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ABSTRACT

The TAYRA code was developed for calculating the efficiency organic
scintillators for neutrons in the energy range 0.08 to 15 MeV. The algo-
rithm uses the Monte Carlo method and considers, for the simulation, elastic
scattering on hydrogen and carbon, inelastic scattering on carbon, and the
reactions: 12c(n,n" )12C* 3a and 12C(n,a) 9Be .

The code is written in FORTRAN IV for an ES 1040 computer. The results
obtained using TAYRA are compared with experimental and calculated efficiency
data.

AHHOTALUNA

Mporpavma TAYPA pa3paboTaHa Ans onpegesieHMsa 3PeKTUBHOCTU opraHuvye-
CKUX HENTPOHHLIX AEeTEKTOpPOoB B Anana3oHe 0.08-15 MaB. B nporpavme Mcnosib30BasiCs
meTon MoHTe-Kapno. B ucnbiTaHun yuyuThiBaOTCA YMNpyrvue un Heynpyrve paccesHus
Ha H u C n Ttoxe peakumsa 12c(n,n» c~>»-3d u 12c (n,a) Be".
Mporpavmma HanucaHa Ha A3bike OOPTPAH-1V, a ucnosnb3oBaHa Ha MawunHe
EC-1040. Pe3ynbTaThl nosy4yeHHble nporpavmoii TAYPA 6b conocTaB/ieHbl C 9Kcne-
PUMEHT&/IbHBIMA N PACYETHLIMA AaHHBIMU APYTUX aBTOPOB.

KIVONAT

A TAYRA nev( szamitogépi program szerves szcintillatorok hatasfokat
szamitja, E = 0.08 — 15 MeV energidju neutronok esetében. A program a Monte
Carlo médszert hasznalja fel a neutronok hidrogénen és szénen torténd rugal-
mas, ill. rugalmatlan szérasanak és a 12C(n,n")IaC# 3a és a "2C(n,a)yBe
reakcioknak a szimulalasara.

A program nyelve FORTRAN IV, ES 1040 tipusu szamitégépre alkalmazva.

A program altal szamitott hatasfok értékeket kisérleti eredményekkel
hasonlitottuk Ossze.



INTRODUCTION

Organic scintillators have many applications iIn experimental
cross section and nuclear reaction studies. Precise knowledge of
the efficiencies of these scintillators i1Is necessary In order to
obtain the minimum possible errors iIn the final results.

The efficiency value 1s, at present, obtained In two ways:
experimental and calculated.

The experimental way frequently uses the time-of-flight
technique; the calculated way offers two possibilities, the em-
ployment of semi-empirical formulae and the Monte Carlo method.
Inherent i1n the Tfirst possibility is the problem that the re-
quired correction factors are approximations and they are valid
only In certain energy ranges. This means that larger errors a-
rise than those desirable for accurate calculations of the effi-
ciency .

The Monte Carlo method, which has been widely employed for
this purpose, is the best way to calculate the efficiency value.
It 1s based on the simulation of the physical events which take
place inside the scintillator because of an incident neutron.

In order to improve the physical model, TAYRA code employs
the cross sections obtained in small energy intervals. From 0.1
to 15 MeV a constant energy interval of 0.1 MeV was selected,
and from 10 to 90 keV a constant interval of 10 keV was taken.

The lower energy range permits one to extend the efficiency
calculation to a zone where the neutron detection has become
feasible by fast plastic scintillators because of the develop-
ment of low noise fast photomultipliers.2

2. NEUTRON HISTORY ANALYSIS

TAYRA can calculate the efficiency for two geometrical ar-
rangements fTor cylindrical scintillators: for a parallel beam of



monoenergetic neutrons iIncident on the lateral surface of the
scintillator, and for a beam of neutrons iIncident on the circu-
lar flat surface of the cylinder (Fig.l).

In order to begin the neutron history, 1t IS necessary to
determine the starting coordinates (X,y,z). In the case of per-
pendicular incidence to the cylinder axis these are:

X =A/1- RI2 ,
= N HI (@)
z =B R2 ,

where A i1s the scintillator radius, B is the half-height and
Rl and R2 are two random numbers obtained from a uniform distri-
bution between 0 and 1.

The starting coordinates are points on the scintillator
surface. In this case the direction cosines of the initial iIn-
cidence direction are: cosa = -1, cosl = O, and cosy = 0.

With parallel incidence to the cylinder axis, the (X,y) co-

ordinates are calculated iIn the same way and the z coordinate 1is:
v

z=8B @

and the direction cosines are: cosa = 0, cos3 = 0 and cosy = -1.

In order to determine the next neutron coordinates, 1t is
necessary to know the neutron free path In the scintillator,
which 1s obtained by:;

1(E) = - [ , (3)

where ET(E) i1s the total macroscopic cross section. With this
value 1t is possible to determine the neutron path length,

P(E), by:
P(E) = -1(E) In R3, @

where R3 is another random number from the same distribution
between O and 1. This value, p(E), permits one to decide whet-
er the neutron escapes from the scintillator or, alternatively
one can determine the new coordinates which correspond to the
point where the Tfirst iInteraction takes place.



