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A Monte Carlo study of contraband detection
using fast neutron resonance technique
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Fast neutron resonance technique was simulated using MCNP-4B (Monte Carlo N-Parti -
cle System) to find its usefulness to contraband inspection. By applying neutron techniques,
elemental composition of the material in question can be characterized, by which existen ce
of explosives or narcotics are recognized among many other stuffs being investigated. To
obtain fast neutron flux, D(d,n)3He reaction was chosen and using a computer code,
DROSG-2000, we produced the flux with variables of energy and neutron radiating angle.
Neutron energy range of 2.25 to 5.25 MeV, which includes apparent resonance peaks for
carbon, oxygen and nitrogen, was applied to the simulation. By moving around the neutron
source, a set of a material to be investigated and neutron detector experiences neutrons in
the form of narrow line beam with different energies as the angle to the neutron source
changes. By positioning the set of the material and detector at several angles, we can obt ain
the equal number of linear equations to solve as the number of applied angles. Total
attenuation of neutron flux obtained at different angles was calculated by using the results
of MCNP-4B simulation cases. Among many trials with different number of energy range
segmentations and number of element in the material in question, feasible results could be
found when the number of elements was five and energy bin was five to nine. More cases
when the material in question was mixed or covered with interfering elements such as Al,
Ni, Cr, Mn, Fe and Si were also simulated to show the increase of relative error up to 50 %.
More studies to decrease the size of error occurring when the material in question exists with
interfering elements and the effects of applying broad beam to the system are required.

