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ABSTRACT

A description is given of the subprogram DETEC, which for en-

ergies below 5 MeV simulates the detection process of a fast-neutron

within a large cylindrical plastic scintillator. DETEC has been coded

in FORTRAN IV, and consists of a subroutine and a BLOCK-DATA sub-

program. The latter is in its present form adapted to the dimensions

5 cm $ x 8 cm of the scintillating materials NEI02 and NEJ02A.

The character of DETEC as a subprogram is manifest through

the requirement of a main routine for generation of the following input

parameters:

1. fast-neutron position

2. " direction

referred to the

detector surface

3. " energy

4. " entrance time

5. " input weight

6. discriminator threshold

When these are provided, the virtues of DETEC are recording of the

detected weight and the time elapsed prior to the detection event.

The merits of DETEC are finally demonstrated in two typical

applications.

Printed and distributed in July, 1966
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I. INTRODUCTION

The detection of fast-neutrons is in many experiments accom-

plished by means of organic scintillators, particularly in those experi-

ments where fast time-of-flight technique is invoked. After the intro-

duction of high-speed electronic computers the correction of the results

of these experiments for unwanted effects like multiple scattering, finite

geometry, etc. is generally performed as a Monte Carlo simulation of

the essential experimental features. A part of the Monte Carlo procedure

is then the convolution of the fast-neutron flux with the differential detec-

tor efficiency, supposedly known so that it may be tabulated and stored

as a many-dimensional efficiency matrix in the computer memory. How-

ever, if proper account is to be taken of the broad-geometry parameters

like fast-neutron position, direction, energy, discriminator threshold,

etc. , experience shows that this procedure in general will be excessively

inefficient with respect to both running time and storage requirements.

Obviously, the detection process in a hydro-carbonous scintillator

lends itself excellently to Monte Carlo simulation, much as this method

is the only one at hand for the proper tabulation of the differential ef-

ficiency matrix referred to above, as no simple analytical expression

may be derived. However, instead of once and for all using Monte Carlo

technique for the tabulation of the efficiency matrix a simpler solution

will be to incorporate the detector routine as a subroutine in the main

Monte Carlo program. Obviously, this approach will allow a unified Monte

Carlo simulation of the complete experiment, an approach whose success

necessarily will depend on the simplicity of the detector routine. The sub-

program DETEC to be described in this report satisfies the simplicity

and short running time requirements, and still simulates the essential

physical features of the detection process in a scintillator sufficiently

large so that edge effects may be neglected. Thus, DETEC keeps account

of the current fast-neutron weight until the detection conditions are ful-

filled, whereafter the detected weight is accumulated. Furthermore,

DETEC also allows tracking of time, obviously a useful feature when

analysing fast time-of-flight experiments.
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PHYSICAL BASIS

The process of detection of fast-neutrons by means of organic liq-

uid and plastic scintillators is reasonably well understood. The incident

fast-neutrons undergo elastic Qr inelastic scattering with or induce reac-

tions in the scintillator nuclei - the only ones present in sufficient quan-

tities are H and C - , and th§ gnergy(ies) of the emerging charged-par-

ticle(s) is (are) dissipated during the formation of ion pairs along the

track(s) of the recoiling particle(s). Ultimately» after recombination the

ionization energy is released partly as heat and partly as fluorescence

light, the latter subsequently being brought into a photo-sensitive device,

e. g. a photo-multiplier, the output of which is handled by electronic

methods.

For the sake of completeness we list in Table 1 the pertinent nu-

clear processes through which the detection of fast-neutrons in hydro-

carbonous scintillators takes place [ ] ] . However, if the fast-neutron

energy does not exceed 4. 8 MeV» the minimum energy for which inelas-
1 2

tic scattering off C is energetically possible» the only important de-
7 2

tection processes are elastic scattering off H and C respectively.
In these nuclei the capture processes

Scintillator
nucleus

H

c 1 2

Nuclear
process

fH(n,n)H
[H(n,Y)D

<

rC12(n»n)C12

C12(n,Y)C13

C1 2(n,n'Y)C1 2

C1Z(n,ff)Be9

C12(n,n')3a

C32(n,a)Be9 (n)Be8{2a)

Recoil
particle(s)

P

-

c 1 2

_
c 1 2

a

3a

3of

Table 1 . Nuclear processes through which fast-neutrons may

be detected in hydro-carbonous scintillators
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with the subsequent emission of y-rays have negligible cross sections

at fast-neutron energies, and are therefore not considered in this re-

port.