Since the scintillator can be considered as a mixture of
hydrogen and carbon atoms, the most probable iInteractions of fast
neutrons with these nuclei to be taken iInto account i1n the energy
range 0.02 to 15 MeV, are:

a. Elastic scattering on hydrogen nucler,
Elastic scattering on carbon nuclei,
Inelastic scattering on carbon nucler,
. The reaction n,n" C* e 3a,

The reaction 12C(n,a)Beg.

a0 g

The cross section values were obtained from reference [1].

2.1 Elastic scattering on hydrogen nuclei

Elastic scattering on hydrogen nucleil is the most probable
interaction below 10 MeV. From this collision are obtained a
scattered neutron and a recoil proton, and their energies after
the scattering are:

EP = 1 Eo(l “ COSK)

o)
En =3 Eo(l + cosk)
where Eq i1s the iIncident neutron energy and K is the scattering
angle iIn the centre of mass system, where the elastic scattering
is i1sotropic [2].

The magnitude of the light output produced by the recoil
proton is one of the most problematic aspects of the physical
model. In order to improve this aspect, light output values re-
cently obtained or confirmed, have been employed. Tabulated val-
ues obtained from [3] have been used iIn the energy range 20 to
200 kev, and the following semi-empirical formula given iIn [4]
iIs employed iIn the range 0.2 to 15 MeV:

LP = al tlL “ exP <’ a2Ep3)] + adEp" 6)

where a”, a2, a3 and a* are parameters which depend on the



scintillator type. This physical event is considered in the
TAYRA code i1n the subroutine HYDR.

2.2 Elastic scattering on carbon nuclei

The result of this collision i1s a recoil carbon nucleus
and a scattered neutron with energies:

EC = 0.142 EO (1 - cosk) , (7)
®)

In the scintillator the carbon nucleus produces a light
output whose magnitude is calculated, as is shown in [5], by:

LC = 0.01 EC (©);
The anisotropy of this event In the centre of mass system

is taken into account. The angular distribution values were

taken from [1]. The probabilities of the different directions

are calculated from these angular distributions. This event 1is

simulated in the TAYRA code in the subroutine ELAC.

2.3 Inelastic scattering on carbon nuclei

This i1nteraction produces a gamma ray of 4.43 MeV and an
outgoing neutron, and It becomes important for incident neutrons
of low energies. The light output produced by the gamma ray is
not taken iInto account because the detection efficiency is poor
for 1ts energy, for details see ref. [5].

The main effect of this iInteraction iIs to decrease the neu-
tron energy in 4.43 MeV without changing its direction.



2.4 The reaction 12C(n,n")C* 3d

This reaction begins to be important above 11 MeV and re-
mains with low probability at 14 MeV. Nevertheless, 1t gives
three alpha particles with energies, in the laboratory system, in
the range 1 to 3 MeV; each alpha particle produces a light out-
put of approximately 100 keV in electron equivalent energy.

In the TAYRA code, when this event takes place, the pro-
duced neutron is detected i1If the selected threshold i1s lower
than 3 MeV.

2.5 The reaction "2C(n,ot)Be9

In this reaction an alpha particle and a beryllium nucleus
are produced, whose energies are:

Ea = (En — Q)(B + D+ 27 A C cosk)

0)
Eg(:: (Erl - Q) (A + C-2VAC cosk) ,

where A,B,C and D are coefficients which depend on the mass

of the nucleil and particles that take part in the reaction, and
they also depend on the neutron energy, E, and the Q-value of
the reaction, (-5.71 MeV). These coefficients are given in
ref.[6].-

The light output produced by the 9Be nucleus can also be
obtained using the formula (9). The light output of the alpha
particle can be determined by the following formula used in
ref_[2]:

La = 0.046 Ea + 0.007 Eg (@hD)

The anisotropy iIn the centre of mass system is also con-
sidered iIn this event; a constant angular distribution, meas-
ured and fitted iIn ref. [7], was used for the whole energy
range. These calculations are taken into account In the TAYRA
code In the subroutine 2ZvLPHAN.



The event which takes place is determined thereby generating
a random number. This number is then compared with the occurrence
probability of each event. The probabilities are previously as-
signed taking into account the cross sections.

The new direction of the scattered neutron, after each 1iIn-
teraction, 1is calculated to enable the new coordinates to be lo-
cated .

When the interaction iIs considered isotropic in the centre
of mass system, the cosine of polar scattering angle of the out-
going particle, cosk, and the azimuthal angle # can be randomly
generated, cosk 1S generated from a uniform distribution between
-1 and +1 by:

cosk = 2 R5 — 1, (12)

where R5 i1s a random number between O and 1. The cosine of @
only takes values between 0 and 1.

IT the iInteraction is considered anisotropic, cosk 1S taken
from the correspondent angular distribution.

The scattering angle iIn the laboratory system, 0O, is calcu-
lated by the following formulae:

(1 + m2cosK)/vl + 2 m™cosK + m2 , (@)

cosO

sin0 = m2sinKA/ 1 + m2cosK + m2

where m2 i1s the mass of the scatterer nucleus.
The direction cosines after the scattering are, as 1iIs
shown in ref. [8]:

cosa“"= cosotcosd + (cosycosasinOcosO - COSB)SiﬂOSin$/(1—COSZy)142,
cosR*= cos6cosO + (cosYcosBsinOcos$ + cosasinOsinO)/(l—cosZy)llz»
cosy ™= COSYCOSO — (1 — cos?y) 2 sinocos<?, 14
2
except when (1-cos y) approaches zero, iIn which case the
following equations are used:
cosa” = sin0 cosp
cos3" = sin0 sin# (15)
COSy" = cosy cos#



These equations are employed iIn the subroutine COSINE.

