agreement
with the evailable experimental'nOnaelastic Ccross section{s) aﬁd-
iii) at the same time obtain the best aéfeementzﬁetween‘théf"””"
calculated and measured values of the neutron detection effi—
ciencies.

. The angular”distfibﬁﬁith'fer the H{n,n)H ,

lzd(n;h)lzc , lzC(n'a)gBe “and "lzé(n n')3a reactions were

obtalned from the work of Stanton(Z)

' For ‘the 12 C(n,n y) C processes, the angular
distribution of the neutrons was obtained from the data of

1 (10)

Glasgow et a and was assumed to be independent of eﬁefgy;

The calculational form used was’

do 4 o
e {‘----—aI-J—-PL”*(“CUsﬁ oy S o® = oomramgle

a =27.8° a,=16.9. a,=34.8 a,=7.3 a,=6.4 in mb/sr.

The angular distribution of the gamma rays emitted has:a
(11)

complicated.dependence on energyp which was'igndredgcompletely'
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and substituted by an average value represented by the formula

o
g = (1:03 - 0.09 cos®e)

— 6 = 1ab. angle
. BT 5

It was furthermore assumed that the 4.43 MeV gamma ray involved

in the deexcitation of the first excited state of 12C interacts

with the scintillator material exclusively by Compton scattering.
..The angular distribution of the proton. from the

reaction }?C(n,np)_ was taken.f;om:the_dafa of McNaughton. et“,:

al‘?)-at 56 MeV and considered independent of energy. . The

kinematics for this reaction were also obtained from MgNaughtoﬁ}

et al(g). It was also assumed that the angular distribution of

the neutron was the same as that of the proton.
;ﬁAfter accounting_for_the effect of .the different

Q values;on_the.kinematics,_the angular distribution for the <7

12C(n,2n) reaction was agsumed to be the same as the l?C(n,np)_

(6)

reaction. Recently, Cecil et al has published a treatment of

these two reaction channels which is in essence the same as in
this work.

The kinematics of the lzc(n,nf)3a reaction_wegeﬂ

(2)

kept the same as those used by Stanton .

v
1
'

.B.- .-The. Scintillator. Response Function..
: : HRERAST

The quantity of light prodﬁééd in an organic
scintillator may be expressed in terms of equlvalent electron
energy (MeVee). The equivalent electron energy Te : to thch -
the heavier charged particles correspond, are obtained for
energies above 1 MeVee, from the follow1ng expression parametrized
by Madey et al(lz) for the scintillators NE102, NE228 and NE224

(6)

and by Cecil et al for-the'scintillatOr-NE213-by adjustment:

to the experimental data
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_ _ N -y S _
T, alTp a2(l exp{ aBTp 1) {(2.1)
T, and Tp_ are expressed in MeV and the values recommended
for the coefficients are given in Table la for the different
scintillator materials.

For'energies_below 1 MeVee, the equivalent'eﬁéauxm

energies are obtained using the formula

2

Te-=_b'T b T L . S - {(2,.2)

I'p 2°p

where T, and Tp are expressed in MeV and the coefficients

obtained from the wofk of Bachelor et al(l3), normalized to those

of'equation (2.1) at 1 MéVée, are giVen in Table 1lb. For heavy

ions we have used the equation (2.2) in all the range of energy.

C. The Effect-of the Light Attenuation..

The importance of the light atténuation by the
scintillator itself increases with size. Exact calculation of =
the efficiency of light collection in a scintillator is extremely

difficult. 'HOWéVér}.Clafk(l4)'defiﬁéd aﬁ;éPPropriate relation

(14-16)

which has been widely)used especially for scintillators

whose transverse dimensions are larger than the longitudinal -
A

dimension. Ve hive applied this formula t6 the -altefnative case
(transverse dimensions much smaller than the longitudinal

dimension) énd'foun& that the formula of Clar'(l4)tnnderestima£éé

the collection efficiency. To correct for this we derived the

approximation.
= + — : . V' ’ __3
€ B(stO {(1-s) tlr) _ _ (2.3)

where,
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€ is the light collection efficiency.
8 is an optical coupling constant for the scintillator-photo-
tube interface.

s is the total solid angle subtended by the photomultiplier
with reference to the point in the scintillator at which the

light is produced.

t  is equal to exp(-al ) where_ a 1is the linear coefficient
' of light absorption in the 501nt111ator and l is the
average distance travelled by the light from lt° p01nt of
emission within the solid angle s , to the photeccathode.

r is the reflection coefficient at the scintillator walls.

t is eqgual to exp(-al ), where l1 is the average distance

between those llght em1551on points whlch lie outSlde the

solid angle s and the photocathode.

