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ABSTRACT

A calculation of neutron detection efficiencies

has been performed for organic scintillators using the Monte

Carlo Method. Effects which contribute to the detection efficiency

have been incorporated in the calculations as thoroughly as

possible. The reliability of the results is verified by cenparison

with the efficiency measuremen's available in the literature for

neutrons in the energy range between 1 and 170 MeV witn neutron

detection thresholds between 0.1 and 22.0 MeVmm.
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1. JHTRODUCTION

A good deal of effort has been devoted to the

calculation of neutron detection efficiencies of organic scin-

tillators for a wide range of neutron energies (1 to 200 MeV)

(1-4)using the Monte Carlo method . The results are often in

disagreement with one another and are unable 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 values of the many

parameters necessary for the calculations. For this reason these

calculations were limited to very special cases so that even when

they were able to reproduce experimental results, ample doubt

remained as to their reliability in more extensive applications.

More recently, several articles have appeared in

the literature ' Viere the Monte Carlo method was used with a

great deal of sue ? s to reproduce the existing values of experi-

mental neutron do : ri.ion efficiencies. However, these calculations

do present certa:" systematic discrepancies stemming from the

omission of a fp'-i '. f the factors which contribute to the detection

process and fro i somewhat precarious estimations of some of the

quantities which enter the calculations.

Tne purpose of this work was to improve the

reliability and ; ocuracy of the calculations of-neutron-detection

efficiencies by including, as much as possible, the many effects

involved in the detection process and by reevaluating the para-

meters more carefully. The criterion for acceptance 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 been extended to a neutron energy range from
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1 to 170 McV with detection thresholds between 0.1 and

22.0 MeVee.

Section 2 is a discussion of our particular 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 comparison with the experimental values of neutron

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)basically that developed by Devos et al . Our version, however,

extends the calculations from the original maximum neutron

kinetic energy of 15 MeV up to 200 MeV. To do this carefully,

various modifications were necessary, the most important being

summarized as follows:

A. Inclusion of the channels 12C(n,np)1:iB and 12C (n,2n)nc

in the interaction process of the neutrons with the

scintillator and employment of improved values of the neutron

induced cross sections and their kinematics.

B. utilization of more adequate expressions to represent the

light production response of the scintillator.

C. Inclusion of the light attenuation effects.

D. Consideration of the effect of finite resolution 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.

Viet will briefly discuss these items and thoir importance.
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A. Improvement of the Cross Sections.

Del Guerra has reported an extensive compilation of the

total cross section measurements available for various n-C

processes and the n-p scattering process along with an excellent

discussion of their relative importance for neutron detection in

organic scintillators. McNaughton et al in addition to a

similar discussion also emphasized the importance of the

C(n,np)x n reaction, above 20 MeV neutron energy. Thus the

totality of processes assumed to contribute to the detection

12
efficiency are the elastic scattering of neutrons by C and

by protons and the following five inelastic scattering processes:

r-l

2.

3 .

4 .

5 .

l2c(n,n'Y) C*

12c(n,a)9Be

l2c(n,n')3a

l2c(n,np)nB

1 2 C ( n , 2 n ) n
c

(Q = - 4 .

(Q = - 5 .

(Q = - 7 .

(Q = -15

(Q = -20

43 MeV)

709 MeV)

281 MeV)

. 6 9 MeV)

.30 MeV)

Cross section data for both elastic scattering

processes and the first three inelastic processes were essentially

obtained from Del Guerra' '. In the case of the channel C(n,np)

we used,not only those experinental values given by Del Guerra ,

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

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. C(n,2p)). However, since the C(n,np) B

channel predominates (about 90% according to Kellogg's data )

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

channel.

1?
The C(n,2n) cross sections were obtained from

(8) (9)
G. rsnthov o I. al and J.P.. Stchn et a l . Although th i s duuincl
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is only 10* of the C(n,np) cross section, it is sufficient

to influence the neutron detection efficiency for large scin-

tillators and for this reason was included in the program

The cross section data for the last two inelastic

channels cited above (4,5) also contain large gaps which obliged

us to interpolate. The criteria 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 interpolated region, ii) the sum of all separate inelastic

channel cross sections considered (five channels) is in agreement

with the available experimental non-elastic cross section and

iii) at the same time obtain the best agreement between the

calculated and measured values of the neutron detection effi-

ciencies.

12C(n,n)12C , C(n,ct) Be and C(n,n')3a reactions were

The angular distributions for the H(n,n)H ,

2 .

(2)obtained from the work of Stanton

12 12
For the C(n,n'y) C processes, the angular

distribution of the neutrons was obtained from the data of

Glasgow et al and was assumed to be independent of energy.