The history is iInterrupted when the neutron escapes from
the scintillator or its energy is diminished below the selected
cut-off (20 keV), then the neutron iIs absorbed by the scintil-
lator. When a light pulse or a sequence of pulses, whose total
magnitude 1is greater than the light threshold, is produced, the
history of the neutron is also interrupted.

Finally the efficiency value i1s obtained from the ratio of
the detected neutrons to the number of histories followed, and
the relative and absolute errors are also calculated by the
TAYRA code.

3. RESULTS AND CONCLUSIONS

The Monte Carlo program was employed to calculate efficien-
cy values of different organic scintillators. The results were
compared with some available experimental data from refs.[9] and
[10]; the agreement between experimental and Monte Carlo values
was found to be reasonable as i1s shown iIn Tabe 1. and Fig. 2.

The experimental data taken from ref.[9] were also compared
with the Monte Carlo predictions of [5] and i1t was found that the
TAYRA code gives also good agreement with these measurements.

In general, one can observe that the disagreement between
the measured and the calculated efficiencies i1s around 10% over-
all, and this seems to be produced because of the uncertainties
in the i1nelastic n-C cross sections [11], and in the light out-
put values of the a particles and the 12
thermore, the Monte Carlo calculations have not taken iInto ac-
count the light attenuation effects iInside the scintillator and

C and 9Be nuclei. Fur-

in the optical coupling.

It was obviously important to be extremely careful in the
simulation of each experimental condition of the measurements,
especially In the selection of the light threshold.

The results of TAYRA were also compared with some efficien-
cy values obtained by other Monte Carlo calculations, from refs.
[31, [6] and [12]. The comparison with the predictions of [3]



was possible because of the use of a small energy interval,
20 keV. 1n the range 20 to 200 keV, and also because the cut-off
energy was lowered, (Fig.3a).

In this way the TAYRA code can calculate the efficiency
values 1In the energy range from 80 to 500 keV, which is very im-
portant nowadays because the development of low noise photo-
multiplier tubes and organic scintillators with large light out-
put has permitted the use of these neutron detectors 1in this
range.

The results given in [3] were obtained using a modified ver-
sion of the 05S code developed by Textor and Verbinski, ref.[6].
The results from TAYRA were also compared with the predictions of
the 05S code, as is shown iIn Tab.2 and Fig. 3b.

The very small discrepancies between the TAYRA results and
the other predictions seem to be because of the employment of
different cross section values for the n-C interactions and also
because of the introduction iIn the TAYRA code of a semiempirical
formula for the light output of the recoil proton, formula (6)
given in ref. [4]. This formula gives good agreement with the ex-
perimental data of other authors.

Finally, Fig.4. shows the efficiency curve for an NE-102 A
scintillator obtained using an interval of 0.5 MeV iIn the energy
range 1 to 15 MeV. These results were TfTitted by:

Ep = (i - T/En)(Ao + AIEn + A2e2 + A3E™ + A E* ) (16)

where EV is the efficiency, T iIs the threshold in proton
energy and the values of the parameters were: Aq = 73.38,

Al = -20.75, A2 = 3.32, A3 = -0.24 and A4 = 0.64.

The execution time for a run was approximately 30 sec for
10 000 histories and the relative error was less than 3% 1In
all the runs.

ACKNOWLEDGEMENTS

We are grateful to A. Kiss and F. Dedk for their comments
and helpful discussions related to this work. The help of



Hernandez and B. Barrios in the preparation of the
I _.Fodor and Dr.J.Szik-

Research Institute

Lie. J.M.
code 1s appreciated. We wish to thank Dr.

lai for their kind hospitality iIn the Central
for Physics, Budapest, where it was possible to develop the

TAYRA code.



10

APPENDIX

Summary of program components and i1nput data

System: ES-1040
Language: FORTRAN 1V
Components:

1. Main program: TAYRA

2. Subroutines:

a.

CARG. Provides the cross sections for the considered events
and also the necessary angular distributions and the tabu-
lated data of light output iIn the energetic range from 20
to 200 keV. This subroutine also stores the scintillator
data.

PROBA(E) . Chooses the probabilities for the neutron energy
and these are stored in the blank COMMON.

COSENO(SITALALF ,BET ,GAM) . Computes the centre of mass co-
sines of the polar scattering direction iIn both cases: 1so-
tropic and anisotropic scattering,and uses them to calcu-
late the new direction cosines in the laboratory system.

HYDR(ENE,SITA,P). Computes the energies of the scattered
neutron and the recoil proton when elastic scattering on
hydrogen takes place, and also computes the light output
due to the recoil proton.

ELAC(ENE,SITA,P). Computes the same as HYDR in the case of
elastic scattering on carbon.

ALPHAN(P) . Calculates the energies and the light output of
the alpha particle and the beryllium nucleus when the re-
action 12C(n,a)Be9 takes place.

