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In or der to study the fea si bil ity of us ing light weight 241Am-Be radionuclide ref er ence neu -
tron ra di a tion field for the cal i bra tion of neu tron mea sure ment in stru ments, this pa per re -
ported the Monte Carlo sim u la tion work on free field ref er ence neu tron ra di a tion, stan dard
ref er ence neu tron ra di a tion reg u lated by ISO-8529 se ries stan dards and minitype ref er ence
neu tron ra di a tion we de signed. The dis tri bu tions of dose equiv a lent rates and neu tron en ergy 
spec trum in dif fer ent con di tions, such as dif fer ent room types, dif fer ent room sizes and dif -
fer ent shield ma te ri als were the main sim u la tion con tents for an a lyz ing the char ac ter is tics of
the three types of ref er ence neu tron ra di a tion. Ac cord ing to the sim u la tion re sults, the o ret i cal 
sup ports were pro vided for the dis cus sion on the minitype ref er ence neu tron ra di a tion for
cal i bra tion pur pose.

Key words: Monte Carlo, 241Am-Be radionuclide source, ref er ence neu tron ra di a tion,
neu tron en ergy spec trum, dose equiv a lent rate

IN TRO DUC TION

Neu tron ra di a tion me trol ogy is im por tant in ra -
di a tion pro tec tion field [1]. In stru ments ap plied for
neu tron ra di a tion mea sure ment, such as neu tron am bi -
ent dose equiv a lent in stru ment, rem me ter or neu tron
en ergy spec tros copy, are ex tremely im por tant tools to
en sure the safety of nu clear fa cil i ties and de vices, as
well as ra dio ac tive work ers [2]. Termly cal i bra tions
should be taken out to en sure the per for mances of
these in stru ments. Gressier et al. [3] ex plained the def -
i ni tion and tech nol ogy sta tus of cal i bra tion for neu tron 
mea sure ment in stru ments. At pres ent, all cal i bra tion
works of neu tron mea sur ing in stru ments should be
carried out in ref er ence to neu tron ra di a tions around
the world. Radionuclide neu tron sources, that are the
ref er ence stan dards be cause of the quan ti ties, neu tron
fluence and neu tron dose equiv a lent, can be re al ized in 
lab o ra to ries. So, they are of fun da men tal im por tance
to neu tron me trol ogy [4]. The ISO-8529 se ries stan -
dards reg u lated the radionuclide sources ap plied for
cal i bra tion pur pose in clude 241Am-Be, 252Cf, and
252Cf + D2O [5-7]. How ever, in most ra di a tion pro tec -
tion sit u a tions, the neu tron en ergy spec tra are dif fer ent 

from those gen er ated by radionuclide sources de -
scribed above. There fore, ISO-12789 se ries stan dards
reg u lated the sim u lated work place ref er ence neu tron
ra di a tion field, whose char ac ter is tics are more sim i lar
to the real mea sure ments [8-10]. But, the sim u lated
work place ref er ence neu tron ra di a tion is quite com -
plex. The ir ra di a tion fa cil ity in cludes radionuclide
source, ac cel er a tor, or re ac tor. More over, in or der to
achieve ideal neu tron en ergy spec tra, var i ous ab sorb -
ing, or scat tered ma te ri als are placed be tween the pri -
mary neu tron source and point of test, in or der to
change the dis tri bu tion of neu tron en ergy spec trum.
There fore, there are few metrological ser vices
equipped with sim u lated work place ref er ence neu tron
ra di a tion. Last year the China In sti tute of Atomic En -
ergy has built a sim u lated work place ref er ence neu tron 
ra di a tion  and it was the first one in China. So, the gen -
eral ref er ence neu tron ra di a tion for cal i bra tion pur -
pose is still gen er ated by radionuclide sources, at pres -
ent [11-13].

In the stan dard ref er ence neu tron ra di a tion
(SRNR) reg u lated by ISO-8529 se ries stan dards, con -
tri bu tion of scat tered neu trons to the in di ca tion should
be less than 40 %. This reg u la tion not only elim i nates
the in flu ence of scat tered neu trons on the in stru ment
in di ca tion from do sim e try view, but also pre vents the
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cal i bra tion de vi a tion caused by the scat tered neu trons
with com plex en ergy dis tri bu tion, to the in stru ments
with dif fer ent en ergy re sponses. To meet the de mands, 
the min i mum size of the ref er ence neu tron ra di a tion
should not be less than 3 m × 3 m × 3 m (open ceil ing
type room is smaller but the in com pletely en closed
struc ture was not in con sid er ation in this study) [5].
With the cor re spond ing shield fa cil i ties, the heavy
weight and large size make it in con ve nient to move. 

