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ABSTRACT

A dstalled dascription and performanca of the
Honts Carle code oalled CARILD DTH3, developad for the
efficlency and proteon recoil spectra calculation of tha Dual
Thin Bocintillator (DTS8) neutron dataector ig given The code
CARLC DTS covers tha neautren anergy range betwean 1 and 20
MaV The cross eectlons and angular distributions wera taken
from tha ENDF/B-V data file for the nuclear reactions
invelvad H{n,n)H, C(n,n)C and inelsstic scattering, (n,x),
(n,n")3x reactions on carbon-12 Updated wvalues from the
ENDF/B-V]I are considared for the H{n,n)H reactlon ecroms
section Tha thecretical calculstjons are comparad to
axparimantal results at two neutron enargies, namely: 2 446
and 14 04 Ma¥, obtained by means of the Time Corralatad
Asgociated Particle Technigue



oESCRICAO DO CODIGCO DE MONTE CARLO PARA ©
CALCULO DA RESPOSTA DO DETECTOR DE HEUTRONS
CINTILADOR FINO DUAL (DTX}
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RESUND

Este trakslho apresanta uma dascrigho detalhada =
o dsserpanho 4@ um ocddigo da Monte Carlo dsnominado CARLO
DT8, dessnvolvido para o cflculo da eficlincia a espectro ds
altura-de-pulso do¢ detector de neutronst Cintilador Fino
Dus) {DT8) 0O cédlgo CARLO DTS cobre o intervalo de& snargias
dea nlutrons entre 1l a 27 MeV A secglSem de chogua e
distribuigSes angularss foram axtraldas dos arquivos
ERDF/B-V pars as raagBes envelvidas* H{n,n)H, Cin,n)cC,
agpalhamanto inaliestico a reagles(n,a), (n,n'i3a & Cin,n')la
no carpono=12 Valores atualfieadea do arguive ENDFr/B—VI
foram oconmiderados para a reaglo Hi(n,nJH o©Os cllcules
tadrices foran conparados acs resultados exparimentals am
duas ehergias de ndutron, a eabert 2,446 e 14,04 MeV,

obtidos por meic do wAtode da Particula Asscolada
Corrslacionada no Tempa
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1 INTRODUCTION

Tha Monte Carlo code CARLO DTS, developed for the
afficiency and proton recaoll spectra calculation of the DUAL
THIN SCINTILLATOR (DTS) neutron detector e described,
Conplete detalls about the DTE characteristies and
performance are given in refs {[2,3,4]

A mchematic diagram of the detector is shown in
Plg 1 It conalsts of two cylindrical pieces of NE-110
plastic ecintillator ¢ 25§ cm thick, 4 70 and 4 9C¢ cm in
diameter, respeactivaly Each scintillator was coupled to a
palr of RCAR 8850 phaototubes in head-on gacmetry Perspex
light guides are used, with ths same thickness as tha
scintillators Ae a result, most of thae light that reaches
the photocathode {s by +total internal reflection Each
scintillator was wrapped in a 6 6 pm thick aluminum rfoil,
axcapt at the lnterface betwsen the two acintillators, where
a 0 § um thick aluminum foll was used The phototubes and
gecintillatorse were held togeathar inalde of a LoxX which has a
£4 uu thick sluminum window on each eide, in order to maka
the aystem light tight

The code CARLO DT3 ceovars the neautren energy range
between 1 and 20 MeV The use of the detector describad
above batwean 15 and 20 MeV can ba accomplished by changing
tha thicknesa of the second scintillator to about 0 40 em

Tha davelopment of the coda CARIL DTS, sultable
for thae DUAL THIN SCINTILLATOR (DT8) neutron datactor,
started with ths code CARLO BLACK [1%5] davalopad to ba used
for the BLACK NEUTRON DETECTOR efficlency and proton recoll
apactra daterminaticon, at the Argonne National Laboratory
This code has been taken as a basis bacausa it was baing
used rougtinely at the National Inetitute of Standards and
Technology (NIST)} at the time the DTS daetector was davaloped
and bacause 1t has emeveral routines whish are aimilar to
those developed for the DTS neutron datector

As descrlbed in ref [15], the principle of the
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FIGURE 1 - Geomatry of the Dual Thin Scintillator neutron
detector
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oparatien of tha BLACE NEUTRON DETECTOR is very different as
comparad to the DTS neutron detector. For thle reason,
although the original program structure has been mantained,
a great deal of modificationa had to ba introduced in order
to update the coda and fit it to tha DTS detsctor
charactaeristics,.