3. FORTRAN functions:

a.

RANDOM(KS). Computes random numbers uniformly distributed
between O and 1, using any odd number as iInput parameter.
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b. SEGN(X). Attributes values +1 or -1 i1f the argument X is
negative or positive.

c. ALAMDA(ENE). Computes the mean free path of the neutron
depending on its energy ENE.

INPUT DATA1

a. CARD SET 1, one card, OL(IO)
FORMAT(10F7.0)
OL(1): light output iIn the energetic range from 20 to
200 Kev with 20 Kev as step.

b. CARD SET 2, two cards, SEM(S8,2)
FORMAT(8F10.0)
SEM(J,1): cross sections in the energetic range from 20
to 90 Kev with 10 Kev as step, J is the index for the
energy and 1 is for the interaction channels in this
energetic range (elastic scattering on hydrogen and carbon).

c. CARD SET 3, 75 cards, SE (150,5)
FORMAT (10F8.0)
SE@.,1): cross sections in the energetic range from 100
Kev to 15 Mev with 0.1 Mev as interval, J is the index for
the energy and 1 is for the interaction channels.

d. CARD SET 4, 3 cards, PE(2)
FORMAT (16F5.0)
PE(D1 energetic groups for the angular distributions of
the elastic scattering on carbon.

e. CARD SET 5, 126 cards, AD(21,42)

FORMAT(7F10.0)
AD(J,1): angular distributions of the elastic scattering

on carbon, J is the iIndex for the energy and 1 for the
value of the cosine of the scattering angle In the centre
of mass system.

f. CARD SET 6, 3 cards, ADA(21)
FORMAT(7F10 .0)
ADA(1): angular distributions for 14 Mev of the reaction
12C(n,a)Be9 which 1s taken to remain the same in the whole

energy range.



NOTE:

12

CARD SET 7, one card, HN,RHC,A,C,G

FORMAT(5F10.0)

HN: number of hydrogen atoms/cm-barn,

RHC: hydrogen/carbon ratio,

A: scintillator radius,

B: scintillator half height,

Gs geometry code, G=1 i1f the neutron incidence 1Is perpen-
dicular to the cylinder axis and G=2 if the neutron in
cidence is parallel to this one.

CARD SET 8, one card, RN

FORMAT(F10.0)

RN: number of neutron histories.

CARD SET 9, one card, EMI,UMBRAE
FORMAT(2F 10 .0)

EMI: cut off energy,

UMBRAE: energetic threshold.

CARD SET 10, as many cards as you need, EI

FORMAT (F10.0)

El: initial neutron energy, i1f 1t Is necessary to consi-
der more than one energetic threshold one must put a last
card of the set 10 with EI=0, and after a card of the set
9 and so on. If one needs to finish the sequence 1t 1is
necessary to put a last card of the set 10 with EI = -1.

When using the TAYRA code to calculate different efficien
cies for different experimental arrangements, the only
change is to alter card sets 7,8,9 and 10.



13

REFERENCES

D

2)

3

4)

5)
6)

8)

9

10)

11)
12)

P. Vértes, FEDGROUP-A program system for producing group con
stants from evaluated data files disseminated by I1AEA:
INDC(HUN)-13/L+sp, 1976.

R. Batchelor and W.B. Gilboy, Nucl. Instr. and Meth.
13(1961)70.

C. Renner, N.W. Hill, G.L, Morgan, K. Rush and J.A. Harvey,
Nucl. Instr. and Meth. 154 (1978) 525.

R. Madey, F.M. Waterman, A .R. Baldwin, J.N. Knudson, J.D.
Carlson and J. Rapaport, Nucl. Instr. and Meth.151(1978) 445

R.J. Schiuttler, ORNL-3888, (1966).
R.E. Textor and V.V. Verbinski, ORNL-4160, (1968).
M.L. Chaterjee and B. Sen, Nucl. Phys. 51 (1964) 583.

G.B. Beam, L. Wielopolski, R.P. Gardner and K. Verghese,
Nucl. Instr. and Meth. 154 (1978) 501.

T .A. Love, R.T. Santoro, R.W. Peelle and N.W. Hill,
Rev. Sei. Instr. 39 (1968) 541, No.4.

P. Leleux, P.C. Macq. J.P. Meulders and C. Pirart,
Nucl. Instr. and Meth. 116 (1974) 41.

A. Del Guerra, Nucl. Instr. and Meth. 135 (1976) 337.

V.V. Verbinski, W.R. Burrus, T.A. Love, W. Zobel, N.W. Hill
and R. Textor, Nucl. Instr. and Meth. 65 (1968) 8.



14

Table 1.

Comparison of calculated and experimental efficiency values for a
bias threshold — 180 keV p.e.q. for two NE-213 scintillators and
neutron incidence parallel to the cylinder axis.

Scintillator Neutron TAYRA Experimental Calculated
dimensions energy code Ref/19] Ref .[5]
cm MeV % % %
12 x 2.61 2.7 16.97 + 0.20 17.22 + 0.11 -
14.5 10.06 + 0.16 10.62 + 0.08 9.70
12 x 6.10 2.7 30.40 + 0.28 33.75 + 0.15 -
14.5 20.89 + 0.23 22.60 + 0.20 21.70
Table 2.