With the de vel op ment of nu clear sci ence and
tech nol ogy, the de mands of in situ cal i bra tion of nu -
clear de tec tors are ob vi ously in creas ing. In gamma
me trol ogy field, re mov able cal i bra tion de vices are de -
vel oped for the cal i bra tion of area and por ta ble gamma 
de tec tors, as well as per sonal do sim e ters [14, 15]. In
neu tron me trol ogy field, no rel a tive re searches on
such re mov able cal i bra tion de vices are re ported.
Based on this, this work car ried out a study on the
Monte Carlo sim u la tion on 241Am-Be ref er ence neu -
tron ra di a tion. First, we sim u lated the free field ref er -
ence neu tron ra di a tion (FRNR) and SRNR reg u lated
by ISO-8529 se ries stan dards. Then we sim u lated a
pro posed minitype ref er ence neu tron ra di a tion
(MRNR) com pared to the SRNR and dis cussed the
fea si bil ity of the MRNR ap pli ca tion for cal i bra tions of 
neu tron mea sur ing in stru ments.

METHOD

The 241Am-Be ref er ence neu tron ra di a tion
model in this study in cluded FRNR, SRNR reg u lated
by ISO-8529 se ries stan dards and MRNR we de -
signed. The en ergy dis tri bu tion data of 241Am-Be
source was from ISO-8529 and the spec trum were
shown in fig. 1. The neu tron emis sion rate was set as
2.5×106 s–1. The Monte Carlo code Geant 4 was em -
ployed as sim u la tion tool to cal cu late the mode
[16-18].

In the de scrip tion of the three types of ref er ence
ra di a tion, some quan ti ties would be men tioned re peat -
edly. There fore, we will de fine them in ad vance.
– The dis tance be tween the point of test and

241Am-Be source was de fined as D.

– The dose equiv a lent rate gen er ated by all neu trons
at the point of test, in clud ing main neu tron beam
from 241Am-Be source and scat tered neu trons, was
de fined as E.

– The dose equiv a lent rate caused by only scat tered
neu trons at the point of test was de fined as C.

– The ra tio be tween C and E was the con tri bu tion rate 
of scat tered neu trons and it was de fined as R.

Free field ref er ence
neu tron ra di a tion

In ISO-8529 se ries stan dards, the FRNR is de -
fined for irradiators per formed in free space with no
scat ter or back ground ef fects. In our sim u la tion work,
241Am-Be radionuclide source was placed in the geo -
met ric cen tre of the place large enough and the me dium
was air. FRNR is the sim plest ref er ence neu tron ra di a -
tion. Sim u la tion work on FRNR is ap plied for com par -
ing with the SRNR and MRNR, which will help us to
un der stand the SRNR and MRNR well.

Standard ref er ence
neu tron ra di a tion

In ISO-8529, three type of rooms for SRNR
build ing are reg u lated. The room type in cludes cu bical 
type room, half-cu bical type room and open ceil ing
room. Ta ble 1 shows the min i mum room length for 40
% room re turn of 241Am-Be radionuclide source. L, W,
and H are the length, width and height of the room re -
spec tively.

In this study, open ceil ing room was not in con -
sid er ation. The sizes of cu bical and half-cu bical type
room were set as is shown in tab. 1. Thick nesses of
each side were set as 0.3 m. In the sim u la tion, dif fer ent
shield ma te ri als, bo rated 5 % poly eth yl ene, con crete,
lead and iron, were ap plied for re search. The D were
set as 0.75 m, 0.85 m, 0.95 m, 1.05 m, 1.15 m, 1.25 m,
and, 1.35 m, re spec tively. The sche matic of the two
ref er ence ra di a tions were shown in fig. 2.

Minitype ref er ence neu tron
ra di a tion

Com pared to SRNR, there are no rel a tive laws to
reg u late the size of MRNR and it is a non-stan dard ref -
er ence ra di a tion. Con sid er ing it is a re mov able de vice
and should be avail able, three rules be low should be
fol lowed when de sign ing a MRNR.

Y. Liu, et al.: Monte Carlo Sim u la tion Study on the 241Am-Be Radionuclide ...
284 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2020, Vol. 35, No. 4, pp. 283-293

Ta ble 1. Min i mum room length for 40 % room re turn
of 241Am-Be radionuclide source (D = 75 cm)

Room
type

Cu bical
type room

(L = W = H)

Half-cu bical
type room

(L = W = 2H)

Open
ceil ing

(L = W = 2H)

Min i mum
size 3.0 m 4.3 m 2.9 m

Fig ure 1. Neu tron en ergy spec trum of a 241Am-Be source; 
(BE – spec tral source strength, BE = dB/dE,
B – neu tron source strength)



– The space of MRNR should be able to con tain
radionuclide neu tron source, source con tainer,
neu tron mea sur ing in stru ment and its sup port
plat form. More over, the above quan tity D should
not less than 75 cm. Based on the above con di -
tions, the size and weight should be as small as
pos si ble.