Thus, we are left with the problem of properly accounting for
1 2

the fluorescence yields L. of recoiling protons and C -nuclei, once

their respective recoil energies and direction cosines within the scin-

tillators are given. J B Birks [ 2a, b] related the specific fluorescence

-3— to the specific energy loss -r- by means of the following expression

dL _ dx /,x

dx

where A, B and k are constants to be determined by means of suitable

experiments. An alternative formula, part icularly valid at low energies,

was given by G T Wright [ 3 ] , quoting

dL p T /, , a dE\ / o \-rr— = -±- In (1+ —m =—) (2)
dx a v p+kT dx' v '

where a, kf and p are other constants.

Once the constants of (1), resp. (2) are known for the recoil par-

ticle and scintillator in question, the total yield of fluorescence light L.

may be obtained by numerical integration of (1), resp. (2) along the

track of the recoil particle, viz-

xv ~ T iv A —r—

dx

resp.

R

p+k*

This is the standard procedure to follow if the scintillator dimen-

sions are comparable with the ranges of the recoil particles at the en-

ergies in question"'v. However, for large scintillators edge effects are

*) Characteristic proton- and C -ranges in NEI02 and NE102A are
< 0. 01 cmand<0. 001 cm resp. [4] .
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negligible, so that in practically all collisions the total recoil energy is

deposited within the scintillator volume. Consequently, no detailed know-

ledge of the differential properties of the fluorescence process is nec-

essary for the proper account of the average total fluorescence yield L,

which may be uniquely related to the recoil energy and to the physical

properties of the scintillating medium. - For the fluorescence yield L

of protons in NEJ 02 R Batchelor et al. C l] quote the following relation

fo. 215 E + 0. 028 E2 ((XE <8 MeV)
L - 1 P P P (5)

P I 0. 60 E - 1 . 2 8 (8<E <14 MeV)
L P V P '

In other words , the well-known non- l inear response for low recoil

energies is approximated by a quadrat ic law. - Similar ly , for recoil ing
1 2

C -nuclei in NE102 M F Steuer and B E Wenzel [5] give the law

L = 0. 016 E , (6)
c c v '

which is close to the relat ion repor ted by R Batchelor et a l . [ l ] . - Al-

though the Monte Car lo p r o g r a m to be descr ibed below intends to s imulate

the detection of fas t -neut rons in NE102A, we shall a s sume the above for-

mulas (5) and (6) to apply also to this sc int i l la tor , being different from

NE102 only with respec t to be t te r light t r ansmi s s ion p rope r t i e s . The m a t -
1 2

t e r of importance is of course the relat ive yields from proton - and C
reco i l s , which thus a r e considered to be equal in NE102 and NE102A.

3. MATHEMATICAL AND STATISTICAL THEORY

The idea of DETEC is to follow a fas t -neutron h is tory within the

scint i l la tor and to calculate the detected weight, defined as the cur ren t

fas t -neutron weight when the detection conditions a r e satisfied. F r o m the

accumulated detected weight an es t imate of the probabili ty of detection =

the differential detector efficiency under the conditions s tated may be ob-

tained as follows. Assume that N neutrons a r e s ta r ted , each with the same

position, direct ion, energy and s t a r t weight q . If from DETEC a re obtained

the detected weights
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an estimate ptt of the probability p of detecting such a neutron is ob-

tained by

1 N

o i^ I

The method qsed is a combined weight-Monte-Carlo technique as

described in [6] and as used in [7]. A summary of the theory will now

be presented. The detection process will generally consist of one or

several collisions. The digital procedure before, during and after each

collision is therefore separated into five parts treated in logical order

below.