The câlculational form used was

da

with

a «27.8 a. =16.9 a., «34.8 a, = 7.3 a.» 6.4 in mb/sr.
O 1 * 3 H

The angular distribution of the gamma rays emitted has a

complicated dependence on energy which was ignored completely
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and substituted by an average value represented by the formula

do
__gl = (1.03 - 0.09 cos^O) |S e = lab. angle

It was furthermore assumed that the 4.43 MeV gamma ray involved

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

with the scintillator material exclusively by Compton scattering.

The angular distribution of the proton from the

12
reaction c(n,np) was taken from the data of McNaughton et

al at 56 MeV and considered independent of energy. The

kinematics for this reaction were also obtained from McNaughton

(3)et al . it was also assumed that the angular distribution of

the neutron was the same as that of the proton.

After accounting for the effect of the different

y values on the kinematics, the angular distribution for the

12 12

C(n,2n) reaction was assumed to be the same as the C(n,np)

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 C(n,n')3a reaction were

(2)kept the same as those used by Stanton

B. The Scintillator. Response function..

The quantity of light produced in an organic

scintillator may be expressed in terms of equivalent electron

energy (MeVue). The equivalent electron energy T , to which

the heavier charged particles correspond, are obtained for

energies above 1 MeVee, from the following expression parametrized

by Madey et a l ( 1 2 ) for the scintillators NE102, NE228 and NE224

and by Cecil ct al for the scintillator NE213 by adjustment

to the experimental data
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Te =

T and T are expressed in MeV and the values recommended
e p

for the coefficients are given in Table la for the different

scintillator materials.

For energies below 1 MeVee, the equivalent electron

energies are obtained using the formula

T = b,T + b.T2 (2.2)
e 1 p 2 p

where T and T are expressed in MeV and the coefficients
e P

obtained from the work of Bachelor et al , normalized to those

of equation (2.1) at 1 MeVee, are given in Table lb. 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 attenuation by the

scintillator itself increases with size. Exact calculation of

the efficiency of light collection in a scintillator is extremely

(14)difficult. However, Clark* derived an appropriate relation

which has been widely used ~ especially for scintillators

whose transverse dimensions are larger than the longitudinal

dimension. We have applied this formula to the alternative case

(transverse dimensions much smaller than the longitudinal

dimension) and found that the formula of Clark underestimates

the collection efficiency. To correct for this we derived the

approximation.

6 - 6(st + (1-s) t.r) (2.3)
o i

where,
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6 ir. the light collection efficiency.

f$ 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 is the linear coefficient

of light absorption in the scintillator and 1 is the

average distance travelled by the light from its point of

emission within the solid angle s , to the photocathode.

r is the reflection coefficient at the scintillator walls.

t is equal to exp(-al ), where 1 is the average distance

between those light emission points which lie outside the

solid angle s and the photocathode.

Typical values of r and a are given in Table

2. A value of 6=1 was assumed in all cases. In addition it

was simply supposed that 1 = d. and 1 = 2L - d where L is

the seintillator total length and d. is the distance betv?een

the photocathode and the ith point at which the light is

eitii ttcd.

The value of the detection threshold (in terms of

electron energy) is usually obtained experimentally using well

knov/n gamma sources. Let us suppose that the gamma rays have an

eneryy E and the discrimination level is adjusted for these

gammas. However, since only a part of the light generated by

the electrons which the gamma scattering process produces in the

scintillator actually rpaches the photocathode, the effective

value of the detection threshold would be (1-PY)E where
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The- labels i,j denote the ith interaction of the jth incident

gamma ray, the quantity L.. represents the amount of light

produced by the electron which was generated and 6̂ . 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 distribution in amplitude (resolution) is reasonably well

represented by a Gaussian function whose width varies as

_ l/o

(v) where v is the average value of the amplitude of the

pulse produced by monoenergetic ionizing particles.

In order to simulate this effect of finite resolu-
(2)tion, we employed the same formula as Stanton parametrized in

terms of the minimum average energy necessary to produce a

photoelectrc

is given as

photoelectron at the photocathode, P . The mean square deviation

,(f *..»]°P
 = po F- + °'5 (2'4)

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

A value of P = 10~ MeVee was chosen in accordance with theo

suggestions of De Leo et al in his detailed work which

justified the applicability of 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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Empirical relations are used in all cases. For

proions we uned the following relation given by Cecil et al

whose coefficients are evaluated by fitting to the experimental

data for the scintillator Pilot B

v y - X a» "»V"
T > 0.5 MeV (2.5)
P

'n'V "

Values of the coefficients aR and b are presented in Table

3. The range R is expressed in mm and the proton energy

T in MeV .