The block diagram of the CARLO DTS coda is shown
in f£ig 2 The most relevant Jdetalls on this code are
describad in the following sactions Some aspecta which were
kept the same as the original code are ocmitted and can ba
seen in ref [15)

2 GENERAL FEATURES OF THE CODE CARLD DTS

The code CARLO DTE8 consiets of a main program and
fiftasn subroutines Twelve of thesa subroutinea hava been
modified with respect to tha original ones and two of them,
namaly CHANX and LEADR, weare eliminated eince they rafer to
aspacts of tha BLACK NEUTRON DETECTOR geometry which are
nonexistent in the DTS detector

Tha detector parameters and the coordinate asystenm
orientation are shown in figure 3 Tha datector s
considered am a cylinder of haight H  and radiua R, filled
with wcintillator contalning hydrogen wnd carbon of
concentrations H“ and Hc, regpectively fTha neutron bean,
with a radius R, ls assumed to be homogenacus and normally
incident to the detector frontface Nonhowogeneity or other
incidence angles way ke introduced by changing subroutine
SOURCE according to the casa of interast

the cylindrical regiona whare ths scintillators 1
and 3 ars located are called ZONES 1 and 2, respactively
ZONE 23 s located outside the acintillators The
contribution of tha perspex light gulde 1in the dJdetector
ragponsa la not consldered It has been setimated to ba
negligible for neutron bean diameters much smaller than the
deatector diameter [3] Easy mcdifications can ba introduced
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in the code toe calculate the response For neutron beans
comparable or larger than the scintillators The neutron
"history® im followed until it escapes from the =system,
falls below a aspecified threshold snergy E .+ oF remaina in
the systen more than an specified threshold time T,,, The
light yields produced by tha recoll particles or reaction
products are added during the neutron trajectory and
regiptered at tha end of ita "history".

The frequency in the path travelled by tha neutron
is indicated in figure 2 by the arrow thickness In mors
frequent pathe fast calculation tachnigquas or forcad nautron
collision were used in order to reduce the proceasing time
Because the scintillators are thin, a neutron with enargy in
the range of 1 to 15 MeV will hava, on the average, only one
collislon inaide the detecter Tha maximum npumber of
collisions is below nine and the majority of neutrona escapa
the deatector before belng absorbad

To achieve a statistical uncertainty arcund 0 4 ¥
about 10° histories are nacessary, applying tha forcad
colliasicn technigqua Good pulse haight distributione are
obtained with about 4 x 10" historiaas

3 DESCRIFPTION OF THE CODE CARLO DTS CALCULATIONS

This section describes the main featuras eof the
caleculaticn performed by the code CARLO DTS Tha aspacts
which differentiate the coda CARLO DTE as compared ta the
original code CARLIO BLACK are emphasized Soma ugual aspects
of the technique like coordinate transformation are omitted
and can ba aean in raference [15]

Firwt, the parametrization of the nuclear reaction
crogs sectiona and kinematics are introduced ‘Then, the
forced collision technique 18 damcribhed and conaslderations
are made on tha light raesponsa tables for the recoll charged
particles Finally, tha correctionas for lost coincidences
and geometrjcal varlation 1in the 1light collectien are
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presantad
3 1 REACTION CROSS SECTIONS AND KINEMATICS

Table 1 shows tha reactions which contribute to
tha DTS detector responsa, including tha § value and the
firet and second reaction thresholds

The reaction cross sactions warae considered to be
zaro balow the second reactlon threshold All croms section
values were taken from the ERDF/B-V sevaluation (8,16]
Intermediate values to thoas contained in the croes section
tables are obtaiped by linear intarpolation, for all
raactiona involved The tablea contain mesh points
apropriate to the croms mection structure in order to
minimize intarpolation errors, wnainly near the carbon
rasonances