3. 7 Reducing the neutron weight with regard to attenuation

Assume the neutron to be located at a point (x, y, z) where it has

direction cosines (u, v, w). energy E, and weight q. We want to know

the probability p for another collision within the cylinder. The dis-

tance between (x, y, z) and that point where the neutron would leave

the cylinder if it did not collide any more, is called D. p is then ob-

tained from

p = P (collision at a distance =£ D)
-D2,(E)

= 1 - e l (8)

where 2,(E) is the total macroscopic cross section for the scintillator

material. The reduced weight q' is now obtained from

q' =p-q (9)

3. 2 Sampling of new collision point

In the following let R(a, (3) denote a random number sampled from

a rectangular distribution in the interval (a, (3). We shall now force a

collision at a distance £^D, where -t is obtained according to

-DS.(E)
t = - In {? - R(0, 1) (7 - e t )}/Et(E) (10)
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As the time is also tracked, we subsequently calculate the time t

elapsed between two consecutive collisions

t = 0.723 I/HP (11)

The new coordiantes (x' , y1 , z' ) are given by

x' = x + ut

y' = y + vl (12)

zT = z + wt

We also want to decide with what element the neutron underwent

a collision. In the special case'where two elements are considered, this

is accomplished in the following way.

Let Ê  ' denote the total macroscopic cross section for element

No. 1. Sample a new number from the rectangular distribution, and

test the condition

R(0,l) £ sj1) /S t (13)

If this condition is satisfied, we decide that the element undergoing

collision is No. 1 , otherwise No. 2.

3.3 Sampling of scattering angle

Put

9 = scattering angle (CM-system)

aT = cos (9' )

(a') = differential cross section (for the actual element)

The distribution function F(§) for the random variable aT is then

given by

F(§) =P(af * ^ = J f(x) dx (14)
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Using the rectangular distribution the desired distribution for a'

is obtained by solving the equation

F(a') = R(0,l)

i.e. a' = F"1 (R(0,l)) (15)

When the scattering angle 8 in the LAB-system is known, the new

direction is determined by an azimuthal angle 6 uniformly distributed in

_TT<6̂ TT. The new direction cosines (uf , v' , w') are then given by

u' = (bcwu-bdv)/V 1-w +au

v' = (bcwv+bdu)/v 1-w +av (16)

cos (9) * (1+Aa')/V l+A2+2Aaf

1 -a2 '

a m /m

m = mass of the actual nucleus
e

m = mass of neutron

3.4 Evaluating the fluorescence light in the collision

The new fast-neutron energy E' is given by

E' = E(S+Ta) (17)

where

S = [1+ (A-l)2/(A+l)2}/2

T = { 1 - ( A - l ) 2 2

(E and Ef in the LAB-system.)

The amounts of light produced are of course dependent on with

which nucleus the neutron underwent a collision. For the hydro-car-

bonous scintillators NE102 and NeI02A the following laws are used:
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Carbon:

E c = a L E R ( 1 8 )

Hydrogen:

where ER is the recoil energy (E-E' ). Values for the constants have been

taken from [l ] and [5]:

aT = 0 . 016
J—i

bT a 0. 215

cT a 0. 028

3. 5 Detection conditions

The following detection conditions are considered:

1) The accumulated amounts of light must exceed the discriminator

threshold.

2) The cur ren t t ime of the collision mus t lie between the p r e s c r i b e d

time limits.

If both of these conditions are satisfied, the current neutron weight

is considered as the "detected weight" q .

4. PROGRAM DESCRIPTION

The program has been coded in FORTRAN IV for the IBM-7044 com-

puter. It uses the IBM-7044 function RANDOM for generation of uniformly

distributed pseudo random-numbers [8]. No in- or output units are used.

DETEC consists of a subroutine with the same name and a BLOCK-

DATA subprogram. The latter is in its present form adapted to the hydro-

carbonous plastic s cintillators NE102 and NE102A with radii = 2. 5 cm and

heights = 8. 0 cm. By changing the BLOCK-DATA the program can be adapted

to other scintillators with different radii and heights, and consisting of dif-

ferent elements.