Typical valugsAof__r and a are given in Table .
2. A_value of B=1 was assumed in all cases.  In addition 1t
was simplfVSupposed that lo =di and ll==2L-di where L 1is
the scintillatoxr total leng'th'and_'di islthe distance between
the phptocathode.and_the ith point at which the light is
emittedﬁl__ |

The value of the detection threshold (in terms of
electrqn energy) is qsqal;y_obtained experimentally using:WQll
known_gqmmaﬁsqurceg, Lét:usﬁguppose'that the .gamma rays have an
eneryy :EY_Jagdnthe discriminatign"iewel iSixﬁuSUiL‘f0r~th%$§,;,”
gammas. - Howgvgrtmgincg~oniy-a-paxtfpf the,light,generatequyh.
the electrons which the gamma scattering process produces in the.

scintillator actually reaches the photocathode, the_éffeqtive"

value of the detection threshold would be_:(l-FYjEy_:where

Z(l-e )
gY o i 1]
L, .

iy +J

L, .~
1]
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The labels 1i,j denote.the ith interaction of the Jth incident
gamma ray, the quantity Lij represents the amount of light
produced by the electron which was generated and EIj is the

light collection efficiency of formula (2.3)..

D.. The Amplitude Resolution.

The registration of an event in the scintillator
produces an electric pulse at the plate of the photomultiplier

whose distributioh in amplitude (resolution) is reasonably well

represented by a Gaussian fungtion(lj)

) 1/2

whose width varies as
where v is the average vaiue of the amplitude of the
pulse.produced by moncenergetic ionizing particles.

In order to simu;ate.thiS'effect of finite resolu-

tion, we employed the same formuld”aS“Stantoniz)

. parametrized in
terms of the minimum average energy necessary to produce a
photoelectron at the photocathode,VPo . The mean square deviation

is given as
(2.4)

where P 1is the quantity of light impinging on the photocathode.

"3 MeVee was chosen in accordance with the
A .

suggestions of De Leo et al(ls) in his detailed work which

A value of PO = 10

justified the applicability'df equation (2.4). This value was. .

maintained for all the photomultiplier tubes.

E. The Range Energy Relation for the Charged Particles.

The need for accurate range energy relations is
critical in the case of electrons and photons in order to

determine the fraction of total energy imparted to the scin-

(18)

tillator. Watson and Graves discuss the importance of this
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effect.

Empirical relations are used in all cases. For
protons we used the following relatidn'given by Cecil et al(e)
whose coefficients are efaluated by fitting to the experimental

data for the scintillator Pilot B

S 5 - -
S o
_%nfgp) _ nzg_én (%n Tp?

“-TP > 0.5 MeV - {2.5)

5 . : -
b (2 RD
-ngo _n (.n- p)

ﬁn(Tp)
Values of the coefficients a, and b, are presented in Table
3. The range Rp' is expressed in mm - and the proton energy .
T in  MeV .
p :

For the cases where TP < 0.5 MeV we used the ..

formula given by Watson and Graves(ls) for the NE102Z2 plastic .
scintillator
R = 0.0029 7°%%7  on
P P
R (2.6)
_ 1} 0.6 )
Ty = 770029 Rp. MV

/\. .
|

These equations, - (2.5) ‘and (2.6), are generally used for -any -
scintillator whose chemical composition and density is similar .
to NE102 or Pilot B. ”

For the liquid scintillator NE213 we used the

relation

_with.
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¢ 1. 724

0.00315 T 0T > 10 MeV
p P
£(T_) = A 0.00315_T1'667 10 MeV > T_ > 3 MeV
p’ p p
L 0 0029 Tl 667 3 MeV > T
y 'p T Tp
where
R
T o= £l
P (_-p)

These expre551ons were derlved by obtalnang fltS to the data of |

(19)

Craum. to w1th3n 19 for TD > 3 MeV.

For alpha particles we used the relatlons
_ - ( P/.X
T .=_ :4 £ _(Rq)

For electrons we used an expression given by Fvans(zo)

o
i

d(0.52 Te - 0.09) cm

H
|

(1.92 & Ry~ 0.17) MeV
A

where d is the density of the detector material in g/cm3 .