The angular distribution for the slastic
acattering on hydrogen, H{n,n}H, was obtained from Hopkins
and PBrait [10] The <enter-of-mmes pcattering angle & 1ia
ealected by seslmulating a differential cross section
experiment [15%] For this purpose the angular distribution
is normalized at coad = 1

r1m ¢ {cos8'} 3
F{com8"’) F 1L, 0 :fo HIP' (1)

A valua for coad’ fs chosen at random in the
{-1,1]) interval Then a numbar R is chosen at random in the
{0,1] interval If F>R then the trial is accepted and the
scattared nautron enargy is given by :

E = .g [1 + comp?) (2)
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Tahla 1 Reactione which contribute te tha Dual Thin
Scintillator (DTS} detector rasponse

Reaction Q 1at Thrashold 2nd Thrashold
{MaV) (MeV) (MeV)

tH(n,n}lH - - -

1=C{n,n}lic - - -

Heon,n'a) Y -4 413 4 805 5 840

"cin,x) *Be -5 704 6 183 & 428

+ "Ba + a +0 289 - -

- Mo +0 102 - -

whare E is tha incident neutron energy Equation (2} can be
used for both non-relativistic and relativistic cacas
Tha recoil proton snergy is given by .

E- E - E' (3)

The angular distribution data for the elastic
acattering on carkon, C{n,n)C , has bean obtained from
ENDF/B-¥ Since the coafficlents for the expansion in
Legendre polynonials are glven faor the center-of-mass
eystea, it wae necessary a tranaformation to the laboratory
system ln order to be compatible with the Monte Carlo code
Thia tranaformation has been performed uming the following
ralaticonship

*
wl==z Um1": {4)

whara Uu ara the transformation matrix elements taken from
the ENDF/B-V and w and v/ are the Lagendre coefficients in
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the laboratory and center-of-mags systems, respectively Tha
elenents U _ are related to the Jacﬁhinn for the
transforeation of so0lid angles batwean tha two reference
aystems (4]

In the case of reactlon C{n,n}C, tha selection of
tha scattering angle was performaed similarly to the H{(n,n)H
casa For the accepted trial, the elastic scattered neutren

shargy is given by

" )
2
B = E [C::ﬂ + 11 + [l."-ﬂ!ﬂ ] (5}

The coda CARLO DTS has tha option of calculating
E’ relativigtically by tha following formula -

B' =% 2[1+—§§-——]ansﬂ [cnsa+{cuuae+143} “""] "'“3[”HEE:]} .

{1 o[ ] - e [ 2] coie} (6)

where E = 939 573 MaV = nautron rest energy
The carbon recoll enerqgy is given by -
E, = E - E’ {7}

For the Ci{n,n'y)C reaction the animotropy in the
angular distribution of scattered neutrona has bean
conaidered The Legendra coefficients ware <taken fron
raference [9] for the energy range between 8970 and
14930 keV For the remaining energy range (betwasn 4812 and
20000 keV) the ccoefficients wera taken from the ENDF/BR=Y
(8] The =salection of tha scattering angle & has baeen
performed similarly to the H(n,n)H casme For the accepted
trial the energy of the inelastically mcattered neutron was
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calculated in tha center-of-mass asystem by the following
non-ralativistic approximation :

n*-z[“’ 1369 4 Hpcom(t+ F %]"‘]

After calculating Ef, the scattering angle &’ has
been converted to the laboratory angle & 1

12
cond = [1 + ucana'aﬂ];[us + 144 s + :duam'ﬂ] 9)

172
13
whare En » [1 4+ I5 ‘g- ]
The carbon recoll ensxrgy is given by @

E,=E-E-Q (10)

Tha detection of gamma-rays from “C(n,nfr}“c
reaction haz bean calculated separately by meaps of a
siuplifiad Monte Carlo code as described in reference [2).
The resulta af the correction factor due to this affect ara
showvn in Table 2 for a neutron baam incident on the datector
axis For finite beam eirax the correction tends to ba
lowar