For the cases where T < 0.5 MeV we used the

(18)
formula given by Watson and Graves for the NE102 plastic

scintillator

R = 0.0029 T 1 * 6 6 7 cm

(2.6)

Tp " 0.0029 Rp

These equations, (2.5) and (2.6), are generally used for any

scintillator v/hose chemical composition and density is similar

to NE102 or Pilot 3.

For the liquid scintillator NE213 we used the

relation

Rp = f(Tp)

with
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f(Tp)

1.7240.00315 T

0.00315 T 1* 6 6 7

P

0.0029 T1.667

T > li, MeV
P

10 MeV > T > 3 MeV

3 MeV > T_

where

f"1(Rp)

These expressions were derived by obtaining fits to the data of

Craumil9> to within 1% for T > 3 MeV.
P

For alpha particles we used the relations

= f(Tp/4)

Ta = 4

For electrons we used an expression given by Evans (20)

Re •> d(0.52 Te - 0.09) cm

= (1.92 d Re - 0.17) MeV

where d is the density of the detector material in g/cm

F. Relativistic Kinematics.

For extension of the calculations up to 200 MeV

incident neutrons, it was deemed necessary to modify the original

program of Devos et el to furnish relativistic kinematics in

all the reaction channels.
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3. COMPARISON OF THE CALCULATED NEUTRON EFFICIENCIES AND THE

EXPERIMENTAL VALUES

Many measurements of neutron detection efficiencies

exist in the literature. A particular set of measurements deter-

mines the efficiencies for a certain scintillator material of

specified dimensions, in a given range of incident neutron

energies, at various detection thresholds. For each data set,

we have applied our Monte Carlo computer code with input infor-

mation appropriate to the experimental conditions. The calculated

detection efficiencies were then compared to the measurements.

A compilation of the results will now be made.

Figure 3.1 shows a group of results for the plastic

scintillators NE102 and NE102A with longitudinal dimensions

between 5.08 cm and 15.2 cm. Figures 3.1a and 3.1b compare the

calculations to the data of Hunt et al ( 2 1 ) for the NE102 plastic

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 3.1c is a comparison
/ 22)

of the calculations with the data of McNaughton et al ' for the

NE102A plastic scintillator (<f> = 7.10 cm , L = 15.20 cm) for

neutron energies up .to_4.0 MeY_and_.for_ tvip.djlffejrent jthreshplds,

1.0 and 4.2 MeVee. It is seen that the 4.2 MeVee case

shows some discrepancy (-10%) in the neutron energy range between

16 and 22 MeV. Figure 3-ld shows our results for the data

of Riddle et al ( 2 3 ) also obtained for the NE102 plastic scin-

tillators ($ = 17.73 cm , L * 7.60 cm). Good agreement is

obtained between the calculated curves and the experimental points in the

region where they are available.

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

dimensions. Figure 3-2a shows an excellent fit of the Monte

(24)
Carlo calculated efficiencies to the data of Crabo et al ' for

the NE102A scintillator (• = 30.50 cm , L = 28.60 cm) for incident

neutron energies up to 120 MeV and a threshold of 2.5 MeVee.

Figure 3-2b compares our calculations with the Jata of Young

et al(25) for NE102 ($ = 12.70 cm, L = 30.50 cm) for neutron

energies up to about 160 MeV and detection thresholds of 2.0

4.0 and 16.0 MeVee. A small discrepancy 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

data of Hunt et al(21) for the liquid scintillator NE228 (<J> =

- 10.27 cm, 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

(2fi ̂
calculation with the data of Drosg ' for the liquid scintillator

N3213 (4> = 12.00 cm, L = 5.60 cm) for neutron energies up to about

25 MeV and detection thresholds of 0.254 , 1.02 and

2.54 MeVee. In particular, the reproduction of the details of

the structure present in these precise measurements is in general

quite good. Figure 3-3c shows the calculation applied to the

case of the extremely low neutron detection threshold of 0.05 MeVee

used to obtain the data of Thornton et al ' for the liquid

NE213 scintillator {$ = 10.20 cm, L » 1.83 cm).

Figure 3-4 is a comparison of the calculations

(28)
with the measured efficiencies of Parsons et ai( ' for a very

thick NE224 liquid scintillator (V = 7.00 cm, L * 45.00 cm) for

neutron energies up to 340 MeV with a detection threshold of

1.3 MeVee. The fit 1B in general quite reasonable, the maximum

discrepancies being of the order of
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Figure 3.5 shows the neutron efficiency measure-

ments of Crabb et al' ' for two different incident neutron

snergies 40 and 120 MeV and for various geometries of the

incident neutron beam. The Monte Carlo calculations are in

excellent agreement indicating that the treatment of scintillator

edge effects is correct.