Cmoco6 pesoHaHca OBICTPBIX HEHTPOHOB CMOJEJIUPOBAH C HNPUMEHEHUWEeM cucTeMbl MoHTe-
Kapio MCNP-4B c menbio ompenejeHUs ero IIOJE3HOCTH O OOHAPYKeHHs KOHTpabaHIBI.
ITIpumeneHVe HEUTPOHHON TEXHUKM IIO3BOJIAET 0XapaKTePU30BATDH JJIEMEHTHBIM COCTAB WCCJIE-
IyeMOoro MaTepuaja, OTKyZa MOMKHO OOHAPYKHUTH HAJIWYME B3PLIBUATHIX BEINECTB WM HAPKO-
TUKOB CpeIy MHOXKeCTBa APYIUX HCCIeAyeMbIX BellecTB. [[Jis MoJydyeHUsA ITOTOKA OBICTPHIX
HeiTpoHOB OblLia BhIOpaHa peaxknusa D(d,n)3He, u, mcmonbsys xommnbiorTepHbI Koz DROSG-
2000, MBI MOJEJHMPOBAJM TAKOH IOTOK C BAapbUPOBAHMEM JSHEPIUM M yIJIa PacXOsKICHNA
HeHATpoHOB. IIpyM MOAEeIMPOBAHNN MCIIOJL30BAJICA AUANA30H SHEPrUM HEWTPOHOB oT 2,25 mo
5,25 MbsB, B mpefesax KOTOPOI'0 BO3HMKAIOT ABHBIE PE30HAHCHLIE IUKM YIVIEPOLa, KUCI0OPOLA
u asora. IIpy mepeMelleHHMM COBOKYIIHOCTH 00pasila MCCIELYyEeMOI'0 MaTepHaia U AeTeKTopa
HEHATPOHOB BOKPYT MCTOUHMKA HEHTPOHOB IOCIEeAHNE NETeKTUPYIOTCS B BHIE Y3KOTO IIyYKa C
Pa3INYHON SHepruei, 3aBHUCAINEHA OT yIJIa IIOBOPOTA OTHOCUTEJNBHO MCTOYHHKA HEHTPOHOB.
PacmoJsiaras COBOKYIHOCTH 00pasma HMCCAELYyeMOT0 MaTepuaaa W JeTeKTOpa HEeNTPOHOB IO
Pa3INUYHLIMHU yIJIaMH, MOXKXHO IIOJYYHUTH YMCJIO JUHEHHBIX YpaBHEHUI, paBHOE YMCIY YIOM-
HYTBIX yIJIOB. IloJIHOE 3aTyxXaHMe HEeMTPOHHOI'O IIOTOKA, IMOJYUYEHHOrO IIPK PA3JMYHBIX YIax,
PAaCCUMTAHO C MCIOJb30BAHNEM Pe3yJabTaToB MojeaupoBanud mo MCNP-4B. ITocie MHOMKecTBa
nmpo6 C PasINUYHLIMHM YHCJIAMM 3JHEPreTHUYEeCKUX IOAAMANA30HOB M UMCJIAMH 3JIE€MEHTOB B
HCCIe[yeMOM MaTepuajie IPaBAoNoJo0HbIe Pe3yIbTAThl ObLIN HOJYUYEHEI IJIS YMCJA 3JIEMEHTOB
5 M 4ymcya SHEPreTHUYEeCKUX MOAAMAIA30HOB OT 5 70 9. MomeaupoBaHbl TaK:Ke TOIOJHUTENhb-
HBIE CJIyYam, KOor[a MCCAeAYeMbIil MaTepray CMeIllaH WM MOKPBIT MEIIAIoIMMHI dJIeMeHTaMu,
mamnpumep, Al, Ni, Cr, Mn, Fe u Si, u mokasaHno, 4To IpM 5TOM OTHOCHUTEJLHAS IOTPEIIHOCTD
Bospactaer m0 50 % . Ias CHUKEeHUS HMOTPEITHOCTH, BOSHUKAIOIIEH MPU COBMECTHOM IIPUCYT-
CTBUM MEIIAIOIUX JJIEMEHTOB M HCCIeAyeMOT0 MaTepuasa, U BBIACHEHUS BINAHHUA IPUMe-
HeHH’A IIUPOKOro NyYKa HeoOXOAMMEBI JOMOJHUTEJLHBIE NCCAeLOBAHMA.
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In September of 1989, a horrible accident
was occurred where a DC-10 airplane of
Union de Transportes Aeriens (UTA) de-
parted from N’Djamena and heading to
Charles de Gaulle airport in Paris was ex-
ploded in the 35,000 feet air by the explo-
sive which is believed to be placed by the
Islamic Jihad rebels taking the death toll of
161 people (5 crew members and 156 pas-
sengers) [1]. Generally, explosives have a
higher nitrogen ratio and density, and usu-
ally they exist in the form of nitrate (-NOj).
They also have characteristics of high oxy -
gen, low hydrogen and carbon content and
density of approximately 1.5. A general
method to detect such contraband (articles
under embargo) is to use X-ray that inter-
acts with the electrons of the material in
question and the attenuation coefficient of
X-ray has very close relation to the electron
density of the material and the X-ray en-
ergy. Major factors attribute to X-ray at-
tenuation are compton scattering and photo -
electric effect. Although photoelectric ef-
fect is effective in materials with high
atomic number such as metals and inorganic
matters, its efficacy decreases as X-ray en-
ergy increases. In case of materials with
low atomic number such as organic matters,
compton scattering plays an important role
in X-ray attenuation and it causes far less
energy change [2]. With an ordinary X-ray
detection method, it is very difficult to
clearly identify light elements such as hy-
drogen, carbon, nitrogen, and oxygen.
Thus, technologies to detect contraband
using a fast neutron with more than 1 MeV
of energy are getting attention. The aim of
this study is to distinguish hydrogen, carb -
on, nitrogen, and oxygen, which are the ele-
ments of interest contained in contraband
goods, and subsequently identify such con-
traband goods by generating neutrons with
2~6 MeV of energy and analyzing element
specific resonance which depends on the
total decrement coefficient of the subject
material.

Originally, a fast neutron resonance
technology (FNRT) was developed in a labo -
ratory of Witwatersrand/DeBeers Univer -
sity (Republic of South Africa) to detect a
piece of diamond (approximated diameter of
3 mm) inside kimberlite rock. This must be
tested using moving conveyer belt. It de-
tects the existence of target material using
carbon specific resonance reaction peak
within the neutron energy range of
7~8 MeV. In other words, it detects target
material by distinguishing carbon specific
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on-resonance peak from other off-resonance
peaks using single peak [3]. Since this
method has characteristics that it produces
specific resonance for a single element
while does not for the other elements, it is
difficult to distinguish the peaks when
more than two elements are contained in
the sample and it has low neutron transmit -
tance rate. To compensate such disadvantages
of the method using a single peak, we choose
the energy range where the element of inter -
est forms broad resonance characteristics.