The angular distribvwtion of alphas from the
Wein,o)’Be reaction has been considered as isotropic in tha
Laboratory eystes This sinplification ham wvery little
affect on tha results since the discrimination level of tha
proton-recoil sepectrum can always ba chosen above the
channel corresponding to the maxinmum snergy of the alpha
particles produced by thia reaction
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Table 2 Results of the correction factor dusa to the

detection of Jamma-raye from '%E{n.n'rlmc

reaction
Enerqgy correction Energy Correction
{keV} Factor (kaV) Factor
4850 1 0000 6540 1 002%
4930 1 0003 6640 1.0017
4980 1 0005 7180 1.001%
5100 1 0004 BD44 1 0037
5180 1 0oDa 9000 1 o022
5280 1 ooo09 10000 1.0024
5380 1 o014 11000 )l 0024
5550 1 0012 12224 1 0014
5900 1 0019 13250 1 0013
5250 1 0025 14000 1.0010
6350 1 o001 14750 1 oDoB
6410 1 0024 15477 1 0007

The angular distribution of alphaa from the mC{n,n'}:!u:
reaction has been considered as isotrople in the Laboratory
agystem The @ valua for this reaction has bagn determined
considering all the excitatlon energy 1levels, real or
virtual, contained in the ENDF/B-V [8] For sach nautron
energy a sat of excltation probabilities wvalues, P,, hae
been generated for the compound nucleus states  This
probability is the ratloc between the partial croes section
for a given excitaticn state and tha total cross section for
that neutron energy These croez section valuasm were also
obtained from ENDF/B-V The axclitation state ie selacted by
comparing P with a random number R betwsen (0,1) If R<P
the lavel is accepted and ¢ is gilven by the i-th value in
table 3
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Table 3"c(n,n'13u reaction O wvaluss for different
*
axcitation levels of the {°c + n } compound

nuclatia.

level indax Q valua level index Q valua
{keV) {kaV)

1 1275 10 13250
F; 74655 11 12750
3 95638 12 14250
d 10300 13 14750
5 10840 14 15250
& 11350 1% 13750
7 11750 18 162%0
8 122%0 17 16750
9 12780 i1a 17250

3 2 Application of the forced first collisioen technique

This tachnicgue allows a reduction in the number of
higtories followad by tha Monte Carlo code, without
gignificant loss in the statistical accuracy achieved. It
was umsed to define the paoint where tha first nsutron
¢ollision will occur or to make tha neutron <collide
praferantially with the hydrogen atoms in the ecintillator

Tha usa of this technigque is optional in tha coda
carle DTE depending on the input parameters Howavar, ite
usa 1z obligatory inh case of item 2 2 1 desmcribed below, in
order to avoid too largem a number of incldent neutrons
necessary to obtain statistical errors of « 0 5%

3 2 1 Forcad rfirst collislon inside ths datector

The DTS detector has high tranamiesion for Mav
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neutrons, and consequently a low detection efficlency
Tharefore a great numbar of incldent neutrons ahould ke
nacassary to get a low statietical uncertalnty, demanding a
long procesaing time This problemn has besn solved by using
the forced firat collision technigqus In thia casa, the
nautron firet collisjon is confined inside the detactor and
tha distanca to tha firat collision point ism given by (1]1°*

to =2 ln{l - n[1 - nxp(-th}]} (11)
whera*
A= 1/L = average distanca to the first
collision, R 1l a random number in tha
(0,1} interval
and

L= Hr is thae total thicknessa of tha DTS detactor
{0 < £ <L)

This proceadure results in a 100% dataction
afficiancy Tha reduction in tha processing time raaches a

factor around 20 at 15 MaV To the calculated afficlency tha
following detection factor mumt be applied :

D=1[1~exp (~L/A)] (12)

The distance to subaequant collisions ara
calculated by the usual formula

t==-21lnR (13)
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3 2.2 Forced firat collision on hydrogen and ZONE 1

Table 4 mhows the parcentage contribution in the
DTS detector affjiciency from eventa originated by neutron
rirat collision on hydrogan and carbon for different nsutron
sneryiea Between B839-96% contribution comes from avents
whera the first neuwtron collision waa on hydrogen
Table 4 Contribution t¢ the DTS detection efficlency of
svents originated by neutron first collision on
hydrogen, carbon and ZONES 1 and 2 (in percant)

Hautron Contribution to tha Efficlancy (%)
Enerqgy
[MaV)
Hydrogen Carbon ZONE 1 ZONE 2