Figure 3-6 illustrates the effect on the efficiency

of the shape of the proton and neutron angular distributions for

the channel C(r.,np) B above 20 MeV incident neutron energy.

The experimental points are those of McNaughton (see Pig. 3-lc).

The dashed curve is calculated assuming that the proton and

neutron angular distributions are both isotropic in the Center of

Mass system. The full curve was obtained by supposing that the angular
2

distributions of the proton and neutron possess a cos 8 angular

dependence in the Laboratory system. The results show that the

latter supposition is the better one with the consequence that

the detector efficiency is enhanced for very long scintillators.

Figure 3-7 illustrates the importance of accounting

for the light attenuation occuring in the scintillator itself and

the influence this attenuation has on the determination of the

true neutron detection threshold. The experimental points for

comparison are the data of Drosg (see Fig. 4-3a). The dashed

curves are the result of the Monte Carlo calculations when the

light attenuation is omitted and the full curves are the results

obtained when it is included. The sensitivity of this effect on

neutron energies near threshold is quite large as expected.

4. CONCLUSIONS

Calculations of neutron detection efficiencies for
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the commonly available organic scintillators were carried out

using a modified Monte Carlo method. The results agree well with

the experimental measurements of efficiencies which exist in the

literature. We are able to conclude that in general the calculated

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 22.0 MeVee.

It is interesting to compare our results with

those of Del Guerra and Cecil. For the most part they are quite

similar, although our results seem to flu the experimental

efficiencies of McNaughton and especially those of Hunt somewhat

better than the Del Guerra results. These differences are

essentially due to the improved treatment of the C(n,np) B

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 attenuation corrections.
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TABLE la

Coefficients in the light response function, eq.(2.1), for protons

and alphas in various scinti l lators. Energy of particles greater

than 1.0 MeVee.

Particle and

scintil iatois

p , NE-102

p , NE-213

p , NE-224

p , N5-228 and NE-228A

a , a l l scintillators

Coefficients

a l

0.95

0.83

1.0

0.95

0.41

a 2

8.0

2.82

8.2

8.4

5.9

a 3

0.1

0.25

0.1

0.1

0.065

a 4

0.90

0.93

0.83

0.90

1.01

T A B L E lb

Coefficients in the light response function, eq.(2.2), for protons,

alphas and heavy ions in various scintillators. Energy of

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

for all the range of energies.

Particle and

scintillators

p , NE-102

p , NE-213

p , NE-224

p , NE-228 and NE-228A

a , al l scintillators

heavy ions, all scintillators

Coefficients

b l

0.196

0.215

0.228

0.166

0.046

0.017

V

0.026

0.028

0.030

0.022

0.007

0



.17.

T A B L E 2

Typical values of the reflection coefficient r and linear

coefficient of light absorption a .

a) from the reference (30)

b) from the reference (29)

c) from the reference (31)

Scinti^ator

NE-213

NE-102

Coefficients

r

0.96 a )

0.96

a(cm"1)

x b,c)
2ÕTÕ

1 b )

170

T A B L E 3

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

in the scintillator Pilot B.

n

bn

n=0

-3.8103

2.1964

rv-1

1.617

0.56148

nu-2 ._

8.193xio"2

1.0055xl0"3

_ n « 3 ~ . . . .

- 2 . 0 3 6 4 X 1 0 " 2

8.885x10"5

_ JX=4. _

3.147x10"3

1.821x10"4

D=5_ _.. _

-2.321X10"*

2.742xl0"5



FIGURE CAPTIONS

FIG. 3-1 - Comparison of efficiency measurements with the Monte

Carlo predictions for plastic scintillators between

5.08 and 15.2 cm thick.

FTG. 3-2 - Comparison of efficiency measurements with the Monte

Carlo prediction for plastic scintillators 28.60 and

30.50 cm thick.

FIG. 3-3 - Comparison of efficiency measurements with the Monte

Carlo prediction for liquid scintillators between

1.83 and 5.6 cm thick.

FIG. 3-4 - Comparison of efficienty measurements with the Monte

Carlo prediction for liquid scintillator 45.0 cm thick.

FIG. 3-5 - Detection efficiency vs radial position for 40 and

120 MeV neutron energy. The contribution outside the

scintillator limits is due to the container. The

horizontal error-bars indicate the beam width. The

full lines are the Monte Carlo predictions.

FIG. 3-6 - The effect on the efficiency of the shape of the proton

and neutron angular distributions for the channel

12 11

C(n,np) B. The dashed curve is calculated assuming

that the proton and neutron angular distributions are

both isotronic in the Center of Mass while the full

curve corresponds to the forward peaked angular

distribution.

PIG. 3-7 - The effect of the light attenuation in the scintillator,

The full and dashed curves correspond respectively to

the calculations with and without the light attenuation.
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