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The article contains a numerical analysis of the secondary radiation contribution to the total
radiation affecting the operational personnel during the dismantling activities of the contami-
nated equipment at a nuclear power plant. This study considers a widely applicable Monte
Carlo particle transport code MCNPX and real Ignalina nuclear power plant records. A sim-
plified albedo method is investigated in order to analyse the selected geometrical design cases.
Additionally, the impact of the secondary radiation on the personnel dose was analysed. The
numerical MCNPX simulation allowed ascertaining the optimal distance between the source
and the wall for the working personnel in closed rooms with contaminated equipment. The
developed dose rate maps of the secondary radiation showed cross-sectional distribution of

the dose rate inside the enclosed area.
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INTRODUCTION

The evaluation of safety for the planned decom-
missioning activities, including the calculation of ef-
fective doses for the most exposed individuals per-
forming the work in the most hazardous areas of the
nuclear installation, belongs to the standard activities
in the selection of the optimal decommissioning sce-
nario. According to the IAEA methodology for the
evaluation of safety-related parameters[1], the expo-
sureof peopleand therelease of radioactivematerial is
performed for different decommissioning activities,
i. e. the hands-on decommissioning activities; work at
radioactive waste processing facilities; and periodical
supporting activities (surveillance, maintenance, tech-
nical support).

From the point of view of dose evaluation, the
critical decommissioning activities are the disman-
tling activities where the working personnel are
closely present to the contaminated equipment. In the
dismantling stage of any nuclear facility, itisessentia
to takeinto account the radiation effect on theworking
personnel and equipment inside the facility. A consid-
erable exposure can occur within relatively short pe-
riod of time. Because it is impossible to completely
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avoid the unwanted exposure of personnel, itis, there-
fore, reasonableto limit the amount of radiation levels
in the working areas. During the dismantling opera-
tions, the equipment will be cut, opened and incom-
pletely isolated. Hence, itisnot very clear how gamma
radiation, neutrons and their associated dose rateswill
affect the working personnel, especialy in the places
where the equipment is dismantled.

It should be recognized that the working person-
nel isexposed in different waysin accordancewith the
type of work they perform. The working personnel
who directly perform the dismantling activitiesis the
most exposed to the dose rate of the dismantled equip-
ment (direct radiation). For others, the average dose
rateintheroomisdominant. Thedoserateinthe back-
ground of the controlled areaisavery important com-
ponent, and is caused by the radiation reflection as
well. Thus, the uncertaintiesin the dose estimation can
arisefromthefact that theradiation reflection, i. e. the
particle scattering, can be generated by thefloor, roof,
wallsor other objects, and makeasignificant contribu-
tion to the total dose rate. Such secondary radiation
may occur in locations highly isolated from the pri-
mary radiation areas.

In order to execute the decommissioning eco-
nomically and rationally, the engineering systems are
being developed to create adismantling plan using the
state-of -the-art software. For instance, the decommis-
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sioning engineering support system OMEGA [2],
VISIPLAN [3] and VRdose [4] are aimed at the simu-
lation and planning of thedismantlingwork inan envi-
ronment with the presence of radioactivity. Although
such engineering systems provide comprehensive (all
types of radiation are considered during dose evalua-
tion, including the secondary ones) and detailed (real
premises and contaminated objects are modelled) re-
sults, the devel opment of such software and input data
preparation process are very long and expensive. On
the other hand, the inhomogeneous neutron-gamma
field simulations are very time-consuming in order to
obtain reliable results, because they require handling
complex geometries and radiation sources [5].

Another field where the investigation and deter-
mination of dose caused by the secondary radiation are
especialy relevant isradiotherapy. The secondary ra-
diation (bremsstrahlung, neutrons, scattered el ectrons,
etc.) can create high dose rates over large areas of the
accelerator workplace. In [6] a comprehensive guid-
anceonthedesign and layout of radiotherapy facilities
and methods for determining the necessary structural
shielding for external beam unitsis presented, includ-
ing the examples of basi c shielding equations applica
tion for all types of radiation. In the situations where
the barrier being assessed will be exposed to both the
primary and secondary radiation, it should not be as-
sumed that the primary radiation component will al-
ways dominate [7]. Due to the reflection from a sur-
face, radiation dose is an example that arises in the
treatment of streaming of radiation through ducts and
passageways. In case of gamma particles dispersion
from a point-isotropic source in straight concrete
ducts, it was found that the secondary scattered radia-
tionmay play asignificantrole (upto 30%) inregardto
the total dose [8].

Thereby, it could be noted that in order to obtain
accurate dose va ues, the secondary radiation needsto be
considered. The aim of thisarticle isto quantify the im-
pact of the secondary radiation dose on the personnel
during the dismantling of contaminated equipment. This
study makes use of red data of the Igndina nuclear
power plant (NPP) decommissioning project, which is
thefirst project in Lithuaniadesigned for the decommis-
sioning of NPP and the first attempt to dismantle equip-
ment of aRBMK reactor worldwide[9]. It should berec-
ognized that the engineering systems mentioned above
and the associ ated software could cal culate theimpact of
the secondary radiation relatively easy. However, in
practice, especialy during the primary estimation of per-
sonnel doses[10] and the preparation of alternatives for
decommissioning activities, it is useful and advisable to
estimatethe proportion of thesecondary radiation, which
contributes to the totd dose, beforehand. Such knowl-
edge alows predicting the location of a worker in the
room, and aso provides assurance for complying with
the regulatory requirements for accomplishing the re-
quired work with the resultant worker radiation expo-

sures maintained as low as reasonably achievable
(ALARA).

