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In this study, a re duced size neu tron long coun ter with im proved re sponse func tion was de -
signed us ing SuperMC sim u la tion code. The main parts of the re duced size long coun ter are
3He pro por tional coun ter, cy lin dri cal mod er a tors made of poly eth yl ene, chro mium metal
con verter, neu tron ab sorber ma te rial and outer alu mi num cover. A 1.5 cm thick layer of chro -
mium metal was em bed ded into the hy dro gen-rich mod er a tor to en hance re sponse of the long 
coun ter at high neu tron en er gies. The ra dius and length of the long coun ter was re duced to 15 
cm and 35 cm, re spec tively. In this de sign we man aged to ob tain a flat re sponse func tion from
a few keV to 20  MeV en ergy range.  The  an gu lar  re sponse  func tion,  de ter mined  at 0.5 MeV
and 14 MeV neu tron en er gies, con firmed that the re duced size long coun ter de signed in this
study is not sig nif i cantly af fected by in-scat tered neu trons. The re duced size long coun ter is
suit able for use as a stan dard trans fer in stru ment for mon i tor ing neu tron fluence in
mono-en er getic neu tron fields.
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INTRODUCTION

A neu tron de tec tor whose count ing ef fi ciency
does not de pend on neu tron en ergy and the graph of its
de tec tion ef fi ciency ver sus neu tron en er gies is al most
hor i zon tal, is called a flat-re sponse neu tron de tec tor.
Al though no real de tec tor ex ists with a per fectly flat
re sponse over the en tire range of pos si ble neu tron en -
er gies, sev eral de signs have been pro posed that come
close to this ideal [1]. Long coun ters are the most pop -
u lar flat re sponse neu tron de tec tors that have been de -
signed and used for neu tron fluence mea sure ments in
many neu tron me trol o gies [2-4]. Apart from the flat
re sponse func tion, long coun ters are sim ple to use, in -
sen si tive to pho tons and are in flu enced only to a small
ex tent by in-scat tered neu trons [5]. How ever, long
coun ters re quire bulky neu tron mod er a tor cyl in ders
with about 22 cm ra dius or more to ob tain flat-re -
sponse char ac ter is tics.

The larger mod er a tor size can be an un de sir able
source of scat tered neu trons, which causes per tur ba -
tion in the sur round ing neu tron field [6]. An other
prob lem of the ex ist ing long coun ters is that their re -
sponse func tion falls rap idly above 5 MeV. For in -
stance, the re sponse func tion of the long coun ter, first
in tro duced by Hanson and McKibben, was only flat
from 10 keV up to 3 MeV [7].

Stud ies to im prove re sponse func tion and re duce 
the weight and size of long coun ters have been con -
ducted else where [8-10]. For in stance, Tanimura, et
al., (2014) de vel oped a por ta ble and light-weight
neutron long coun ter [11]. They suc cess fully re duced
the long coun ter weight to 15 kg but, their flat neu tron
re sponse ranged from 0.4 eV to 5 MeV, which is not
suit able for high en ergy neu tron mea sure ments such as 
ac cel er a tor-based high en ergy neu tron source, fu -
sion-driven subcritical sys tem and var i ous types of
fast neu tron re ac tors [12-16].

In the pres ent study a SuperMC sim u la tion code
is ap plied to de sign a re duced size long coun ter with im -
proved re sponse func tion from a few keV to 20 MeV. A
chro mium metal tar get is em bed ded in a poly eth yl ene
mod er a tor in or der to re duce the size and to en hance the
re sponse of the long coun ter at higher neu tron en er gies.
The de signed long coun ter is suit able for use as stan -
dard trans fer in stru ment for mon i tor ing neu tron fluence 
in mono-en er getic neu tron fields.

THEORY OF NEUTRON DETECTION
USING LONG COUNTER 

Neu trons in ci dent on the front face of long coun -
ter, par al lel to its cy lin dri cal axis, are slowed down
through in elas tic scat ter ing with hy dro gen and car bon
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at oms of poly eth yl ene mod er a tor. As the neu trons are
slowed down by the mod er a tor, they lose en ergy and
be come ther mal neu trons. These mod er ated neu trons
in ter act with 3He-coun ter through 3He (n, p) 3H nu -
clear re ac tion.