– Thick ness of the shield box of MRNR should be as 
thin as pos si ble in the ba sic of meet ing the ra di a -
tion shield re quire ments.

– Scat tered neu tron com po nents in MRNR should
be re duced as much as pos si ble in the con di tion of
proper size and shield ma te ri als range.

Based on the afore men tioned rules, se ries
MRNR with proper sizes, shown in tab. 2, were ap -
plied for sim u la tion.

The 5 % bo rated poly eth yl ene was se lected as
the shield ma te rial and the thick ness was set to 0.3 m.
Dis tance be tween 241Am-Be radionuclide source and
left side of the shield box was kept 0.3 m. The D were
still set as 0.75 m, 0.85 m, 0.95 m, 1.05 m, 1.15 m, 1.25
m, 1.35 m. The me dium in the MRNR was air. The
phys i cal model of the MRNR is shown in fig. 3. 

Shadow cone

Ac cord ing to ISO-8529 se ries stan dards, shadow
cone method is an im por tant cor rec tion method of C in

the cal i bra tion. It can mea sure the C di rectly. Shadow
cone is con sisted of two parts: front part made of iron
and rear part made of 5 % bo rated poly eth yl ene. In the
sim u la tion work, the cone an gle was set as 18°. The
lengths  of  the front part and rear part were 20 cm and
30 cm, re spec tively. Dis tance be tween the 241Am-Be
source and shadow cone was kept at 10 cm for dif fer ent
ref er ence neu tron ra di a tions.

RE SULT OF SIM U LA TION
AND DIS CUS SION

Characteristics of FRNR

Dose equiv a lent rate in neu tron ra di a tion field is
cal cu lated through fluence at the point and fluence-
dose equiv a lent rate con ver sion co ef fi cient from ICRP 
74 re port. Fluences at dif fer ent points were sim u lated
by Monte Carlo method. Dis tri bu tion of dose equiv a -
lent rates in FRNR with and with out shadow cone are
shown in fig. 4.

From fig. 4, we no ticed that dis tri bu tion of E in
the FRNR, with out shadow cone and dis tance, fol -
lowed the in verse-square law. Al though, as we have
known, that the shadow cone shielded al most all neu -
trons from 241Am-Be radionuclide source and the val -
ues of E re duced sharply at dif fer ent points of test but,
they were still not ze ros. The ef fects we an a lyzed may
be from the air scat tered neu trons, which were the C
men tioned above. The C pre sented de crease trend with 
the in crease of D. Ta ble 3 shows the cal cu lated con tri -
bu tion pro por tions R of C. The R pres ents the in verse
re la tion ship com pared to the E with the D in crease.

For fur ther re search, neu tron en ergy spec tra dis -
tri bu tions were sim u lated with and with out shadow
cone, at dif fer ent points of test. The re sults are shown
in fig. 5.
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Fig ure 2. Model of SRNR

Ta ble 2. The MRNR with dif fer ent sizes

Length [m] Width [m] Height [m]

2.3 1.5 1.5

2.2 1.4 1.4

2.1 1.3 1.3

2 1.2 1.2

1.9 1.1 1.1

1.8 1 1

Fig ure 3. Phys i cal model of
MRNR; (a) with out shadow
cone and (b) with shadow cone



In the FRNR, count rates of neu tron en ergy spec -
tra, at dif fer ent points of test, de crease reg u larly with
the in crease of D, ac cord ing to the fig. 5(a). The shapes 
of the spec tra were sim i lar with the pure 241Am-Be
neu tron spec trum. In fig. 5(b), due to the shield ef fect
of the shadow cone, the dis tri bu tions of the spec tra
were cha otic with low count rates. Count rates of the
neu trons with low en ergy were higher than those with
high en ergy. In gen eral, the FRNR was an ideal ref er -
ence neu tron ra di a tion field. The char ac ter is tics of it
were easy to be un der stood.

Characteristics of  stan dard
ref er ence neu tron ra di a tion

In ISO-8529 se ries, the usual shield ma te rial of a
SRNR is con crete. Other com mon shield ma te ri als for
neu tron ra di a tion field are bo rated poly eth yl ene and
par af fin. Con sid er ing that in  neu tron ra di a tion field
may ex ist in ter ac tions which may gen er ate gamma
rays, lead and iron are usu ally ap plied for shield ing
gamma rays. There fore, con crete, 5 % bo rated poly -
eth yl ene, lead and iron were ap plied for the shield ma -
te ri als in our sim u la tion work. The dose equiv a lent
rates dis tri bu tions in SRNR with dif fer ent shield ma te -
ri als are shown in fig. 6.