10 B9 0 11 & 95 B 4 4

2 4 931 B 6 2 96 7 a3

14 0 96 4 36 9B 6 14
8ince the ratic between the total croas sectionas of

hydrogen and carbon are in the range of 0 § te 3, for 1 to
15 MeaV neutrone, the fraction of neutrons which have First
collision on hydrogen is batween 310 and 77 & Thereafora, it
bacomes convenient to force the first collision on hydrogen
in order to reduce tha procesasing time by a factor up te
about 1

A fractlon £ of the incident neutrons is forced
to c©ollida agajinat hydrogen and (1 - 1'“] collide against
carbon atems The number of counts in the proton-recoil
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spactrun bacomes real nunbsara X given by

1 {hydrogen)
X = o ZT (14)
H
—rm;j { -z; 1) [ carbon)

The number of procassed neutrons, HE, givas risa
to a larger number of counta in the proton-raecoill speactrun,
H;, given by i

>
. T
N. = fﬂT H! {15}

Thea processing time is reduced by the factor
H; JH_. At 14 HeV and using £ = 0 9 , this factor is egual
to 2 4

As shown in table 4, between 95 to 5% % of thas
counta which contribute to the efficlency are originated by
a neutron first colliseion in the first scintillator (ZONE
1) Because of the high transmiesion through the detector
for 1 to 15 MeV nuutrqns,.r about half of the neutrone ara
fncident in ZONE 1 and Thalf are i1ncident in ZONE 2
Therefore applying the forced Firet collision in the firat
scintillator (ZONE 1) it 1s poesibla to reduce thas
proceasing time by a factor of 2

A fraction £ a of the Incident neutrons 1is forced
to collide in ZOWE 1 and ({1 - ta} collilide in ZONE 2 The
counts in the proeton-racoll spectrum becomes

X {ecintillator 1)
X = £ {16}
X W_ {prl - 1} fﬂciﬂtillﬂtﬂr 2]

where

P =1 - exp {—IT HH] and

P = 1 -~ exp fHET H)
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The numbar of procassed neutrons H; gives rise to
2 larger number of countse, given by

NO = R’ L + (17)

1
The procesaing time 1ia reduced by the factor
N"_/Hl. The total reduction, including the forced collision
on hydrogen becomes N"_/N_ At 14 MeV and using £t~ f =
0 9, the total reduction ias 4 3

3 3 Pulae height distribution

The light yield produced by protons, alpha
particles and carbon or beryllium nuclei, are obtained by
interpeolation in a light table (17] The light preducad by
beryllium and carbon nuclei are conaiderad to have tha same
value Por each interaction during the neutron history, the
light yleld produced by all particles is accumulatad, giving
rise to a count in the pulse height spectrum en a channel
praportional to the total light produced by the nsutron

The CARLO DTS code calculates two typea of pulse
height spectra In the first, all neutron interactionsa
inside the DTE detector ara included and the proton sscape
affact is not considered In the second, a distiction i=s
made between the histories which start with a neutron
interaction in ZONE 1 and those histories started in ZONE 2
In this casa, only those histories that produce a pulsas
haight in the firat secintillator above tha alesctroniec
discrimination level ars computed in tha final spectrum
Morecver, the eftect of ascape of protons from the
scintillators and the geometrical wvariation in the light
gallaction nare alep taken into account This second
calculated pulse heilght spectrum is much more realistic and
i1s the ons used in the comparisons with the experimental
spectra and for the determination of the theoretical
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efficiency for the DIB detactor

The HE-110 plastic scintillator, uaad in the DTS
detector, has a light reasponse s8lightly different as
compared to NE-213 from which the 1ight table was
taken [17] For thie raeason, tha axperimental determination
of the light yleld for protons in MNE-110 scintillator has
been performed Daetalls of this light yleld measurement are
dapcribed in refarence (2]

once the pulse helight table, as a function of the
proton energy, has bean obtained, tha output proton recoil
spectrum from the CARLO DTS code wak converted into a hew
spectrum according to this new pules halght table Thies
convarslon procedure was performed with a resolution
equivalent to 1/50 of a channel, keeping conatant the total
number of counts in tha spectrum This procedure takes into
account possikle non-linearity in cthe electronice