3 1 3 0764He H MeV+ ® + +n p . (1)

The 3He (n, p) 3H re ac tion pro duces pro ton (p)
with 0.573 MeV of ki netic en ergy and tri tium (3H)
with 0.191 MeV of ki netic en ergy [17]. These charged
par ti cles dis si pate their en ergy by ion iz ing the 3He gas
and cre ate elec tron-ion pairs. The elec trons drift to -
ward the an ode and pos i tive ions drift to ward the cath -
ode, al low ing neu tron-events to be de tected, pro -
cessed and counted. Those neu trons in ci dent from
other di rec tions tend to be cap tured in the bo ron and
be ryl lium lay ers with out rais ing the counts.

MATERIALS AND METHODS 

Super Monte Carlo (SuperMC) code 

SuperMC code for neutronics and ra di a tion
trans port sim u la tion is a gen eral, in tel li gent and
multi-func tional pro gram for de sign ing ra di a tion de -
tec tors and per form ing safety anal y ses of nu clear sys -
tems. This code has been de signed, de vel oped and dis -
trib uted un der li cense by The In sti tute of Nu clear
En ergy Safety Tech nol ogy, Chi nese Acad emy of Sci -
ence (INEST, CAS) [18-20].

The lat est ver sion of SuperMC 2.3.7 pro fes -
sional edi tion is equipped with the func tions of ge om -
e try and phys ics au to matic mod el ling and vi su al iza -
tion, it has dif fer ent fea tures in clud ing hy brid MC and
de ter min is tic trans port method, ad vanced ac cel er a tion 
meth ods in trans port cal cu la tion, vi su al iza tion and
vir tual sim u la tion [21-24]. 

Modelling design

A re duced size long coun ter em ploys a 3He-tube, 
as  a  ther mal  neu tron coun ter, with a gas pres sure of
70 kPa, an ac tive length of 25 cm and di am e ter of 5 cm. 
In ner poly eth yl ene mod er a tor of ra dius 9.5 cm, and
length 30 cm sur rounds the coun ter. Outer poly eth yl -
ene mod er a tor of 15.0 cm ra dius and 35 cm length fol -
lows the in ner mod er a tor. Lay ers of ab sorber ma te ri -
als, bo ron ox ide and be ryl lium ox ide of 2 cm thick ness
each, are in serted be tween the in ner and outer mod er a -
tors in or der to pre vent the coun ter from un wanted
scat tered neu trons. Fig ure 1 shows the model of the re -
duced size long coun ter.

Small poly eth yl ene cyl in der of 2.5 cm ra dius
and 5 cm length is in serted in front of the coun ter in or -
der to im prove the re sponse func tion at lower neu tron

en er gies. A chro mium metal tar get of 1.5 cm thick ness
is em bed ded in side the in ner mod er a tor to im prove the
re sponse func tion at higher neu tron en er gies. Alu mi -
num sheet is used for hous ing the re duced size long
coun ter.

Adopted technique 

Tech nique of re mov ing a por tion of poly eth yl -
ene mod er a tor and in sert ing a chro mium metal tar get
of small thick ness, en ables long coun ter size to be re -
duced and re sponse func tion at higher neu tron en er -
gies to be im proved. This tech nique was first pro posed 
by Birattari, et al., 1990 [25]. By in sert ing a 1cm thick
lead metal into the mod er a tor of rem coun ter, Birattari, 
et al. man aged to im prove the re sponse func tion of
rem coun ter above 10 MeV. How ever, chro mium
metal tar get is pre ferred and used in this study be cause
of its small den sity as com pared to lead.

Monte Carlo simulations

In SuperMC, the neu tron source is mod elled as a
par al lel monoenergetic beam, emit ted from a plane
sur face sit u ated at 100 cm away from the front face of
the long coun ter, as shown in fig. 2. The di am e ter of
the source is equal to 30 cm, same as the ex ter nal di am -
e ter of the long coun ter. This ar range ment en sures that
all emit ted neu trons strike the long coun ter. The re -
sponse was eval u ated from the 3He gas den sity of
2.5034×1019 at oms/cm3 and 25 cm ac tive length of the
ther mal neu tron coun ter. 