”F;ﬂRelativistic'Kinematics;' . - L

For exten51on of the calculatlons up to 200 MeV

1ncxdent neutrons, 1t was deemed necessary to modlfy the orlglnal

1 (4)

program of Devos et e to furnish relatlvistic kinematlcs in

all the reaction channels.



-+ 3. COMPARISON OF THE CALCULATED NEGTRON EFFICIENCIES AND THE
EXPERIMENTAL VALUES

Many measurements.o§ neutxon_detection efficiencies
exist in the 1iteratﬁ£e. A paft;cular.set of measurements deter-
mines the efficiencies for a certaiﬁ scintillator material of
specified dimensions, in a given range o; incident neutron |
energies, at various detection thresholds, For each data set,
we have applied outr Monte Carlo comphter code with inﬁut infor- -
matlon approprlate to the experlmental condltlons The cahmﬂated
detectlon eFflc1enc1es were then compared to the measurements.

A compllatlon of the results W111 now be made. ”

| Flgure 3. 1 shows a group of results for the plastic
scintillators NE102 and NElOZh with longitudinal dimensions
between 5.08 cm and 15.2 cm, 'Figures 3. la-andIB.lb compare the

(21) for the NE102 plastic

calculatlons to the data of Hunt et al
scintillator (¢ = 10.27 cm , L = 5.08 cm)-for incident neutron
energies up to 40 MeV and three different neutron detection
thresholds 0.96  , 2.40 “and '1.07 MeVee. As can be
seen, the agreement is excellent even for neutron energies near
the detection threshold. Figure 3.lc is‘a”comparison:

of the calculations with the data of McNaughton et a1(22) for the
NE102A plastic scintillator (¢ = 7,10 ecm , L = 15.20 cm) for
mneutron energles_up_to 40 Mey_andmﬁorltwp_d;iferent th;eghplds,
1.0 and 4. 2 MeVee . It is seen that the: 4.2 MeVee case |
shows some discrepancy (~10%) in the neutron energyuxange_between
16 and 22 MeV. Flgure 3 148 shows our results for the data

of Rlddle et al(23)

also obtalned for the NE102 plastlc scin-
tlllators (¢ 17 73 cm ; L, = 7 60 cm) Good agreement is
obtalned between the calculated curves and the exuerlmental ‘DOlntS in the
region where they are avallable.'

Figure 3.2 shows results for the same class of
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scintillator as in Figure 3-1 but with much larger longitudinal
dimensiohs; Figure 3-2a shows an excellent fit of the Monte
Carlo calculated efficiencies to the data of Crabb et a1(24),f0r
the NE102A scintillator-(¢_= 30.50 cm , L = 28.60 cm) - for incident
.neutrbn;energies.up-to;lZO‘MeV and a threshold of 2.5 MeVee.
Figure 3-2b compares our calculations with the data of Young. . .

et al (25)

for NE102 (¢ = 12.70 cem, L = 30.50 em) for neutron
energies up to about 160 MeV and detection thresholds of 2.0 .

4.0- . and 16,0 MeVee. A small discrépancy of the order of
10%. or less appears in the neutron energy. range between 100

and 170 MeV for those experimental points referring to.the

2.0 MeVee threshold. |

| .-_;Figure 3-3. shows .our results for a group-of_liquid:
scintillators. ‘Figure 3-3a shows the fits we obtained to the

(21) for the liquid scintillator NE228 (¢ =

data of Hunt et al
= 10.27 em,; L = 5,08cm) for neutrons up to 40 MeV and a detection
threshold: of -0.57 MeVee. Figure 3-3b is a comparison of the
calculation with the data of Drosg{zs? for the ligquid scintillator
NE213 (¢ = 12.00.cm, L = 5,60 cm) for neutron energies up to ahout
25 MeV and detection thresholds of 0.254 r 1,02 and
2.54 MeVee., In particular,'the_réproduction of. the details of
the structure presenQ’in:these precise measurements is in general
quite good. Figure 3~3¢ shows the ?alculation applied to the
case of the extremely low neutron detection threshold of 0.05 MeVee
used to obtain the data of~Thorntoh et-al‘zj) for the liguid
NE213 scintillator (¢ = 10.20 cm, L = 1.83 cm). |
Figure 3-4 is a comparison of the calculations
with the measured efficiencies of Parsons et a1{28) for a very
thick NE224 liguid scintillator (¢ = 7.00 ch,'L = 45.00 cm) for
neutron energies up to 340 MeV with a detection threshold of |