D-D and p-T nuclear reaction are the
most common method to obtain monoener -
getic neutron source, and for this study, we
used DROSG-2000 code and calculated neutron
energy distribution, neutron reaction cross sec -
tion, neutron yield as a function of angle.

To evaluate the feasibility of FNRT as a
method to detect explosives we employed
TNT, a representative explosive that has
been used in the military for more than
100 years, as the subject of this simulation
and the simulation was performed using
MCNP code. Also the relative errors, which
are dependent on the number of element,
were analyzed when interfering elements
such as Al and SUS410 were presented in
the sample. In addition, with hexamine that
has high nitrogen content and
polypropylene, a common raw material for
plastic, as interfering materials, the rela-
tive errors of when TNT was the only sub-
ject and when interfering materials were
also presented are compared and analyzed.

DROSG-2000 code was used to obtain
monoenergetic fast neutron that fits for the
aim of this study. This code is comprised of
data files contains experimental values ob -
tained from IAEA Nuclear Data Section and
it enables us to perform 59 different
monoenergetic neutron production simula-
tions [4]. Big-4 reaction is a representative
reaction of monoenergetic fast neutron pro-
ducing nuclear reactions using small accel -
erators [5]. Among those, D-D and p-T nu-
clear reactions are fit for this study and
they can be described as follow

2H +d =3He + n + 3.269MeV, (1)

SH + p=3He + n - 0.763MeV. (2)

In case of D-D nuclear reaction, @ value
of the reaction is 3.269 MeV and neutron
has a broad energy range as consequence.
The range within monoenergetic neutron is
produced is 2.45~7.71 MeV. p—T nuclear re-
action displays relatively better yield at
threshold energy wvalue of 1.148 and
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Fig. 1. D-D neutron energy as a function of
angle: I — E;=1.0 MeV;

2 — E;=1.5 MeV; 3 — E;=2.0 MeV;

4 — E;=2.5 MeV; 5 — E4=3.0 MeV;

6 — E;=3.5 MeV; 7 — E4~4.0 MeV.

8.34 MeV, does not have nuclide residue ex -
citation, and is a neutron source that pro-
duces monoenergetic neutron of few MeV.

Fig. 1, 2 summarize the change of neu-
tron energy as angle changes in D-D and
p-T reactions. In D-D nuclear reaction,
when accelerated deuteron has energy range
of 1.0 ~ 4.0 MeV, neutron has broad energy
range of 4.14 ~ 7.26 MeV at 0° and the
range of neutron energy produced is de-
creases as the angle increases. In case of
p—T nuclear reaction, when accelerated pro-
ton has energy range of 5.0 ~ 8.0 MeV, neu-
tron has energy range of 4.22 ~ 7.23 MeV
and 1.28 ~ 2.32 MeV at 0° and 120° respec-
tively. Thus it satisfies the purpose of this
study. If the target material is thick, accel -
erated particle loses some energy before it
produces neutron. In D-D reaction, neutron
displays broad spectrum up to 120° and
narrow spectrum where the angle is greater
than 120°. Compared to neutron source of
D-D reaction, p-T reaction has broader
spectrum in general.

The dimension of subject is always lim -
ited. Each part of the subject is being
probed with neutrons that have different
energies and angles. In other words, neu-
trons display various spectrums at different
detectors. The energy of neutron depends
on the energy of accelerated particle, and
various neutron spectrums are produced at
different angles according to thickness of
the subject. The energy of neutron also de-
pends on the angle.