Prior to the start of the detection process in DETEC it must be pro-

vided that the neutron is at the cylindrical surface, and has specified posi-
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tion, direction, energy and weight. In order to use the routine it is

therefore necessary to have available a main routine for generation of

the necessary input parameters. For each neutron started DETEC then

calculates the detected weight and the detection time.

4. 1 Explanations of and comments to the flow-scheme (fig. 2)

The symbols used are:

^ Direction of flow

Program step

Jump into or out of the routine

Test of a condition

Some of the statements have the form

x = f (x),

meaning that f(x) is computed for x having its current value, and the

result then inserted into x.

The flow-scheme will now be explained and commented on in logi-

cal order.

The fluorescence light is accumulated in the variable L , which

is made zero as the first step at each jump into DETEC.

The macroscopic cross sections for the two elements, taken

from L9J» are stored in DETEC equidistantly spaced in energy. For

the current neutron energy 2 * ' and Ŝ  ' (l for carbon, 2 for hydrogen)

are computed by linear interpolation. 2 is finally obtained from

S =£p)+Zp) (20)

Assume the current neutron position to be at P. The distance D

between P and that point where the neutron would leave the cylinder if

there was no other collision, is computed in the following way.

Denote by P the point of intersection between the directed line

of flight and the cylindrical surface

2 ^ 2 2
y + z a r ,
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and denote by P the intersection between the same directed line and one
P

of the surfaces

x = h (if u > 0)

x = -h (if u < 0)

Put

D = FMP*
c c

P " P

The distance wanted is then obtained from

D = min (D , D ) (21)

(see fig. T.)

To avoid ending up in an infinite loop three cut-off conditions are

supplied, each providing a criterion for terminating the tracking of the

fast-neutrons. The first cut-off condition is

q < q . (22)
rain x '

If (22) is satisfied, q is considered too small to give any essential

contribution to the total detected weight. Accordingly, the control is re-

turned to the calling routine. In the applications of the program q

has been put equal to one per cent of the input weight q .

When the distance -t is sampled according to (10), the time t at

the collision is also computed. Note that 1 , always is zero after the

first collision, but can be given any positive value before DETEC is

entered. This means that the value which was given to t before the

entry of DETEC, had reference to a neutron position at a distance 1 ,

outside the scintillator.

The second cut-off condition to be tested is the upper time-con-

dition

(23)

If (23) is satisfied, the control is returned to the calling routine,

otherwise new collision point coordinates are computed.
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When the collision element has been sampled according to (13),

the scattering angle a' in the CM-system is sampled. The case of hy-

drogen is very simple because af then is uniformly distributed in

(-1, 1) for all energies.

For carbon we make use of the F function of (15). This func-

tion is tabulated in 41 points for 26 equidistant energies in the interval

(0, 2.5) MeV and finally storedin the DATA-block. F was calculated

in the following way.

da/dQ was taken from [ 1 0] and [ 1 1 ] where it is given at 8 angles

for 6 energies in the actual energy range. At each energy a Legendre

polynomial fit to the 8 points was made, and subsequently da/dfl was

tabulated in 41 equidistant points. To get da/dQ at the 26 energies a

linear interpolation.was carried out for each angle. According to (14)

was then calculated at corresponding points utilizing the trapeze

rule for integration.

F (T|) is now known for

T] = F(-l), F(-0

but must be calculated for

71 = 0, 0. 025, 0. 050, . . . , 1

by means of quadratic interpolation.

a' = F" ](E, R(0, 1))

may now be computed by means of linear (two-dimensional) interpola-

tion.

When E, E and L^ are computed according to (17), (18), (19)

resp. , the detection conditions

L^ a L . (24)

D min v '

and

t > tb (25)

are tested. If both of them are satisfied, the neutron is considered as

detected and its current weight is accumulated in qjj', where j indicates

that time interval which contains t. The control is then returned to the

calling routine.