From fig. 6, with D in creas ing, dose equiv a lent
rates showed de crease trend at dif fer ent points of test
in SRNR with dif fer ent shield ma te ri als, which were
the same with the FRNR. How ever, no mat ter whether
in cu bical type room or in half-cu bical type room, the
dose equiv a lent rates, at points of test, were larger than 
those in FRNR. It was be cause the neu trons from
241Am-Be source in ter acted with the shield wall and a
large num ber of scat tered neu trons were gen er ated.
The con tri bu tions to dose equiv a lent rates in SRNR
com pared to FRNR are shown in fig. 7.

Ac cord ing to figs. 6 and 7, SRNR with four shield 
ma te ri als which were sorted as lead, iron, con crete and
5 % bo rated poly eth yl ene, ac cord ing to C from big to
small at the same point of test. Com par ing the four ma -
te ri als, the C in SRNR con structed of 5 % bo rated poly -
eth yl ene or con crete were smaller than in SRNR con -
structed  of lead and iron, ob vi ously. It was be cause 5 %
bo rated poly eth yl ene and con crete con tained a large
num ber of hy dro gen at oms, which pos sess strong mod -
er a tion and ab sorp tion abil ity to neu trons. For lead and
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Fig ure 4. Dis tri bu tion of dose equiv a lent rates in FRNR
with and with out shadow cone

Ta ble 3. Con tri bu tion of scat tered neu trons to dose equiv a lent rate at dif fer ent points

Dis tance [m] 0.75 0.85 0.95 1.05 1.15 1.25 1.35

Con tri bu tion of scat tered neu trons 1.54 % 1.69 % 1.71 % 1.75 % 1.79 % 1.80 % 1.85 %

Fig ure 5. Neu tron en ergy spec tra at dif fer ent points of
test; (a) with out shadow cone and (b) with shadow cone

Fig ure 6. Dis tri bu tions of dose equiv a lent rates in SRNR
with dif fer ent shield ma te ri als: shield ma te rial – (A) 5%
Bo rated poly eth yl ene, (B) Con crete, (C) Lead, (D) Iron;
Solid line shows half-cu bical type room and Dot ted line
shows was cu bical type room)



iron, the ab sorp tion and mod er a tion abil ity are rel a -
tively weak. The above re sults in di cated that 5 % bo -
rated poly eth yl ene was the most proper shield ma te rial
for neu tron ra di a tion the o ret i cally. How ever, due to the
high cost for build ing such a large SRNR for ac tual ap -
pli ca tion, in sti tutes usu ally choose con crete in stead of 5 
% bo rated poly eth yl ene. The C in half-cu bical type
room were smaller than those in cu bical type room due
to its big ger size, which lead to fewer scat tered neu -
trons. Be sides, we no ticed an in ter est ing phe nom e non
that with the in crease of D, the C pre sented de crease
trend in half-cu bical type room while in crease in cu -
bical type room. It may be easy to un der stand that the C
will de crease with the in crease of D. How ever, for cu -
bical-room with such a small size, with the in crease of
D, the point of test is close to the in ner wall of ra di a tion
field, and the scat tered neu trons from in ner wall of the
ra di a tion field were stron ger than the at ten u a tion
caused by the in crease of D. The C in SRNR var ies a lit -
tle at dif fer ent lo ca tions, but the dose equiv a lent rates
caused by main neu tron beam and scat tered neu trons,
were de creas ing with the in crease of D. There fore, C in -
creases with the in crease of D. Ac cord ing to C and E in
SRNR, R can be cal cu lated, which is shown in tab. 4.

From tab. 4, the R in SRNR with dif fer ent shield
ma te ri als were all in creas ing with the in crease of D.
When the shield ma te ri als were 5 % bo rated poly eth yl -
ene or con crete, the R were less than 40 % at all of the
points of test. When the shield ma te rial was con crete,

the  val ues  of  R  were  about  twice of that shielded by
5 % bo rated poly eth yl ene.

The C at dif fer ent points of pre vi ous test, were
achieved ac cord ing to FRNR and they were treated as
ideal C. In ac tual work, shadow cone is widely used for 
achiev ing the ac tual C. In or der to com pare the dif fer -
ence be tween the ideal C and ac tual C, we car ried out
the sim u la tion on the SRNR with shadow cone. The
ideal C and ac tual C are pre sented in tab. 5, as well as
the er rors be tween them.