The changes of neutron reaction cross
section as angle changes in D-D and p-T
nuclear reaction are presented in Fig. 3 and
4, respectively.
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Fig. 2. p—T neutron energy as a function of
angle. 1 — Ep = 5.0 MeV;

2 — Ep=5.5 MeV; 3 — Ep=6.0 MeV;

4 — E =6.5 MeV; 5 — E =7.0 MeV;

6 — E =7.5 MeV; 7 — E,=8.0 MeV.
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The distribution patterns of neutron re-
action cross section in D-D and p-T reaction
are different. While p-T reaction shows
relatively bigger changes of cross section as
angle changes, D-D reaction shows no ap-
parent changes of cross section when the
angle is greater than 40°, irrespective of
the energy of accelerated particle because
the energy loss (stopping power) due to in-
teraction between deuteron beam and the
subject is small. The neutron energy spec-
trum is leveled at any angle. Since the total
neutron yield of D-D nuclear reaction is
1.8851010 neutron/pAlS and that of p-T
nuclear reaction is 1.8661011 neutron/pAls,
p—T nuclear reaction has higher yield.

Fig. 5 is schematic presentation of FNRT
rotational geometry with different angles.
Rotational geometry is different from to-
mography because tomography creates vari -
ous images with different projections ac-
quired by rotating both the subject and de-
tector, but with this FNRT, neutrons
generated by fixed accelerator have various
energy spectrums according to their angle
of emission. In FNRT method, the subject
being probed with neutron comprises an as-
sembly with detector and rotates at desig-
nated angles to produce various images.
Fig. 6 shows the total cross section accord -
ing to neutron energy distribution with dif -
ferent angles when E; ;= 2.5 MeV and
AE; = 0.6 MeV. Although element specific
resonance characteristics are observed at
various energy ranges, the resonance peaks
of different elements are superimposed in
most energy ranges. Thus, it is very diffi-
cult to determine element composition ratio
of a certain material that contains more
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Fig. 3. D-D differential cross section as a
function of angle: 1 — E4~1.0 MeV;

2 — Eg;=1.5 MeV; 38 — E;=2.0 MeV;

4 — E;=2.5 MeV; 5 — E4=3.0 MeV;

6 — E;=3.5 MeV; 7 — E;=4.0 MeV.

than one element. Section 4 discusses about
the method to solve this problem.

The governing equation for fast neutron
follows exponent decreasing law described
as equation (3) below.

N = Nye ¥, 3

Where N, Ny, U, and x are the attenu-
ated the neutron number in a small area of
the detector, corresponding source neutron
number without attenuation, effective at-
tenuation coefficient-cm?2, and the effective
total projected atomic content-#/cm?2, re-
spectively. Neutron flux has energy distri-
bution and consequently the attenuation co -
efficient has a certain relationship to neu-
tron reaction cross section or average
neutron reaction cross section but they are
not the same. Furthermore, most materials
are comprised of more than one element,
superimposed resonance peaks occur as in
Fig. 6. To compensate this problem, linear
attenuation model is employed.

Ax = b. 4)

The equation above has limitation to ad-
dress that total attenuation coefficient is
the sum of attenuation coefficients of indi-
vidual elements and it is difficult to clearly
determine element composition ratio of tar-
get material. Thus, we generated matrix A,
a pseudo inverse matrix of matrix A, calcu-
lated attenuation coefficients of individual
elements of matrix A, then obtained matrix
I,.x, by multiplying it by pseudo inverse
matrix A. We also calculated vector b,
which represents total attenuation, then fi-
nally obtained equation for element compo -
nent x =A b
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Fig. 4. p-T differential cross section as a
function of angle. 1 — Ep = 5.0 MeV;
2 — Ep=5.5 MeV; 3 — Ep=6.0 MeV;
4 — Ep=6.5 MeV; 5 — Ep=7.0 MeV;

6 — Ep=7.5 MeV; 7 — Ep=8.0 MeV.
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Fig. 5. Rotational geometry.

Aman;le = Ime - Anxm - X :ATb (5)

the following is example of linear equation
obtained using 4 different elements in TNT

and 12 different energy ranges.
The relative error of solutions obtained

by linear equation is calculated using equa -
tion (6) and (7). Most contraband is com-
posed of hydrogen, carbon, nitrogen, and
oxygen, and we calculated two types of rela-
tive errors as following. The relative error
for carbon, nitrogen, and oxygen is Error3
and that of hydrogen, carbon, nitrogen, and
oxygen is Error4. In these equations, x;g is
element composition obtained by linear re-
gression analysis and x; is actual element
composition.