Comparison of calculated efficiencies by two different codes for
an NE-213 scintillator, bias threshold = 0 keV and neutron iInci-

dence perpendicular to the cylinder axis.

Scintillator Neutron TAYRA 05S
dimensions energy code code,
cm MeV % %

5.419 x 9.174 2.39 48.12 + 0.35 49.1
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Fig,1, Geometrical arrangements that can be simulated
by the TAYRA code.
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Fig,2, Comparison with experimental data.
incidence to the cylinder axis. Diameter:

Energy (MeV)

Parallel neutron

20 cm.

Height: 2 anm.
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Fig.4, Efficiency curve fitted by expression (33).
Perpend Ocular neutron incidence to the cylinder axis.
Diameter: 5 cm. Height: 10 om.



- 19

TAYRA LISTING
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MATIN DATE * 79150 11/16/27
-MONTE carlo CODE EO(j CALCULATING efficiencies of ORGANIC scint.

COMMON/LIGHe/0L<10>
COMMON/AM/ENE IPECF2),AD(21,<,2),A0N(21>
CO"U’ON/JH/HN, RHC, A, n, 0
COMMON/SFEMI/KS
COMMON/HI LDA/AM1,
C-.-W-IN THE BLANA CC"IMON®* aRE ACUMULATEO THE PROBABILITIES for
C the events considered
COMMON PNP,PeC,PNG,P3A,PA
RM1>1 ,
CALL CARG
READ(S.900)RN
400 READ<5,900)fcvl,UMBRaE
WRITE(6 -901JG
URITE <6 »800 >A »B
WR1TE<6.«02)RN
URITE<6 ,803>EMI,UMB4AE
405 READ<5,900)fcl
KS»157
URITEC6*RO05>EI
IF(E1)410,400,420
410 STOP
420 R1*0
RNDnO
RH=0
rc*o
RGaol
REOO
XL“0
C-»---ip THE ENERGETIC THrtSHOLO IS LARGER THAN MEV, THE UIG «T
C THRESHOLD Is CALCULATED BY A SEM1-EMPVIOICAI FORMULA, IF IT IS
C LOWER THAN 0.2 MEV TABULATED DATA ARC TAKEN,
I F(UMBRAE)S00,500<S01
500 IIMBPAL=0 .00001
GO TO 140
5 01 TP(UMBRAE-0.2)502-502.503
s02 UMBRAL-OLU EIXC<<UMbraE* .01)/2,>*100, )>
GO TO 140
50s TaU».95*UMBRAE
T2Ub- 1*CXP1 9*ALOG(UMBRAE))
T3Ue-8.*<1 ,-EXP(T2U>)
UMBRAL"TI1U* *3U

140 ENE=CI
w-»_THE POSITION Of TtHe INCIDENT NEUTRON is CALCULATED USING THE

C.,-
C RANDOM NUMBERS R1 A-.d R2wm IE THE key G=1 the incidence is PErP. to
C the cylinder axis# if g<2 is //» and the procedure is djferent.
C---.-THE direction COSINcs ape (-1,0,0) AND <0,0 ,®1) RESPECTIVELY.
R1«RANDOM(KS>
XbA*SQRT(L1 ,“R1**2>
YsA*R1
tF<6-2.)1101.1102#1102
1101 ALEs-1
BETbO
GAmbO
R2bRANDOM<KS>
Z»B*R2

HB2 ,*X



Ma l DATE »79150 11/716/27

o 7TO 1103
110? ALF=O
MET«0
CAp=—1
7*b
N«2 .*8
c-»-»-THe trajectory (O ig computed to know je the neutron escapes
C OR 'JOT.
1103 R3*RANDOM<KDb)
ROs-ALAfIJDA<tNE)*AI.0&(R3)
|l E(RO-H>110*.1100 11100
110A 1 E<G-2 .>110*>.1105»1105
110A X*X*RO
00 TO 190
1105 Zz*Z+PO
f,0 TO 190
1100 RFarr*1.
00 TO 370
C THE RANDOM NUMBER R, SERVES To DECIDE UHjCH EVENT TAKES PLACE,
1<IC NAePANDOM <Kb)
IE(RA-PNP)2-50.230.2 0
22n 1E(RA-<PNP +HeC))2“P,?A0, 22?
222 IE(R4-(PNP*PeC*?NG>)223,223,225
225 IF(rA"(PNP*PeC*PNu*P3A>)362»362«22A

C RFACCION C12(N,ALEA)BE9
2 2A CALL ALP"AN Cp)
GO TO 270
C TNTERACCJON JNELAST:CA CON el carbOnO

223 ENESenE-4.4
TECENE-EM1)370,22A»224

224 CALL PROBAURE)

RGBRG*1.
GO TO 190
C JNTERACCJON NP
230 RM2el
C-.---THE SUBROUTINE COSE 0 COMPUTES THE NEW DIR. COSINES Of THE SCA-
C TTERED NCUT«ON ALE« BET AND GAM.