From tab. 5, the er rors be tween ideal C and the
ac tual C in crease with the in crease of D over all in cu -
bical type room. In half-cu bical type room, when 5 %
bo rated poly eth yl ene was em ployed as the shield ma -
te rial, the er rors pres ent a de crease trend with the in -
crease of D. When the shield ma te rial was con crete,
the er rors were all within 4 %. The above re sults in di -
cated that there was ob vi ous dif fer ence be tween the
ideal C and ac tual C, es pe cially in cu bical type room
with such size, which will help us to iden tify the sit u a -
tions of shadow cone. 

In or der to study the neu tron com po si tion at dif -
fer ent points of test, the neu tron en ergy spec tra were
sim u lated. The neu tron en ergy spec tra dis tri bu tions of
cu bic type room and half-cu bical type room, at dif fer -
ent points of test, are shown in figs. 8 and 9, re spec -
tively. Lead and iron ma te ri als were not in con sid er -
ation. The left fig ure is the whole neu tron en ergy
spec trum and the right fig ure pres ents the range of
count rate from 0 s–1 to 2 s–1. Sim i lar fig ures be low
were all ap plied for this pre sen ta tion style.

When the shield ma te rial was con crete or bo -
rated poly eth yl ene, the counts of each en ergy chan nel
of the neu tron en ergy spec tra, at dif fer ent lo ca tions,
de crease reg u larly with the in crease of D. The shape of 
en ergy spec trum above 2 MeV is sim i lar to that of
241Am-Be neu tron source. The en ergy spec trum of the
en ergy band within 2 MeV is dif fer ent from that of the
241Am-Be neu tron source due to the in crease of
counts. Com pared to con crete, the count rate in creased 
less be low 2 MeV in SRNR shielded by 5 % bo rated
poly eth yl ene.

Characteristics of MRNR

Com pared with SRNR, the de sign idea of
MRNR was light weight. It means that the size and vol -
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Fig ure 7. Con tri bu tions to dose equiv a lent rates in
SRNR: shield ma te rial: (A) 5 % Bo rated poly eth yl ene,
(B) Con crete, (C) Iron, (D) Lead; Solid line pres ents
half-cu bical type room and Dot ted line was pres ents
cu bical type room

Ta ble 4. The R in SRNR with dif fer ent shield ma te ri als

Room type 0.75 m 0.85 m 0.95 m 1.05 m 1.15 m 1.25 m 1.35 m

Cu bical (A*) 7.70 % 9.72 % 11.94 % 14.34 % 16.91 % 19.66 % 22.60 %

Half-cu bical (A) 6.79 % 8.37 % 10.02 % 11.71 % 13.45 % 15.22 % 17.01 %

Cu bical (B) 15.54 % 19.18 % 22.98 % 26.92 % 30.98 % 35.17 % 39.50 %

Half-cu bical (B) 13.51 % 16.39 % 19.33 % 22.29 % 25.23 % 28.14 % 31.00 %

Cu bical (C) 40.08 % 46.41 % 52.24 % 57.53 % 62.32 % 66.62 % 70.50 %

Half-cu bical (C) 34.90 % 40.46 % 45.56 % 50.23 % 54.44 % 58.25 % 61.70 %

Cu bical (D) 50.57 % 56.85 % 62.33 % 67.07 % 71.17 % 74.71 % 77.80 %

Half-cu bical (D) 44.45 % 50.37 % 55.61 % 60.20 % 64.22 % 67.73 % 70.82 %

* Shield ma te ri als: (A) 5 % bo rated poly eth yl ene, (B) Con crete, (C) Iron, and (D) Lead



ume should be as small as pos si ble. Mean while, it
should be able to con tain the neu tron radionuclide
source, source con tainer and the de tec tor to be cal i -
brated. In the sec ond sec tion of this pa per, the size of
MRNR se ries that meets the re quire ments, is listed.
Af ter com par ing the four shield ma te ri als, 5 % bo rated 
poly eth yl ene was the best shield ma te rial for con -
struct ing an MRNR with such small size. The dis tri bu -
tions of E and C are shown in fig. 10 re spec tively. 

From fig. 10, the E in MRNR in crease more than
those in SRNR. With the in crease of dis tance be tween

241Am-Be source and point of test, the C showed de -
crease trend, which was ob vi ously dif fer ent from
SRNR shown in fig. 7. Ac cord ing our anal y sis, the
241Am-Be source was not lo cated at the geo met ric cen -
ter but near the side of MRNR. There fore, the closer to
the ra di a tion source, the more scat tered neu tron com -
po nents from the wall scat tered, which lead a larger
con tri bu tion to dose equiv a lent rate. Ta ble 6 showed
the R in MRNR with dif fer ent sizes. 