Error3 = (6)
—_ 2 — 9 _ 2
- \/ Trsc- % T Cron - )t Xpso ~ %0

(xp50” + (epa)® + (x50
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Fig. 6. Neutron energy at different angles.

1 — Hydrogen; 2 —Nitrogen; 3 — Carbon;
4 — Oxygen.
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MCNP code, a electrical computation
code employing Monte Carlo method, is
used to calculate transportation of neutron,
photon, electron in any three dimensional
geometrical structures [6]. TNT, a repre-
sentative explosive, was used as simulation
subject and we divided energy range for
each angle to simulate condition as if the
subject rotates around neutron source. The
whole energy bins are described in Table 1
and we assumed good geometry condition to
test the feasibility of FNRT as a method to
detect contraband. Geometry we employed
for MCNP code simulation is described in
Fig. 7.

The energy bins in Table 1 include both
narrow resonance peak range of oxygen and
broad resonance peak range of nitrogen.
Composition of TNT and interfering materi -
als other than TNT are described in Table 2.

In Fig. 8, attenuation coefficients of hy-
drogen, carbon, nitrogen, and oxygen when
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Fig. 7. Simple geometry of MCNP simulation.
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0.1105 -0.2378 -0.0879 -0.0621 0.0906 0.2484

TNT is 1 cm thick are listed. When com -
pared to Fig. 6 showing total neutron cross
sections of hydrogen, carbon, nitrogen, and
oxygen, we can see that the patterns are
very similar.

Also, total attenuation curve of TNT
well reflects the reaction cross section val-
ues of each individual element.

The relative errors according to thick-
ness of TNT are indicated in Table 3. The
reason element ratio is calculated with oxy -
gen as a control is because oxygen has high -
est composition ratio in most explosives. Up
to 10 cm of TNT, relative errors do not
exceed 3 %.

Table 4 and 5 shows the result of simula -
tion using 1 em thick TNT and 0.1 cm
thick Al and SUS410. Also, Table 6 shows
relative errors when TNT is 5 ¢m thick and
interfering materials are 0.5 ~ 2 cm thick.

The result of relative error analysis
when interfering materials other than TNT
are presented is following.

In case of the number of energy bins and
that of elements (m =n) are same, when
there exists 1 em thick TNT and 0.1 cm
thick Al and SUS410, error3 was 86.8 %;
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Fig. 8. Attenuation coefficients of TNT (I —
H,2 —-C,3—N, 4 —-0,5—TN).

when there exists 1 em thick TNT and
0.1 cm thick SUS410 only, Error3 was
116.9 % ; when there exists 1 cm thick TNT
and 0.1 thick Al only, error3 was 64.3 %.
The reason for bigger relative errors is
shortage of data redundancy.

Compared to the cases of number of en-
ergy bin is grater than 6 (m>6), when the
number of energy bin is 6, relative error
was increased because it did not reflect
resonance characteristics of hydrogen, carb -
on, nitrogen, and oxygen correctly.

We could obtain most optimized solu-
tions when hydrogen, carbon, nitrogen, and
oxygen were existed only. In other words,
in this case, error3 and error4 were mini-
mized. As the number of element increased,
distinguishing ability was decreased and
such increase worked as an additional factor
for errors.

If there existed elements other than hy-
drogen, carbon, nitrogen, and oxygen, rela-
tive error increased up to n =9 then de-
creased at n = 10.

Table 1. Neutron energy bins used [in MeV]

When hexamine that has high nitrogen
content and polypropylene, a common raw
material for plastic, were existed as inter-
fering materials, the overall relative error
was less than 30 %.

The aim of this study was to test the
feasibility of fast neutron resonance tech -
nique as a method to detect contraband. At-
tenuation coefficients of individual ele-
ments and total attenuation were obtained
using MCNP code and TNT as subject. The
experimental value was compared with the
actual element composition ratio of the sub-
ject and the relative error was obtained.
The feasibility of FNRT as a method to de-
tect contraband was evaluated by this rela-
tive error calculated.