3.4 Loat coincidences affect

For MeV nsutrons, there is a large effect dua ta
the escaps of protons from the forward face of the first
scintillator in the DTS detector However, tha corresponding
distortien in the proton recoil epectrum is eliminated
axparimentally by detecting these ascaped protonas at the
sacond scintillator, placed behind the firat one Bince this
procadure requires a coincldence signal, there is a lower
limit for +tha firat sacintillator pulse amplituds *o ha
daetectable The sum-coincidence pulses originated from
pulaea in the first scintillator bkelow this limit will be
logt Boma of these lost sum-coincidence pulses can have an
amplitude above the diacrimination lewvel adopted for the
detaection efficiency calculatien (usually 30 % of tha
maximum proton eanergy) Therefore, a corraction for theas
lest coincldences is required At low neutron energies there
are sun-ceincidence pulses mleo due to neutron multipla
scattering {nside the acintillatorse The loxa of such events
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muat be taken into acecount

The loet coincidences affact caused by the escape
of protons has been incorporated in the CARLO DTS code, by
calculating the proton energy fraction deposited insida aach
scintillator

rirst, the proton directional coordinate along the
£ axie, “ﬁ' has bean esvaluated -

v = [_E_]mx'_ w*[—%]”a (18)
where-

w and w' are the neutron directional cooordinates,
before and after the scattering, respectively.

E and E' are the neutron energy, bafora and after
tha scattering, raspectively, and

E is the recoll proton enerqgy

Then, the proton range in scintillator NE110 has
bean avaluated by the following equation

R = exp [£(B)] (1%)
whera*

& 1
f(!ﬁ} -|fuul[1n{3’,] tao)

The coefficlents a were ogbtained by & walighed
least sgquare fitting, from the rangs as a function of the
energy obtained by Jannl (1], for the energy interval

batwean 1 keV and 20 MeV The weights ﬁppliud to the points
followed the usual rule
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o o ) S

The results of n, are shown on table 5
The Z coordinate of the proton has baen determined
from its range at the and peint of the proton path

Z!' = & + WR (22)
P P PP

The fraction of the proton path which la contained
within the firet scintillakor is given by

R, = R(2 - H)/j(2’ - Z) {23)

The remaining enerqgy of the proton as it leaves
the first scintillator, E, is calculated from its range R,
by the fellowing agquation

E = exp [q(R)] (24)
where
g(R) = £ b [w(R)]' (2%)

The values of b wera cbtained similarly as a In
this caas, the weight applied to the pointe has been
¢aleculated by an itarative procedure [5], given by

w
L]

F

L = (26)

wvherea

6
Fmy- :gi b (x )
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and

¥ o e, X = 1R, r; = AF/Bx and w o= lfoj

Tha results of h’ arsa alao shown in table S

Table S Coefficienta from leaat squars fits of ranga vs
proton ehergy (a;} and of proton energy ve
range (b.) (E in Ma¥, R in um)

Indax a, hl

o 3 1132 2 5148

1 1 6048 11381

2 9 Ba27 E=2 1.3538 E~-1
3 - 2 4682 E-2 1.8243 E-4
& = 1 3069 E=3 2 0465 E-3
5 S 4840 E-4 F 53568 E-4
5 8 7859 E~5 3.495%3 E-~5

The observad residues in the fitting of the proton
ranga as a funcotion of the #nergy were always lower than thae
uncartaintiea of the ranges in the tabla The sane has bean
ochasrvad for the inverse relaticonship, proton energy as a
function of its range For proton enargies above 500 kaV,
thase residues were less than 1 & A correction has been
applied to the resulting rangee, in order to account for the
dirference betwesn the denselties of WNELID and the
scintillator PILOT B, for which thse table used 1a
applicabla

For proton energies below 1¢ keV the range is lesa
than 3 ¥ 10" cm For this reason, tha proton ranga has bean
coneidered zarc below this anergy, in order to reduce tha
CARLO DTS processing time
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For those aeavents where the proton escapes
depositing part of its energy in the second scintillator (by
multiple scattering), tha fraction of the trajectory which
ix outside the detactor is given by .