CALL COSENOCSITA. ALp, BET, GAM)
CALL HIDR<ENe,SiTA,p)
4 H»RMe 1
GO TO 270
C INTERACCION eLASTICa DEL CAPBONO

240 PM2=12
CALL CO3FNO<sITA,ALr,BET, GAM)
CALL ELAC(ENE,SITA,;.)

RC8RC* 1.
C-«-—--- IE THE LIGHI PULSE jS > THRESHOLD. THE NEUTRON IS COUNTED, IE IT IS
C not this pulse IS Accumulated in xl in order to be added with other
C PULSES produced for the SAME NEUTRON during its "HISTORY-

270 IE(P-UMBRALH20,360,360
120 XL8XLeP
C-.-,-ThE kil StodY of TI(e .£UTRoN IS EoU owED UNTIL It is ABSORBED
Cc ESCAPED, Or ITS ENEngyY IS DIMjnUISHEd TO 20 XEV
IE «<ENE-EMI1) 370, 2P0’ 2P0
290 R10=RANDOM( <S)
C-»— the new position cx,y,z> oe the neutron is compared with The

c-.-.-SCINTILLATOR DlMENS'ONS_
ROB-ALAVDA<ENE)«*AL Oy<Ric)



c
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C

310
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362
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MAIN DAt£ » 79150 11/16/27

X«X + <RO*AIF >

V» Y«. (RO*RET>

Z»Z*(R0O*r,AM)
ir(AES(Z)"B>310,310,370
RAOCSORT(X**2+Y**2>
tF(»AD“A)340,3A0>370

| F(xI-UrBR AL) 19j ,36 , 360
REACCION C12<N,3ACPIA)

THIS REACTION ES ONIY TAKEN [INTO ACCOUNT IF THE THOESHOCO IS
IS GRATER THAN 0.22
IF<KUMBRAI»0*22>370»360,360
XLBO

RNDSRNOM.

C-B-4-1N RI ARE ACuMULAfE-, THE FOLLOWED NEUTRONS, AND IN RND WHICH OF

c

them were detected, rn is numeer of selected histiries

370 RIERI #1°

390

BOE

802
803

80s
BON
807
808
809
811
812

900
901

902

IF<RI-RN)1A0,390'390

EF I C=RND/RN*100.¢.0r01

ER*I0OO0.*SORr (RN5)/RnrD*.00001

RC»RC/RN*100.*.0001

RH»RH/RN*100>.0001

RGBRG/RN*100.¢.000 1

RE«RE/RN*100.¢ .0001

URITE<6,806>RH

URITE(6,807 >RC

URITE<6,808)RG

URITE<6,809)RE

WRITE(6,811)EF I C

URITE(6,812> ER

URITE(6,902)

format<5X,»Scintillator raoius(Cn>»,f7.3,iox»*half-heightccm>*»F7.
1311)

»0Rf'ATieX, »number histories»,Fe.ol/l>

FOR'laH j X, *CUT-OFF ENERGY (MEV) F7.3,1Ut,=ENERGETIC THRESHOLO(MEV)
2%, F7.3//

formatcsx,®initial energy<mev>»,f?.2//>
fqgRuatisx,"™ elastic scattering cn hydrogen», F8.2//>
FOR"AT<5X,»X ELASTIC SCATTERING ON CARBON»,F8.2//>
FORf'ATCSX, 'X INELASTIC SCATTERING ON CARSON',F8.2 /1)
FORMAT<5X, »X ESCAPE" NEUTRONS»,F8.2// >

FOR"AT(5X,»X EFFI CISNCY' ,F8.2/>

Fo RMAT(5X,* X £RROr "V F8.2/111)

FORMATCSF10-0)

FORf'AT<5X , »CODEsl 0-} 2 IF THE INCIDENCE IS PERP.OR PARAL.' . f5.2// >
FORU’ATtSX, -—-------- , 20X, * 1)

GO TO AO05

END
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CAU3 DATE 3 79I 50 11/16/2?

SUBROUTINE CARG

————— CARG PROVIDES THE C{0S5 SECTIONS FOR THE EVENTS CONSOOIREO

SEM :ARE THE CROSS SECTION FOR THE ELASTIC EVENTS IN THE
ENERGERIC RAnGE(0>07.0.0P>4ev WITH INTERVALS.OLMEV
SEiARE THE CrOSS SEcTiO, FOR ALL Tit EVENTS IN THE ENERGETIC
RANGE <0.1,15> “1IEV a1TW INTcRVAL=0.1>.
TANT AND TAB AP- THPROBABILITIES.
CARG ALSO PROVIDES THF ANGUIAR DISTRIBUTIONS TO CONSIDER THE
anisotropy in the Collisions n-c a-o the angular distribution
OF THE OUTGOING ALP4A-PARTKLE in the REACTION Cl2<N,ALPMA>Bro9.
nL<l> TABULATED DATA of LIGHT OuTPuT IN THE ENERGY RANGE FROH 20
TO 200 KEV
COMF'ON/LIL/SeEV (5>#SEH<i6i2T|TABM("6,2)
COMT*ON/ANI/tENE-f2r. <A2)fADC21,A2>_.ADN<21>
CO”fON PROB1s5,TA0(200(5),SE<200,5)
COMMON /JT*/HN ,RHC .A,ij,G
CO"MON/ALPHa/AOA<2i)
COMI"ON/LIGHI /0LC10>
NCP=5
m|RE=150
rfadcs,13)(Olci>.i=i,10>
READ(5i6) (<bpM<j,h1) ,JI»1 ,8) .1=1.2)
REAO(5.4M<Se(J,I)»J«1.NRE).l«i .NCP>
REAO(5.7)(PE(I1),1=1,6G2>
READ (5.8 ) ((An(J,D .J=1,21) .1=1.42)
READ (5,9)CA0a<I>,1=1,21)
READ(5.14)HN,RHC.A,a,G
DO 1 J=1,NRE
TAB<J,1)=SE<J.1)/<Se(j,i >*<SE(J.2>*SE(J,3)*SE(J.4)*SE(J.5>>/RHC)
DO 3 1=2,NCH
00 2 J=1_.NRt
TAB(j,|)sSE<J,|>/<RmC*SE(J,1>*SE<J,2>*SE<J,3>+SE<J,i>*SE(J,S>>
continue
DO 21 J=1.8
TABI'<j ,1)=StM< J,1)/<SEM<J ,1)+SEM< J,2) /RHC)
TABU<J,2)=SBM<J,2)/<RHC*SEM<J,1)*SEM(J,2)>
FORMAT (l0E8 -0)
FORMAT (8F10 =0)
FORMAT(16F5-0)
FORMAT<7F100>
FORMAT<7F10 «0)
FORMAT(10F7-0>
FORMATC5F10-0)
RETURN
END
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PROBA DATE * 79150 11/10/ET