In all the sim u la tions, the lat est ENDF/B-VII.1
eval u ated nu clear data li brary was used for all ma te ri -
als [26]. The S (a, b) treat ment op tion was used based
on MT (poly.01T) card to ac cu rately ac count for ther -
mal neu tron scat ter ing within the poly eth yl ene mod er -
a tor. 

The re sponse is de fined as;
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Fig ure 1. SuperMC model of the re duced size
long counter 
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where M are the counts and f(En) is the neu tron
fluence, with units cm–2. The units of re sponse are thus
cm2.

The fluence re sponse, R [cm2] of the long coun -
ter was cal cu lated us ing the for mula
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where T4 is the track length tally es ti ma tor for fluence 
with units of par ti cles per cm2, V – the ef fec tive vol -
ume of 3He-tube, A – the source sur face area, n – the
atomic den sity in the ef fec tive vol ume, s n, p (

~
)E j  is

the cross-sec tion for (n, p) in ter ac tion, and 
~

( , )E E Ej j jÎ -1  is the en ergy of a slowed down neu -
tron in the de tec tor vol ume in the range j – 1 to j. 

RESULTS AND DISCUSSION

Response function of the long counter

The to tal re sponse func tion of the re duced size
long coun ter is found to be al most flat for an en ergy
range from 1 keV to 20 MeV (fig. 3). The mean value
of the re sponse is 3 cm2 over the en tire en ergy range,

with a ±5.1 % max i mum rel a tive de vi a tion to the
mean. Small poly eth yl ene cyl in der in serted in front of
the ther mal neu tron coun ter plays an im por tant role in
im prov ing the re sponse func tion at lower neu tron en -
er gies, by re duc ing the in flu ence of ther mal neu trons,
which would oth er wise in ter act with the coun ter and
lower the re sponse.

Chro mium metal tar get in serted in the mod er a tor 
in creased the re sponse func tion to neu trons with en -
ergy greater than 10 MeV via (n, 2n) spallation re ac -
tion, which pro duced two lower en ergy neu trons,
while no sig nif i cant ef fect was ob served on neu trons
with en er gies be low 10 MeV. Chro mium metal was
cho sen as con verter ma te rial be cause of its good neu -
tron cross-sec tion and low den sity of 8.9 g/cm2, which
makes it use ful in im prov ing re sponse and re duc ing
the weight and size of long coun ter.

Angular response function

It is es sen tial to cal cu late the an gu lar re sponse of
the re duced size long coun ter in or der to an a lyze its be -
hav ior in re la tion to the neu tron scat ter ing ef fect. The
an gu lar re sponse was cal cu lated us ing SuperMC code
for neu tron en er gies at 0.5 MeV and 14 MeV. The an -
gle of in ci dence was var ied from 0° to 360°, at in ter -
vals of 15°, as shown in fig. 4. The an gu lar re sponse
val ues ob tained for each an gle were nor mal ized at 0°.

As shown in fig. 4, the re duced size long coun ter
gives max i mum re sponse for neu trons in ci dent at 0°

par al lel to front face of the coun ter. In ci dent neu trons
that strike the coun ter on the sides or per pen dic u lar to
the front face have a poor re sponse. This shows that
the annuli of be ryl lium ox ide and bo ron ox ide, in -
serted in the mod er at ing me dium as neu tron ab sorb ing
ma te rial, play an im por tant role to sup press de tec tion
of scat tered neu trons in ci dent from the sides of the re -
duced size long coun ter.
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Fig ure 2. Sim u lated par al lel neu tron beam strik ing the
font face of re duced size neu tron long coun ter

Fig ure 3. The re sponse function of the de signed long
coun ter, cal cu lated from SuperMC code

Fig ure 4. Nor mal ized an gu lar re sponse func tions of the
re duced size long coun ter, at 0.5 MeV and 14 MeV
neu tron en er gies