- 14 -

If one of the two conditions (24) and (25) is not satisfied, the third

cut-off condition

E
m m

(26)

is tested, and if satisfied the control is returned to the calling routine.

Otherwise, the scattering angle is transformed to the LAB-system, and

new direction cosines are computed. Note that the formulas (16) are not

used if I w| is too close to 1. In this case the formulas shown in the flow-

scheme are numerically much better.

The process now continues from the beginning and is iterated until

one of the cut-off or detection conditions is satisfied.

4. 2 In- and output parameters

The in- and output parameters are stored in the COMMON-array

/COMDET/, which accordingly must be specified in the calling routine.

Below a glossary of the pertinent parameters is presented.

FORTRAN
symbol

XI, X2, X3

Wl, WE, W3

E N

Q N

TN

DIS T

Q MIND

EMIND

FLDMIN

TB

TS

QDET(I)

1=1, NTI

NTI

Math emati cal
symbol

x, y, z

u, v, w

E

q

t

J d

"min
E .

mm
L .

mm

t
S / . \

u

N.fs 7 00}

(cm)

(MeV)

(nsec)

(cm)

(MeV)

(nsec)

(nsec)

N t
t

Description or
reference

Space coordinates (fig. l)

Direction cosines

Neutron energy

Neutron weight

Page 12

Page 12

(22)

(26)

(24)

(25)

(23)

Accumulated detected weight
grouped in N̂ . time intervals
on (tb, tg)

See above

All these variables must be given their values before entering DETEC.

The first ten variables specify the neutron state before entering the scintillator,
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and they must be redefined before each entering, because they are gen-

erally changed in DETEC. The remaining variables except QDET are

not changed during the detection process. QDET, however, must be made

zero before the first call on DETEC.

If one is not interested in tracking the time, special values must

be given to some of the input parameters, e.g.

TN =0

DIST = 0

TB =0

TS =102 0

NTI = 1

4.3 BLOCK-DATA

The parameters which specify the scintillator are stored in the

COMMON-array /DAT/. This array is defined in the BLOCK-DATA

subprogram and is never changed by DETEC. Below a glossary of these

parameters is presented. The identification-number is 1 for carbon, 2

for hydrogen.

FORTRAN
symbol

Mathematical
symbol

AM A

SC(I), 1=1, 2 S

TC(I), 1=1, 2 T

(XSIMAT (I, J), Ej

1=1, 26), J=l, 2

RY

H
r

h
, -1 en)

1=1, 41), J=l , 26

EMAX E
max

Description or
reference

Page 9 (carbon)

(17)

(17)

(cm ) Total macr. cross sec-
tion for carbon, resp.
hydrogen, tabulated for
26 equidistant energies

Fig. 1

Fig. 1

(15)

Equidistant in energy and
cos 9'

rgy for which
F-'Ol) are given

DE AE

(MeV)

(2. 5 MeV)

(MeV) Energy interval (0. 1 MeV)

contd.
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FORTRAN
symbol

FNVI

A L

B L

CL

PI

Note that S and

Mathematical
symbol

N v

a L
b L
C L
TT = 3 . 14159265

F are stored in

Description or
reference

Number of ang
(40)

(18)

(19)

C 9)

order of increasing ei

Necessarily, the energy interval (0, E ) must be increased if the
1 b' v max'

furthermore in order of decreasing cos 9' .

Necessarily, the

start energy exceeds E
max

4.4 Storage requirements and running time

Of course, the storage requirements are dependent on the specified

dimensions of the COMMON-arrays. if the dimensions are as above stated,

the following requirements are valid for IBM-7044:

Subroutine DETEC 605 words

COMMON-array /COMDET/ 116 "

/DAT/ 1132 "

The running time can never be exactly predicted, as it depends on

random numbers. In the application shown in section 5, however, the

mean value of the running time was 0. 0822 sec. per neutron started.

This time then includes the starting procedure, the time of which can

be estimated to 0. 0019 sec. An estimate of the effective running-time

for DETEC accordingly will be

t =0. 080 sec. per neutron started

in the energy-interval (i, 2) MeV.