E=E - E
1 L

A {27)

For avants wharae a colncidence takes place, but
the proton recoll is preduced in the second scintillator (by
wultiple smcattering), the fraction of its trajectory which
escapes tha detector is given by

R = Rb (Z, - HT}IEZ;' Epl (24}
corresponding to the energy

E!= exp (g(R})] (29)

In this oase, the contribution to the spectrum is
given by the fraction of tha proton energy which 1w
depositad in tha second scintillator, as follows

- - r
Ez EP E2 {30)

The total light produced by a given neutron in the
Monte Carle cods has baen divided inte two parte: the rirst
one corresponds to tha total light preducad in the first
ecintillater (ZOME 1) and tha second one corresponds to the
total light produced in the second scintillator (ZONE 2)
The eventa which produce a light yield balow a glven
threshold are rejected In this way, the losa of
colncidencea caused by multiple scattering are also
included

The codae CARLO DTS can obtain the correction for
lost coincldences for any valua of the discriminator lower
level by means of the array NCOIN(I}) In thie array are the
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counts from pulses produced in the first scintillator, whose
amplitudes when added to those produced in the second
gcintillater - for the same neutrott — resulte in amplitudes
above the channel corresponding to 390% of the maximum proton
enerqgy

Tha correction for lost coincldences are shown in
fig 4 asz a function of the fractional discriminator lower
leval (ratioc between the channel at the discriminator lower
level and the channel at the end of the spectrum), for
several energles of the incident nautron In this figura,
the discrimination level adopted {for the calculated
afficlency corresponds to 30% of the maximum proton energy

33 variation in light collection

The varlation in the light collection efficiency
at different points in the scintillator has heen taken lnto
account by the following relationship

P(r) = P (0) {1 + ar’) {31}

whera+* P(r} is the average light responas at distance r {in
cm) from tha center of the scintillator For the detector
dascribed in reference [3], the measured values of a ware
0 O0lL07 and O 0040 for the firat and second scintillatora
raapactively

4 RESULTSE OF THE CALCULATIONS
4 1 DTS neutron detaction efficlency

The behavior of the calculated biased efficiency
with neutron energy im shown in fig 5 together with two
experimental points chtained at 2 446 MeV and 14 04 MaV (3]
The curve followas essentially the H{n,n)H cross saction
contributione from C(n,n}C anﬂ.13C{n,n'1]“c cross sactions
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the fractional lower discrimination level



28

E.fﬁ; x 10

119

1.04

1 00

— THEORT-CARLO DTH

3 rxeerimentaL ' !

2078 05 hev

[

E [Mev)

FIGURE 5 - DTE efficiency curve for 1 to 20 Mav neutrons

Bpectrum bias at 30% of tha maximum energy
The points at 2 446 and 14 04 MeV were
abtained experimentally The molid line {is the
Monte Carlo calculation



29

cause some small irregularities in the aefficiency curve,
mainly in the regions of carbon resonances For this curve,
the blas energy was located at 30% of the maxinun energy

A clear correlation betwean tha blased efficiency
and the c¢arbon and hydrogen cross section has besen observed
Particularly, good accuracy in the interpolation of the
afficiency for various neutran energies waa achliseved by the
following formula

c!fah -a + AT + ac, {i1z2)
where
€, ie the biased efficlancy,
L ise the c¢arbon elastic plus inelastic scattering
crosa sactions,

L is tha H(n,n)H cross sactions, a, a a_  are

a’ 3
conetante

The values of A, 8 and a, were obtained by least
sgquares fit between the blased efficlency and tha crosms
mactions The efficlency has been calculated at eseveral
salected neutron energles, at points where the carbon cross
section shows the largest variations Updated results of the
rits are pregented Iin table 6 for three fractional bilas
enarglies, namely © 30, 0 25 and O 40 of the maximum energy
Thaesa afficliencies ware calculated at zero discrimination
lowar laval Tha average accuracy obtained in the
intarpolation goas from 0 & to 1 8% at tha fractional biases
of 0 30 and 0 40, respactively
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Table & Coefficlients of tha intsrpolation formuzla
applicable to the DTS biamed efficiency

fractional a a, A, reduced
bias ¢hi
energy (x10""b™") (x107'p™%) (x10"*p" %  aquara
o 30 % 474 1 %01 1 576 1 04
0 35 a 798 1 664 1 710 1 19
0 40 2 134 1 522 1 719 1 10