Effective centre of the long counter

Ef fec tive cen ter is the ex act po si tion at which the 
long coun ter (as sumed as a point de tec tor) mea sures
the neu tron fluence in a di ver gent beam. Due to their
cy lin dri cal ge om e try and fi nite depth, the ex act po si -
tion of ef fec tive cen ter of long coun ters is not ob vi ous.
The po si tion var ies with en ergy, so the ef fec tive cen ter
has to be de ter mined for par tic u lar en ergy spec trum in
which it is used [27]. The ef fec tive cen ter was cal cu -
lated us ing

N r
A

r r
( )

( )
0

0
2

=
+

s (4)

where N(r0) is the count rate of the long coun ter at the
po si tion of ef fec tive cen ter, r0. As is the long coun ter
cross sec tion area. Cal cu la tion of count rates was per -
formed in vac uum us ing SuperMC code, in the en ergy
range from 0.565 to 20 MeV. Long coun ter po si tion
was var ied for 24 dif fer ent source-to-de tec tor dis -

tances, r  in a step of 20 cm each, rang ing from 80 cm to 
540 cm. The coun ter rates ob tained at 14 MeV neu -
trons en ergy were plot ted against the source to long
coun ter dis tances, as shown in fig. 5. The ef fec tive
cen ters were then ob tained us ing the least squares fit
method with two free pa ram e ters (As and r0), at each
neu tron en ergy point.

The ef fec tive cen ter of the re duced size long
coun ter is 9.57 cm from the front face of the coun ter, as 
shown in fig. 6. The po si tions of the ef fec tive cen ter
in crease with in creas ing neu tron en ergy. This is due to
the fact that high-en ergy neu trons pen e trate deep into
mod er a tor, as com pared to low-en ergy neu trons.

CONCLUSION

In this study, we re duced the size of the long
coun ter to 15 cm in ra dius and 35 cm in length, which
is  smaller  than  the  stan dard  long  coun ter  of  about
22 cm in ra dius and 46 cm in length. The di men sions,
ma te ri als and ge om e try of the body of the long coun ter 
were all op ti mized in many tri als through SuperMC
cal cu la tions un til the flat re sponse func tion, for an en -
ergy range from a few keV to 20 MeV, was ob tained.
Through SuperMC code the an gu lar re sponse and the
ef fec tive cen ter of re duced size long coun ter were de -
ter mined. The de signed re duced size long coun ter can
eas ily be used as a trans fer stan dard in stru ment for
fluence mea sure ments in mono-en er getic neu tron
fields.
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DIZAJN  DUGOG BROJA^A  NEUTRONA  SMAWENIH  DIMENZIJA
SA  RAVNOM FUNKCIJOM  ODZIVA  OD  NEKOLIKO  keV  DO  20  MeV

Primenom SuperMC simulacionog programskog paketa, dizajniran je dugi broja~
neutrona sa smawenim dimenzijama. Glavni delovi ovog broja~a su 3He proporcionalni broja~,
cilindri~ni moderatori izra|eni od polietilena, hromni metalni konvertor, apsorbuju}i
materijal za neutrone i spoqa{we aluminijumsko ku}i{te. Sloj hromnog metala debqine 1.5 cm
dodat je moderatoru bogatom vodonikom kako bi se unapredio odziv dugog broja~a pri visokim
energijama neutrona. Polupre~nik i du`ina broja~a smaweni su na 15 cm i 35 cm, respektivno.
Ovim  dizajnom  uspeli  smo  da   dobijemo   ravnu   funkciju  odziva  za  energije  od  nekoliko  keV  do
20 MeV. Funkcija ugaonog odziva, odre|ena pri energijama od 0.5 MeV i 14 MeV, potvrdila je da
rasejani neutroni nemaju zna~ajnog uticaja na ovako dizajniran broja~. Dugi broja~ sa smawenim
dimenzijama mo`e se koristiti kao standardni prenosni ure|aj za mon i tor ing fluensa neutrona u
monoenergetskim neutronskim poqima.

Kqu~ne re~i: neutronski detektor, dugi broja~, funkcija odziva, fluens neutrona, SuperMC