5. APPLICATIONS OF DETEC

So far, DETEC has been used in two different applications, both

simulating pertinent features of the fast-neutron polarization setup of

the Studs vik Van de Graaff laboratory. Here we consider only one of
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them, whose result is vital to the application of DETEC in conjunction

with the other one, already partially described [ 12a, b].

The purpose is to reproduce the efficiency curve and the time

response of a plastic §cintillator when its axis is located 121 cm from

an isotropic fast-neutron source. The latter experiment is a standard

one for the determination of the location of the fast-neutron peak as a

function of time. The time distribution of the simulated incident fast-

neutron beam is a 6-function, whereas the half width of the actual one

is different from zero. The simulated experiment therefore yields in-

formation on the time broadening caused by finite scintillator size.

The start procedure was as follows: The start direction of the

fast-neutron was sampled isotropically within a cone subtending the

scintillator at the source point. Subsequently, the intersection P

(if any) of the fast-neutron path and the cylindrical surface was lo-

cated. If there was no intersection, another start direction was sam-

pled until 1 000 fast-neutrons hit the scintillator for each energy con-

sidered. These energies were

E = 0 . 7 0 ; 0 . 8 0 ; 0 . 9 0 ; 1 . 0 0 ; 1 . 1 0 ; 1 . 2 5 ; 1 . 5 0 ; 1 . 7 5 ; 2 . 0 0 ;

2 . 2 5 ; 2 . 5 0 M e V

The remaining input parameters were

q = 10~ 3

q . = 10"5

mm
E . = 0 . 6 (MeV) = discriminator threshold

mm v '
L. . = 0. 1390

mm _
tb = 0. 723xl2l/V E-2. 5 nsec.
t = t, + 5. 0
s b

N = 20

The resulting efficiency curve is plotted in fig. 3. We note that

both its energy variation and its absolute values are reasonable.

Four typical time distributions are displayed in fig. 4. The zero

point on the time scale referes in each case to the time t = 0. 723x121/

/V E, where E is the respective fast-neutron energy. In order to dem-

onstrate the importance of multiple scattering the average transit time
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.i* ffv x -r x 5 for a parallel beam is indicated in the respective time

distribution. As was to be expected the relative contribution from mul-

tiple scattering decreases for increasing fast-neutron energy.

6. DISCUSSION

From the program description and the applications cited above

it is apparent that DETEC is sufficiently efficient with respect to run-

ning time and computer storage requirements to warrant its applica-

tion as a subroutine in another Monte Carlo program. Needless to

say, the success of DETEC rests heavily on the renouncement of a

differential description of the fluorescence process, a procedure only

allowed in large scintillators where edge effects are negligible. How-
1 2

ever, because of short ranges of recoil protons and C -nuclei in plas-

tic scintillators at the pertinent energies, this simplification does not

impose any severe restrictions on possible modifications of DETEC to

smaller geometries.

As we in any case shall be taking due regard to the correct loca-

tions of the start of the fluorescence events within the scintillator by

standard Monte Carlo technique, the implications will be the following

ones:

Of the statistics inherent in the detection process

1. that part evolving from the finite scintillator geometry-albeit

sufficiently large - is correctly simulated in the adopted de-

tected weights [ 1 2a, b] , whereas

2. the statistics of the fluorescence process and of the subsequent

electronic signal processing is not considered.

Obviously, DETEC will yield approximately correct mean values,

but their uncertainties will be overestimated, an effect more severe for

small scintillators than for large ones, because of our renouncement of

the proper differential description of the fluorescence process. DETEC

is of course compatible with the inclusion of such a detailed description,

but necessarily at the expenses of running time and storage requirements,

impairing its use as a subroutine in another main Monte Carlo program.
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The conclusion can therefore be drawn that the a priori utility of

DETEC is the proper reproduction of relative efficiency curves. How-

ever, as we have seen, if the scintillator is sufficiently large also the

absolute efficiency is very well reproduced.
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