The value of a corresponds to the bilased
efficiency without tha nmultiple scattering correction, in
b’ The valuss of a, snd a correspond to the multiple
scattering correction in carbon and hydrogen, respectively,
in b™. The values of a_ decreases with the fractional bias
energy, whareas a  incresses This behavior is explained by
the variation in the spectrum shapes due to wmultiple
scattering For carbon, tha counts ara shifted to lowar
pulse amplitudes, whereas for hydrogen, tha cgounts are
shifted to higher pulme amplitudes [12]

The interpolation formulm described above doea not
take into account wvarlatiensa in the efficiency caused by
angular anisotropy in C(n.,n)C , H{n,mH and *cin,n'yi1%
reactions PFor this reason, in applications where the
higheat accuracy is desirable it is preferable to
intarpolate on parameter Eafl.‘f 4+ @as a function of thea neutron
energy Moreover, the ENDF/B-VI data file should be used for
the H{n,n)H cross sectlion

Figure 6 shows the uncertainties invelved in the



31

calculated efficiency The uncertalinty indicated for the
H{n,n)H cross maction has been taken from ENDF/B=-VI (0 3%}
The predominant contributione toe the total uncertainty are
from the hydrogen areal density and statistics 1in the
caloulation, axcept near the carbon resonance at 2078 keV
where the multiple scattering uncertainty is predominant

The uncertalinty in the correction for lost
colncidences has not been includad in fig 6 since 1t
depends on the discrimination level used This uncertainty
iz estimated to be arcund 10% of the correction (1 a 0 4%}
and has little contributicn in the total uncertainty The
total wunceartainty 1is between 0 B8 to 1 0% except near the
carbon ramsonance at 2078 keV, where it reaches the maximuom
valua of 1 2%

4 Z Proton recoll mpectra

The compariscn betwean the results of proton
recoll spectra calculated by the code CARLO DTS, 1n
comparlison to experimental spectra obtalned at 2 446 MeV
and 14 04 MeV, can be saen in figures 7 and B The fitting
between the calculated and the experimental spectra was
pexformed uming a revised veralon of a code written by Meler
[13], which takes into account the Poisson statisties in the
number of photoelectrona detected The agreement between the
calenlated and the experimental spactrum shapes was
excellent, indicating little seneitivity with respect to the
selected bias enarqy

E DTS AS A NEUTRON EPECTROMETER

In the present work rtha DTS neutron datector has
been uaed to measure neutren fluence However, it can also
k& used as a neutron aspectrometer In this mode, only
coincidence pulses are registered resulting in a peak-shaped

pulse height spectrum as shown In figure 9 This spectrum
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shape 1is desirable because it allows a better eeparation
batween different enaergy components of a complex neatron
spactrum At high neutron energies thils peak-shaped spectrum
is due to the escape of protons from the forward edgs of the
first mscintillator At lower energles the peak still]l exiats
but it is not so well defined In thie case, it 1a produced
by neutron multiple scattering The <ode CARLO DTS can
caleculate the celncidence spectrum by selecting the
corresponding option

The possibility of using thea DTS detector as a
neutren spactrometer hag been investigated by Duvall and
Johnsen [6,7)

& CONCLUSION

The Monte Carlc code callad CARLO DTS provides
efficiency and proton recoil spectrum caleculation for the
Dual Thin Scintillator {DTS) neutron detector in the energy
range from 1 to 20 MeV The code takes Into account the
effect of the escape of protons from the scintillators and
makas use of forced collision techniques in order to reduce
the processing time The overall uncertainty in the
calculated efficiency is betwean 0 8 to 1 0% in the 1-15% MaV
range except near the carbon resonance at 2078 keV, where 1t
reaches the naximum wvalue of 1 2% The uncertainties ara
lower than reported previously due to improvements performed
in the code and to the use of updated H{n,n)H cross section
values The agreement between calculated and experimental
apectrum shapes a¥ two neutron energles, 2 446 and 14 04
MeV¥, was excellent, indicating 1little senslitivity with
regpect to the selected bias energy The DTS neutron
detactor can be alsc used as a neutron epectrometer In thie
mede, only coincidence pulses are counted The resulting
peak-shapad pulsa height spectrum is convenlent for
unfolding complex neutron spectrum Thia feature has been
incorporated in the code CARLO DTS
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The coda CARLC DTS has been written in FORTRAN
language A copy of the code as well as running details are
avallable from the author
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