It  in di cated  that  when  the  shield  ma te rial  was
5 % bo rated poly eth yl ene, the MRNR with the size of
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Ta ble 5. Com par i son of the ideal C and ac tual C in dif fer ent room type ref er ence neu tron ra di a tion with dif fer ent shield
ma te ri als (unit: mSvh–1)

Room type 0.75 m 0.85 m 0.95 m 1.05 m 1.15 m 1.25 m 1.35 m

Ideal C 4.38 4.40 4.44 4.49 4.55 4.63 4.74

Cu bical (A) * Ac tual C 4.54 4.54 4.40 4.25 4.06 3.80 3.47

Er ror 3.74 % 3.11 % –0.81 % –5.35 % –10.84 % –17.86 % –26.90 %

Ideal C 3.82 3.73 3.64 3.55 3.47 3.40 3.33

Half-cu bical (A) Ac tual C 4.33 4.25 4.07 3.89 3.72 3.57 3.43

Er ror 13.38 % 13.83 % 11.70 % 9.46 % 7.20 % 5.09 % 3.06 %

Ideal C 9.65 9.69 9.77 9.87 10.04 10.27 10.60

Cu bical (B) Ac tual C 9.08 9.21 9.11 8.92 8.66 8.28 7.71

Er ror –5.95 % –4.91 % –6.73 % –9.59 % –13.75 % –19.38 % –27.31 %

Ideal C 8.19 8.01 7.84 7.69 7.54 7.41 7.30

Half-cu bical (B) Ac tual C 8.20 8.30 8.09 7.84 7.61 7.39 7.17

Er ror 0.11 % 3.62 % 3.16 % 1.98 % 0.93 % –0.32 % –1.73 %

* Shield ma te ri als: (A) 5 % bo rated poly eth yl ene and (B) concret

Fig ure 8. Neu tron en ergy spec tra dis tri bu tion in cu bical type room: shield ma te ri als; (a) 5 % bo rated poly eth yl ene and
(b) con crete



2 m×1.2 m×1.2 m was a proper de sign be cause the
con tri bu tion  pro por tions  were  all  less than 40 % at
points of test in the range of 0.75 m-1.35 m. Based on
this, the ideal C and ac tual C were sim u lated to un der -
stand if shadow cone was proper to be ap plied in
MRNR with the size of 2 m × 1.2 m × 1.2 m. The re -
sults were shown in tab. 7. 

From tab.7 we no ticed that the er rors be tween
ideal C and ac tual C were sta ble ex cept that for D equal 
to 0.75 m and 0.85 m. Com pared to SRNR, the er rors
showed dif fer ent trends with the in crease of D. There -
fore, when shadow cone is em ployed in SRNR or
MRNR, more at ten tion should be paid to the points of
test which were close to the in ner wall of ra di a tion or to 
the 241Am-Be source.

In ad di tion to the dose equiv a lent rate dis tri bu -
tion of MRNR, we also sim u lated the en ergy spec -
trum dis tri bu tion of MRNR. For the MRNR of 2 m ×
×1.2 m × 1.2 m, the dis tri bu tion of en ergy spec trum,
at dif fer ent points of test, is shown in fig. 11.

Com pared with the en ergy spec trum dis tri bu tion
of  SRNR and FRNR, the in crease of neu tron count rate
in MRNR is sig nif i cant in the en ergy range be low 2
MeV. The max i mum value of the neu tron spec trum had
risen doz ens of times. From the dis tri bu tion of the spec -
tra, there were a large num ber of scat tered neu trons in
the MRNR, which changed the spec trum com po nents.
There fore, for neu tron mea sure ment in stru ments with
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Fig ure 9. Neu tron en ergy spec tra dis tri bu tion in half-cu bical type room: shield ma te ri als; (a) 5 % bo rated poly eth yl ene
and (b) con crete

Fig ure 10. Dis tri bu tions of E and C in MRNR:
(a) E and (b) C



dif fer ent en ergy re sponse, a great dif fer ence may ex ist
in the mea sur ing re sults.

Comparison of the three types of
ref er ence neu tron ra di a tion

Based on the previous sim u la tion, com par i son
of the three types of ref er ence neu tron ra di a tion was
pro posed. In the com par i son, the shield ma te rial of the
SRNR and MRNR was 5 % bo rated poly eth yl ene. The

size of MRNR was se lected as 2 m × 1.2 m × 1.2 m, ac -
cord ing to our es ti ma tion. The com par i son in cluded
dis tri bu tion of dose equiv a lent rates and neu tron en -
ergy spec tra.

First, the dis tri bu tion of equiv a lent rate, E and
scat tered con tri bu tion, R for three types of ref er ence
neu tron ra di a tion, were shown in fig. 12. 