SUBROUTINE PrOBA(E)
c-n-y-proba chooses the Probabilities for the neutron energy considered

AND THESB_ ONES ARE STORAGEO En THE BLANK COMMON.
common/LiL/seem<b) »semi”. r>#tabm<i*,2>
COMMON PROB<s5),TAB<200,5>
COMMON/JM/HN,RHC,a,B,0
| T<E-0.1>1*2,2

r 00 2o0i =i,5

rn prob<i>«tab<ifix<e*10.*,500i>»i>

T0 3

GO
1 D0 21 1=1*2 , N L. )
rl E)rob i)vtabn (ipix<<E"0,0i>%ioo«t*s051n*i*
ROB =0
PROB <4>p0
PROB(j)bO
5 CONTINUE

return

END
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COSE NO DATE = 150 11714727

SUBROUTINE COSENO<S|TA,AIF,BET,GAM)
COMMON/AN X/EnE, PEU 2>, AO<21 .42 >* AON <21 >

o

©-«-»-COSENO COMPUTES THE CENTER Op MASS COSINE OF POLAR SCATTERING

° ANGLE (SITA> IN BOTy CASESI ISOTROPIC AND ANISOTROPIC SCATTERING,
° AND USES IT TO CALCULATE THE NEW DIRECTION COSjnES INTHE 1ABORA-
Cc TORY SYSTEM.

COMfON/HILDA/RM1, RMg
COMMON/SEMI/KS
IF(RM2-12.)1o0»11»11

10 Rj *RANDOM<KS)
S ITA=<r .*R5>-1.00001
CO TO 14

A~ R12«RANDOM(KS>
IF<ENE .GE .10.89)G0 TO 16
00 1 J=1,41
D=<CPE<J>*PE<J*1>>>/2 -PE<J>
IF <PE <J>.1E*<ENe+D),G0 TO 15
IP<(ENE+D) . IT.PE(1>>G0 TO 10

15 1 P<<ENE*D) .LT.PE<J+1))G0 TO 12

1 CONTINUE

12 L=1J
GO TO 17

16 Lr42

17 00 13 1=1,21

13 ADN(l)m (AD<I,L>)/1.67118
SA«O0
DO 40 K=1#21
SA=ADN(K>+SA
IF(R12-SA>21,21,40

40 CONTINUE

21 WUsK

22 SITA=PLOAT(M-11>/10

14 R8=RANDOM<KS)
XsR8-0.5
SSITAeSEGN(X)*SQRT<i.«SITA**2>

6 R6=RANDOM(KS)

X*R6
R7=RANDON(XS)
V»(2.*R7>-1 «
Q= X**2*Y**2
IF <Q-1 .>5,5 <6
5 CPHI=<CY**2>-(X**2>j/Q
SPHI=(2.*X*Y)/0
RpxRANDOM <KS)
XaR9-0.5
A=SEGN<X>' SORT <1 .+ 2 ,*RM2*SITA6<RM2**2 >>
CCHI=<1,+RM2*SITA)/a
SCHI=<RM2*SsITA)/A
B»1l .-GAM**2
1P<B)7.8,7
7 R11=RANDOM(KS>
X«R11-0.5
BB=SEGN(X>*SoRT(B>
ALF=ALF*CCHI+(GAM*ALp*sCHI*CPHI-BET*SCHI*SPHI)/Be
BET=BET*CCHI*(GaM*BeT*SCHI*CPHI+ALF*SCHI*SPHI)/BS
GAMSGAM*CCHI-BB*SCHj*CpHI
GO TO 9
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COSENO DATE * 79150 11/16/27
8 AI*=SCHI*CpHI
BETc sCH1* SPHx
CANcGAM*CPHI

9 RETURN
END



(o]
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Hton 0ATE « 791S0 11/ 14727

SUBROUTINE HidR(ENE,SITA,P)