When we divided neutron energy range
into 12 bins, the experimental values of
composition ratio of H, C, N, and O in TNT
were 0.2362, 0.3344, 0.1423, and 0.2871,
respectively. Since the actual value were
0.236, 0.334, 0.143, and 0.287, relative
error is 0.16 % and this is fairly low. We
can obtain most optimized solutions when
only four element of H, C, N, and O are
presented. In this case we can minimize
error3 and error4. Increased number of ele-
ments works as an additional factor for er-
rors. We believe when the number of com-
position element is 5 and the number of
energy bin is 5 ~ 9 is the optimal condition.

For the future, it is required to develop
a method to minimize errors of spectrum
analysis with various interfering materials
and quantitative evaluation method to de-
tect contraband.

Acknowledgement. This work was finan-
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Number | 2.0- |2.25—-| 2.5— | 2.75—| 3.0— |3.25—| 3.5— |3.75— | 4.0— |4.25— | 4.5— | 4.75~
of energy | 2.25 2.5 2.75 3.0 3.25 3.5 3.75 4.0 4.25 4.5 4.75 | 5.0
bins
4 * * * *
5 * % % * %
6 * % * % * %
7 * * * * * * *
8 * % % * % * % *
9 * * * * * * * * *
10 * % % * % % * % % *
11 * % % * % % * * % % *
12 * * * * * * * * * * * *
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Table 2. Composition of TNT and interfering material

TNT Hexamine Polypropylene |Aluminium SUS410
Density (g/cm3) 1.63 1.331 0.9 2.7 7.92
Atoms/cm? 4.320021 5.7100%1 4.100021 6.02001022 8.7801022

Table 3. Properties and Error4 of TNT

Thickness Weight fraction Elemental ratios Error 4(%)
(cm) H C N 0 c/0 N/O
1 23.6 33.5 14.2 28.7 1.17 0.50 0.16
23.7 33.8 13.9 28.6 1.18 0.49 1.07
7 23.8 34.1 13.5 28.6 1.19 0.47 2.06
10 23.8 34.4 13.2 28.6 1.20 0.46 2.98
True value 23.6 33.4 14.3 28.7 1.16 0.50 *
Table 4. Error 3 for various combinations of m and n
Number of Elements Energy bins
4 bins 6 bins 7 bins 9 bins 10 bins 11 bins 12 bins
TNT + Al (5) 0.551 0.177 0.200 0.233 0.235 0.237 0.237
TNT + SUS410 (9) 0.942 0.412 0.391 0.487 0.584 0.488 0.502
TNT + Al + SUS410 (10) 0.716 0.285 0.321 0.416 0.422 0.418 0.426
Table 5. Error 4 for various combinations of m and n
Number of Elements Energy bins
4 bins 6 bins 7 bins 9 bins 10 bins 11 bins 12 bins
TNT + Al (5) 0.643 0.136 0.142 0.178 0.181 0.182 0.189
TNT + SUS410 (9) 1.169 0.483 0.456 0.456 0.693 0.587 0.605
TNT + Al + SUS410 (10) 0.868 0.299 0.347 0.347 0.471 0.467 0.486

Table 6. Properties and Error of TNT(5 ¢cm), Hexamine and Polypropylene

Thickness Weight fraction Elemental ratios Error 3(% )|Error 4(%)
(cm) H c N 0 c/0 N/O
0.1 13.72 39.90 16.58 29.80 1.34 0.56 13.3 22.3
0.2 19.67 37.57 15.57 27.19 1.38 0.57 9.43 11.5
0.3 24.60 35.63 14.73 25.04 1.42 0.59 9.37 8.50
0.4 28.76 34.00 14.03 23.21 1.46 0.60 12.7 14.5
0.5 32.30 32.60 13.43 21.67 1.50 0.62 17.2 21.4
0.6 35.36 31.38 12.93 20.33 1.54 0.64 22.0 27.6

True value 23.6 33.4 14.3 28.7 1.16 0.50 * *
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Hocaim:xennsa metogomM MonTe-Kapjgo BuABIIeHHA
KOHTPaOaHIM 3 3aCTOCYBAHHIM PE30HAHCY
IIBUAKUX HEMTPOHIB