From fig. 12, the in creases of dose equiv a lent
rate in MRNR were more ob vi ous than that in SRNR.
The scat tered con tri bu tions from scat tered neu trons in
MRNR were about three times big ger than in SRNR.
All R cal cu lated by ac tual C were smaller than that for
ideal C. This phe nom e non is more ob vi ous in MRNR.
It means that the shadow cone is more proper to be em -
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Ta ble 6. The R in MRNR with dif fer ent sizes

Size [m] 0.75 m 0.85 m 0.95 m 1.05 m 1.15 m 1.25 m 1.35 m

2.3 × 1.5 ×1 .5 19.94 % 22.86 % 25.59 % 28.15 % 30.53 % 32.78 % 34.91 %

2.2 × 1.4 × 1.4 21.13 % 24.12 % 26.92 % 29.51 % 31.92 % 34.21 % 36.39 %

2.1 × 1.3 × 1.3 22.44 % 25.53 % 28.36 % 30.98 % 33.44 % 35.77 % 38.02 %

2.0 × 1.2 × 1.2 23.91 % 27.05 % 29.98 % 32.58 % 35.07 % 37.46 % 39.79 %

1.9 × 1.1 × 1.1 25.55 % 28.74 % 31.65 % 34.33 % 36.86 % 39.32 % 41.84 %

1.8 × 1.0 × 1.0 27.37 % 30.59 % 33.51 % 36.22 % 38.83 % 41.49 % 44.39 %

* Shield ma te ri als: 5 % bo rated poly eth yl ene

Ta ble 7. Com par i son of the ideal C and ac tual C in MRNR (2.0 m × 1.2 m × 1.2 m) (unit: mSvh–1)

0.75 m 0.85 m 0.95 m 1.05 m 1.15 m 1.25 m 1.35 m

Ideal C 16.48 15.15 14.01 12.95 12.08 11.34 10.73

Ac tual C 12.97 13.33 12.76 11.84 11.14 10.41 9.75

Er ror –21.26 % –12.01 % –8.97 % –8.57 % –7.71 % –8.20 % –9.12 %

Fig ure 11. Neu tron en ergy spec tra dis tri bu tion in
MRNR with size of 2 m × 1.2 m × 1.2 m; (a) the whole
neu tron en ergy spec trum and (b) range of count rate
from 0 s–1 to 2 s –1

Fig ure 12. The E and R of three type of ref er ence neu tron
ra di a tion; (A) ideal C and B, ac tual C



ployed in SRNR with large size, which is ac cor dant
with the stan dards.

In the com par i son of the dis tri bu tion of neu tron
en ergy spec tra, the point of test was at the dis tance of
0.75 m to the 241Am-Be source. Com par i son is shown
in fig. 13.

From fig. 13, the neu tron en ergy spec trum in
FRNR was sim i lar to the pure 241Am-Be neu tron en -
ergy spec trum. For SRNR and MRNR, the count rate
in the en ergy range above 5 MeV was al most the same
as that for FRNR. How ever, in the en ergy range be low
5 MeV, with the de crease of en ergy, the count rate in -
creased grad u ally. 

Discussion on the fea si bil ity of MRNR
for cal i bra tion

From the pre vi ous sim u la tion re sults, it can be
seen that the dose equiv a lent rate dis tri bu tion and en -
ergy spec trum dis tri bu tion, of the three types of neu -
tron ref er ence ra di a tion fields, are quite dif fer ent. Al -
though, the con tri bu tion from scat tered neu trons in the 
MRNR with the size of 2 m × 1.2 m × 1.2 m, or larger,
was less than 40 %, at the points of test within 0.75
m-1.35 m range, it was still sig nif i cant and should be
cor rected. The shadow cone tech nol ogy was proved to
be em ployed in ref er ence neu tron ra di a tions with large 
size above. In ad di tion to the shadow cone method
men tioned above, there are still an other three scat tered 

neu tron cor rec tion meth ods: the gen er al ized fit
method, the semi-em pir i cal method and the re duced
fit ting method. The lat ter three meth ods, when the ra -
di a tion field, de tec tors and other re quired con di tions
are ful filled, the cor rec tion re sults of the dif fer ent
meth ods agree rea son ably well. Be sides, there are
strong lim i ta tions on the type and ge om e try of the in -
stru ments to be cal i brated and the 241Am-Be source
should be lo cated at the geo met ric cen ter of the ra di a -
tion field. There fore, the above scat tered neu tron cor -
rec tion meth ods are not proper for the cal i bra tion in
MRNR. If we want to ap ply MRNR for the cal i bra tion
of neu tron mea sure ment in stru ments, rea son able and
ef fec tive neu tron scat ter ing cor rec tion method should
be de vel oped.