~.1.3 MeVee. The fit is in general quite reasonable, the maximunm

discrepancies being of the order of 11%.
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Figure 3.5 s’-.}'io_w_.s -the .'.rieut_xfﬁﬁ =é'f_f?iciency measure-
ments of Ccrabb et al(24)Vfor”Ew@*éiiféfént"iﬁ&i&ént neutyon
snergies 40 - ‘and 120 MeV and fr 'vai’i-dli\-é ‘geometries of the
ihcideﬁt'néUtron beam. The Monte Carlo calculations are -in
excellent agreement iﬁdi¢&tinq'ﬁh@tfthe7tfeatmeﬁt-Of'scintillator
'edge,effects is correct. - |

-Figure 3;6 illustraﬁés?thé effect on.ﬂkzéﬂﬁchawy
. of the shape of thefprotén-aﬁ@~néﬂtxén'apgular‘distributions:for'
the channel . 120(n,np)llB' aboée'Qé'Mev indident-neutron energy.
Th@ eXpérimental points"arevthésérof McNaughton (see Fig. 3-1c).
The dashed'durve is calcﬁlated'assumingtthat-ﬁhe proton and
neutron angular distributions are both isotropic in the Center of
Mass ' system.  The full curve was obtained by supposing that the angular
dlstrlbutlons ‘of the proton and neutron possess a cosze angular
depgndence in the Laboratory sy§tgm,- The results show that the:
latter supposition is the better one with the consequence that -
the detector efficiency is enhanced for ﬁery long- scintillators.

‘Figure 3-7 illﬁstrates the importance. of accounting
for the.lighp‘attenuatioﬁ occuring in the scintillator itself  and
the influenée this attenuation has on the determination of the..
true neutron detectlon threshold. The experimental points . for
comparison are the daté of- Drosg (See Fig. 4=3a).. The dashed
curves are'the”resnlt of the Montefﬁaflo calculations when the
‘1ight attenuatlon is omltted and the full curves are the results
obtained ‘when it is 1nc1uded. The sensitiv1ty of this effect on

neutron energles near threshold is quite large as expected.’

4. CONCLUSIONS

‘calculations of nefitron detection efficiencies for

e
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the commonly available organic.scintillators were carried out
using a modified Monte Caflo*methoa.i,The results agree well with
the experimental_meeSUremests'of efficiencies which exist in the
literature. We are abie ﬁe.conclﬁde thet.in general thetxﬂcuhﬁxﬂ
values of the efficiencies are reliable to within 5% in the
neutron energy range of 1 to 170 MeV with detection thresholds
:between 0.1 and 22. O MeVee,

It is 1nterest1ng to compare our results with
those of Del Guerra and Cecil. For the most part they are qulteé
51m1]ar, although our results seem to fit the experlmental
_eff1c1en01es of McNaughton and especxally those of Hunt somewhaté
- better than the Del Guerra results. These dlfferences are
essentially due to the improved treatment of the (n,np)
.channel. In the region of neutron energies near the detection
threshold,_our results agree more closely with the experimental
data than Cecil's results. We believe that these differences

are due to the inclusion of light attenwation corrections.
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TABLE la

Coefflclents in the llght response functlon, eq. (2.1), ﬁX'pnﬁxms
and alphas 1n v%rumm;801ntlllators. Energy of partlcles g&%ﬁer
than 1.0 MeVee.' e ' BRI :

o Coefficients
Particle and — S e -
scintillators al a2f~ Coo a3u a4
b, NE-102 | 0.95 g0 | 0.1 0.90
b, NE—213 R " 0.83 | 2.82 | 0.25 | ©0.93
o, NE—224 o 1l ez b 0 | o.ss
p, NE-228 and NE- 228a | o0.05 | 8.4 | 0.1 | 0.90
o, all sc1nt111ators YV oear | s.0 | o0.065{ 1.01

TABLE 1b
Coefficients in the light résponse function, eq.(2.2), for protons,
alphas and heavy ions in various scintillators. Energy of

protons and»alphés up to 1.0 MeVee. For heavy ions, it is valid

for all the range of energies.