WIDR COMPUTES THE E'jRGIES OF THE SCATTERd NEUTRON AND THE RECOIL
PROTON WHEN THE ELASTIC SCATTERING WjTH HYDROGEN TAKES PLACE,
AND ALSO COMPUTES TyE LIGHT OUTPUT DUE TO THE RECOIL PROTON,
COMMON/LIGHI/OL (10>

EPR»ENE*<1,0-SITA)/2.0

ENE=FNE*(1,0*SITA>/2.0

IF (EPR-0.02>5,6,6

P=0.00001

G0 TO U

IF<EPR-0-2>2,2.3

E?Qh;iﬁik((Cepr+-ol)/2,>*ioo,)>

Tia.P5*EPR
rr»-.i*eyp<.r*alog<epr>)
T3=-8.*<1,-EXP<T2)>
PsTi+T3

CONTINUE

RETURN

END
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ELAC

_ns»_ei.ac computes the same as hjdr

UITH CARBON.

SUBROUTINE EIAC<ENE, SITA,p>
ECBO .1i,2*ENE*<1 ,-SITA)

ENEe FNE-EC
P«0,01*EC*0.00001

RETURN

END

in

the

DATE

case

«

of

79150

elastic

11/16/27

scattering
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ALPHA* Oats * 79150 11/10/27

SUBROUTINE ALPHaN<P)

alpman computes thg energ* ano the light pulse 0S the alpha
particle and of the berjliO when the reaction ei2<N,alphaibe?
TAKES PLACES,

COMf'ON/ALPHA/AOA(21 )
common/ anil/ ene

R13b RANOOM(Ks >

SB»0

00 1 1*1,21
S8*A0A(1)/127.A6*SB
'F(RI3-SB>2'2r1

CONTINUE

Ms 1

SI TA=FLOAT(M-11)/10,
0»5,71

FsENE.O

A*0 ,0S325*(ENE/F)
B«0.02367*<eNE/F>
C«0.2e402*<1.-<0/<I12.*F>>>
0s0.63905*<1.-<Q/<12.*F>>)
WRI TE(6,4 >ENE(A, C, T
FORMATC5X, "EnE-A-C-F',4F10,4)
C«2,*SORT (A*C>

EAI=F* <B+D+G*SITA)

EBE* F* (A+C-G*SITA>
PaL*0.046*EA1*0.007*(EAL**, 2>
PBE*.01*EBE

P«PAL*PBE

RETURN

END
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Random date « ?<>150 11/16/27?

FUNCTION RANdOM(KS)

RANDOMCCOMPUTES RANDOM NUMBERS UNIFORMLY DISTRIBUTED BETWEN<O0 »1}
1Y . KS*65539

IF<1Y>5,6,6

IY=1Y+2147"63467+1

YFLmlY

RANOOMeYFL*-A656613e-9

<S=1Y

RETURN

END



32 -

SION DATE « 79150 11/14/27

FUNCTION SE<*N(X)
C-»---seGN IS ONIT TO PROYIOE A SION <4 0* -» 19 THE ARGUMENT

C IS NEGATIVE OR POSITIVE.
1F(§ 0<0 <0
10 SEGE*L.
RETURN
20 SEONE*1.
RETURN
END



C-9-«-
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aU mda oate * 7'iso

FUNCTION A1AnOAiB\E)

N1 ANMA computes the mean free PATH Of the neutron
COMMON/LI 1/Seem (5),SEM(l6 ,2>,TA8M<16 ,2>
COMMON/JIM/HN.RMC.a ,b ,G

COMMON PROB<5>.TAB<200,3),SE<200r5>»SEE<5>

CALL PROBA(EnE>

IF (ENE*0,0'F)2i(,23,23

23 00 22 1-1,5

22 SEE<I>.SECIE %O 5001>"']
ALAMDA-1./<H *(SEE<2>*SEE<3>*SEE(A>*SEE<3>)/RHC>>
CO TO 25

2A 021

25

1*1*2
SEEn<I>«=SEM<IFIX(<E-1E-.01>*100**-s001>*1>
ALAMOAb1l./<HNn*$EEM<1>*<SEEM<2>/RHC>>
CONTINUE®
RETURN
END

Mmnb/Zn
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OuUT FOR SAMPLE PROBLEM






CODE=1 Or 2 IF THE INCIDENCE IS

SCINTILLATOR RAriUS<CM) 6.000
NUMBER of HISTORIES AoOCO.
CUT-OFF ENERQV(MeV) 0.020
INITIAL ENERGYCMEV) 2.70

X ELftSTIC SCATTERING ON HYDROGEN

X ELASTIC SCATTERING on CARBOn
X INEIASTi C SCATTERING °N CAKbOn
X ESCAPED NEUTRONS 33.05
X EFFICIENCY 30-A0

X ERRoR 0.91
- e
INITIAL ENERgY(mev) 1A.50
X erlastic scattering on hydrogen
X elastic scattering on carbon
X inelastic scattering on ca«bon
X ESCApED NEUTRONS S6.97

X EFFICIENCY 20.89

X ERROR 1.09

37

A5 .26

25.68

0

20.27

18.77

PErP.Or PARAE. 2.

*

. qo

. 03

00

HAI F-HEIB6HT<CM> 3.050

ENERGETIC THRESHOLD(MEV)

0.900
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