Be sides, from to the en ergy re sponse view, the
dis tri bu tion of neu tron en ergy spec tra at the points of
test in MRNR showed a sig nif i cant vari a tion in the
241Am-Be spec trum (spe cially in the epi ther mal re -
gion). The en ergy re sponse of dif fer ent neu tron mea -
sure ment in stru ments may vary greatly. This dif fer ence
will lead to great er rors in the mea sure ment re sults.
There fore, the ap pli ca tion lim i ta tion of MRNR should
be taken into con sid er ation. In the fu ture, a lot of re -
search should be done on the en ergy re sponse cor rec -
tion method of MRNR for neu tron mea sure ment in stru -
ment cal i bra tion.

CON CLU SIONS

Ac cord ing to our sim u la tion re search, for ref er -
ence neu tron ra di a tion gen er ated by 241Am-Be
radionuclide source, the FRNR was the ideal ref er ence 
ra di a tion. The struc ture of FRNR is sim ple and the
dose equiv a lent rates at each points of test in the field
and the dis tance to the 241Am-Be source, fol low the in -
verse square at ten u a tion re la tion ship. Con tri bu tions to 
the dose equiv a lent rate from scat tered neu trons were
small and they can be neglectable. How ever, it is im -
pos si ble to build such a ref er ence ra di a tion.

The sizes of the SRNR in our sim u la tion work
were set as the min i mum value reg u lated by ISO-8529
se ries stan dards. Con tri bu tions to the dose equiv a lent
rates in SRNR from scat tered neu trons were ob vi ous.
When 5 % bo rated poly eth yl ene or con crete were used
as the shield ma te ri als, con tri bu tions from scat tered
neu trons de creased ob vi ously due to the strong mod er -
a tion and ab sorp tion abil ity for neu trons. Based on the
above sim u la tion work, points of test in the range of
0.75 m-1.35 m from the 241Am-Be all meet the re quire -
ment that the con tri bu tion of scat tered neu trons is less
than 40 %. In prac tice, the SRNR can be en larged to
make its char ac ter is tics closer to the FRNR.

For MRNR, the size of 2 m × 1.2 m × 1.2 m was a
proper de sign when it was shielded by 5 % bo rated
poly eth yl ene. How ever, there is still a large num ber of
scat tered neu trons, which changes the dis tri bu tion of
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Fig ure 13. Com par i son of the neu tron spec tra
dis tri bu tion in the three types of ref er ence neu tron
ra di a tion



the neu tron spec trum com pared to FRNR. The dose
equiv a lent rate in creases ob vi ously. The ac tual C, cal -
cu lated through the shadow cone tech nol ogy, shows
ob vi ous de vi a tion com pared to the ideal C. There fore,
if the MRNR is ap plied for the cal i bra tion of neu tron
mea sure ment in stru ments, proper scat ter ing cor rec -
tion method should be de vel oped. More over, study on
the de vi a tion caused by dif fer ent en ergy re sponse of
neu tron mea sure ment in stru ments and en ergy re -
sponse cor rec tion meth ods, should be car ried out in
the fu ture work. 
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Jisin QU, Sung XANG, Jikuen ]EN, Ju~en HUANG, Beng|ang MAO, Peng FENG, Xi}ang ^EN

PROU^AVAWE  MONTE  KARLO  SIMULACIJOM  REFERENTNOG
NEUTRONSKOG  ZRA^EWA  IZ  241Am-Be  IZVORA  RADIONUKLIDA

Da bi se prou~ila upotrebqivost poqa referentnog neutronskog zra~ewa od lakog
241Am-Be izvora za kalibraciju instrumenata za merewe neutrona, u ovom radu je izlo`ena Monte
Karlo simulacija slobodnog poqa referentnog neutronskog zra~ewa regulisanog ISO-serijom
standarda i i referentnog neutronskog zra~ewa minitipa, koje smo dizajnirali. Raspodela ja~ina
ekvivalentne doze i neutronskog energetskog spektra u razli~itim uslovima, kao {to su razli~iti 
tipovi i veli~ine prostorija i razli~iti za{titni materijali, bili su glavni predmeti simu-
lacije za analizu karakteristika tri vrste referentnog neutronskog zra~ewa. Prema rezultatima
simulacije, dobijene su teorijske osnove za raspravu o minitip referentnom neutronskom zra~ewu
u svrhu kalibracije.

Kqu~ne re~i: Monte Karlo, 241Am-Be izvor radionuklida, referensno neutronsko zra~ewe,
..........................neutronski energetski spektar, ja~ina ekvivalentne doze