Coefficients

particle and .
scintillators SR BRI S TR | by
- S g l
p, NE-02 . | 0.196 N 0.026 .
p ,_NEf?l3._ |   _ - '_ 0.215 | o:péé |
P, NE-224 o ] ez | 0.030
p , NE-228 and NE- 228A | o.1es  o.022
¢ , all scintillators | | 0.646 | | 0.007
heavy ions, all scintillators 0.017 - 0
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TABLE 2

Typical values of the reflection coefficient r and linear

coefficient of light absorption. a..

1 _
. _ Coefficients
' Seintillator SN
r o . a(CI’I’l_ )
. a) 1 r
NE-213 | 0.96 | e
. L RV IR o . b)
NE=-102 0.96 55

a) from the reference (30)
b) from the reference (29)

c) from the reference {31)

"TABLE 3

Coefficients in the range energy relation, eq.(2.5);for protons

in the scintillator Pilot B.

w_m_nzIM,Q:;n;lQMMAnmg;h: ",’%g%__ n=4 n=5hH_ __
_ 1 ‘_fz _ : . =2 . =3 4
a -3.8103 § 1.617 8.193x10 -2.0364x10 3.147x10 -2.321x%10
n .
| P -5 |. 4] -5
b 2.1964 | 0.56148 | 1.0055%10 8.885x10 ,1.82}210 2.742X10




FIGURE CAPTIONS

H

FIG. 3~1 :Comparison of=efficiency-meaSurements'with‘the Monte -
Carlo predictions for plastic scintillators between -

5.08 and 15.2 cm thick.

FIG.E3~2”e CompariSon of efficiency measuréments with”the Monté
Carlo prediction for plastic scintillators 28,60 ana

. 30.50 cm thick.

 FIG. 3-3 - ComﬁariSon of efficlency measurements with the Monte
Carlo prediction for liquid scintillators between

1.83 and 5.6 cm thick.

FIG. 3-4 - Comparison of efficienty measuremgnts:withfthe_Monte

Carlo prediction for liquid scintillator 45.0 cm thick.

PIG. 3-5 - Detection efficiency vs radial position for 40 and
120 MeV neutron.ehergy.' The contribution outside the
scintillator limits is due to the container. The |
horizontal error-bars indicate the beam wid£h; The

full lines are the Monte Carlo predictions.

i

'FIG.S3fS - The effect on the efficiency of the shaperf,the;xptqpa
- and neutron éngular digtributions for the channel |
12¢(n,np) 1B, The dashelt curve is calculated assuming
that the proﬁon and neufron'angular distributionsﬁare-
both isotronic in the Cénter,of Maés while_thg,fuil |
:curve:correséonds to tﬁe'forward peéked Ehgular
distribution. | -
FIG;.3;7 ;.The éfféct 6f.thé liéht éﬁtenﬁatﬁon“in'thé.écintillatof;
The full and dashed curves'correspondlrespectively to

the calculations with and without the light attenuation.
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diofh. ¢ ¥10.27 ¢
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SCINTIF.LATOR NE228

5.00 em

THRESHOLD » 0.07 MaVes

10.0

o.20 |.

»uzu_uﬁwu

’ O.'l'O_

A0.C

30.0
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EFFICIENCY

0.40

0.20

- 0.10°

" EDGE OF
SCINTILLATOR

=TT

DATA OF Crabb et al.(REF. 24)
SCINTILLATOR NEIO2A diom.= 30.50 cm g~
thicks= 28.60 cm

SYMBOL NEUTRON ENERGY (MeV)

A o ' 40,0 .

E)

B R T, I o
THRESHOLD = 2.5 MeVee. ,

5.0 10.0 o
DISTANCE FROM CENTRE OF SCINTILLATOR (cm)
(3-5) -

. 20.0
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EFFICIENCY

0.40

0.30

- 0.20

- 0.10

S oy . '

. _
DATA OF Drosg (REF. 26)

é‘\\SCINT!LLATOR NE 213 diam. = 12.00 cm
[AR thick. = 5.60 cm
N | -
-~ : G\ \ . =
| AN\ SYMBOL THRESHOLD (MeVe ¢)
| \\ o 0.256
} AN\ & | 1.02-
o 2.56
A
\
/ ! b L
0 10.0 200 . 30.0

NEUTRON KINETIC ENERGY {MeV)
(3.7)
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