Yscun Xuonz Ba, Yncyxo Bane

Cnoci6 pesoHaHCY IIBUAKUX HENTPOHIB 3MOJeJIhOBAHO 3 3aCTOCYyBaHHAM cucTeMu MoHTe-
Kapio MCNP-4B 3 meToio BU3HAUYEHHSA HOr0 KOPHUCHOCTI [/ BUABJEHHA KOHTpabaHIU.
Bukopucranasa HEUTPOHHOI TEeXHIKM O3BOJIAE OXapaKTepU3yBaTH eJEeMeHTHHUM CKJal I0-
CIiMI)KyBAaHOTO MaTepiany, 3BiIKM MOKHA BUSABUTU NPUCYTHICTH BUOYXOBUX DEUYOBHH albo
HaApKOTHUKIB cepen 06araTboxX IiHINMUX JOCHiMKYyBaHUX pedoBUH. [JIsd OJep:KaHHA IIOTOKY
WIBUAKUX HeHTpouiB Oyso obpamo peakmiro D(d,n)3He, i, Kopucryrounch KoMII’IOTEPHUM
kogom DROSG-2000, Mmu MofesoBalu TaKWUi MOTIK 3 BapiloBaHHAM eHeprii Ta KyTa po3Xo-
JKeHHA HelTpoHiB. IIpum MomenioBaHHI 3acTocOByBaBCsA [qiamasoH eHeprii HeiliTpoHiB Bim 2,25
o 5,25 MeB, B mMexax SKOro BUHUKAIOTH ABHI De30HAHCHI MiKM BYIJIEII0, KUCHIO Ta asoTy.
IIpu mepemimeHHi CyKymHOCTI 3pasKa HOCIiJ)KyBaHOTO MaTepiajy Ta AeTeKTopa HEeHTpPOHiB
HaBKOJIO JJKepejia HEeNTPOHIB OCTAHHI JETeKTYIOTbCA y BUTJIALL BY3bKOTO IIyYKa 3 PisHOIO
eHeprieio, IO 3aJeKUTh Bil KyTa HMOBOPOTY BiAHOCHO AiKepeJsia HEHTPOHOB. PosTaloByoodu
CYKYyIHiCTh o0Opasila 3paska IOCJHiAKYyBaHOTO MaTepiasy Ta JeTeKTopa HeHUTpPOHiB ming pisHu-
MU KyTaMM, MOJYKHA OJEep:KaT! YHUCJI0 JiHIiHHUX pPiBHAHBb, dKe NOPiBHIOE YKCJIY 3TaJaHUuX
KyTiB. IloBHe 3aTyxaHHA HENTPOHHOTO IOTOKY, OJEPsKAHOr0 MIPU Pi3HUX KyTaX, PO3PaxoBaHO
3 BUKODHUCTAaHHAM pe3yjabraTiB mogenioBanuA 3a MCNP-4B. Ilicasa uucienHux mpob 3 pisHH-
MU YHCJIaMHU €HepPreTUYHMUX HOiffiamasoHiB Ta YUKWCJIAMU €JIEMEHTIB Y AOCHiJ)KYBaHOMY MaTe-
piani mpaBgomono0HI pe3ysbTaTu 0yJI0 OZEPKAHO IPU UYMCJIL eleMeHTIB 5 i umcsni eHepreTmu-
HUX TmiggiamasoniB Big 5 mo 9. MogenboBaHO TaKOMK HONATKOBI BUIIAAKU, KOJU HOCJTiAMKYyBa-
HU MaTepiaJ sMmimranmii abo MOKPUTHUH 3aBaskalOuMMU ejleMeHTaMu, Hanpukaand, Al, Ni, Cr,
Mn, Fe rta Si, i mokasamo, mo mpu IbOMy BimHocHa moxubka apocrae mo 50 %. Mua
3HUKEeHHA TOXMOKM, fAKa BUHUKAE Y CILJbHI TPUCYTHOCTI 3aBasKaluMX eJeMeHTIB Ta
IOCHiIKyBaHOTO MaTepiany, i 3’scyBaHHA BILIMBY 3aCTOCYBaHHS IMIMPOKOTO IMyuKa HeoOXimHi

DOJATKOBL JOCHiMKEeHHS.
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