THEORETICAL BACKGROUND

In some cases, if only air separates agammaray
or neutron sourcefromadetector (worker, target, etc.),
the interactions in the intervening air or in the
ground/building walls are often negligible, and thera-
diationfield at thedetector isduealmost entirely to the
radiation coming directly fromthe source (direct radi-
ation). If radiationispresent in an attenuating medium,
the dose D, caused by the direct radiation at adistance
r from a point isotropic source emitting S, particles
(source) of energy E can be expressed as

Dy()= " et (1)
0 Anr?
where L isthe total number of mean-free-path lengths
of material, and C —the appropriate response function
(the fluence to dose conversion factor) [11].

If oneis dealing with shielding situations and the
reflection is present, in many cases only scattered radia
tion may reach the detector. Frequently, the dose at some
locations affected by the radiation reflected from walls
and floors may be comparable to the dose caused by di-
rect radiation. Such reflection processes are impossible
to treat using elementary point-kernel methods, and very
difficult and inefficient to treat using transport methods.
When gamma rays or neutron fluence is present in the
room, the particles penetrate the surface of a structural
materid (or shidding), scatter within the material, and
thenleavethemateria with reduced energy and at aloca
tion other than the point of entry. Radiation reflection
may be described in terms of the geometry shown infig.

1 (modified figure from [11]).
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Figure 1. Angular relationship during reflection [11]
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In such cases, a simplified method, caled the
albedo method, has come to be very useful in design
and analysis. The albedo method is based on the fol-
lowing approximations: (1) the displacement between
points of entry and emergence may be neglected, (2)
the reflecting medium is effectively a half-space, a
conservative approximation, and (3) scattering in air
between a source and the reflecting surface and be-
tween the reflecting surface and the detector may be
neglected. For practical purposesthe doseabedo—the
ratio of theemergent flow per steradianin dose unitsto
that of the incident radiation —is commonly used

[dEC(E)J, (E.0,0)

@)
C(Eo )Mo (Eo.6)

ap (Eg.00.,0,0)=

where Eyisthe source energy, 6o andé arepolar angles
of incidence and reflection (with respect to the wall
normal), ¢ is the azimuthal shift of reflection flow;
Jo(Eo, 60) and J(E, 8, ¢) are incident and reflected
flow, and C(E) isthefluenceto doseconversionfactor.

Then the dose dD, at the detector from particles
reflected from areadAis

dAcosé,
R2

where Dy isthe dose at areadA dueto theincident par-

ticles, R—the distance from area dA [11] to detector.

Theentirereflecting surface areashould beinte-
grated to calculate the total reflected dose D,. Thisis
not easy to achieve sincethelocation on the surface as
well asall thevariablesé,, 0, ¢, r, and Rchange. Addi-
tionally, itisnecessary to know the dosea bedo a5 (E,,
0,0, @) or, more usefully, to have some analytical ap-
proximation for thea so that the integration over all
areas can be performed efficiently.

It is evident that albedo depends on the source
energy characteristics, nature and thickness of the
structure material, the distance from the surface to the
detector, and angular relationships during the reflec-
tion on the surface. The albedo increases with the re-
duction of source energy E, due to an increase of
Compton scattering (aninel astic scattering of aphoton
by a free charged particle, usually an electron) [11].
The most part of backscattered particles are reflected
in athin near-surface layer. With an increase of thick-
ness of the structure material (dispersive) the portion
of abedo gradually increases according the e law.
Reaching 1-2 mean-free-path lengths in a spreading
direction of primary particles, the abedo reaches a
constant value.

If an angle of incidenced increases, the albedo
rises for any directions of the reflected particles, be-
causewithanincreaseof 0, thedistanceupto areflect-
ing surface for the backscattering particles decreases,
the angle of scattering 65 reduces and the probability
of particlesescaping fromthe surfaceincreases(fig. 2)
[11, 12].

dD, =Dgop ©)

Figure 2. Angle of a scattered particle [13]

The albedo dependence on angle of reflection 6
is defined by a competition of two processes. On one
hand, for the given angle of incidenced, the probabil -
ity of particles scattering increases with areduction of
theangle of scattering < (that conformsto anincrease
of angle of reflection 6); on the other hand, the path
which particlesshould passto leavethedispersive ma-
terial increasesin thiscase, and the probability of their
absorption grows as well.

SIMULATION MODELSAND
METHODOLOGY

Inthisstudy four casesweremodelled (seefig. 3
for more details). The impact of the secondary radia-
tion to assessthe albedo depending on the distance (r)
between the source and the walls was analysed for all
four cases. Theoretical approach wasemployed by the
first two simulation geometries:

— thetwo-wall case with perpendicular walls, com-
posing a semi-enclosed space. For this situation,
simulations were performed for several distances

e

Source

Figure 3. Simulation cases: (A) two-wall case, (B) cube
case, (C) Ignalina NPP case with point-isotropic source,
and (D) real case of Ignalina NPP
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by moving one of thewallsby 0.5 metersfromthe
source up to themaximum distance of 1.5 meterin
the analysed model, and

— the second set of calculations were made using a
cube geometry for four different side lengths a,
when the point source is situated in the centre of
the cube.

Next two simulations cases were employed to
assess the dose rate to a worker depending on the
worker position R.

Dismantling of emergency core cooling system
(ECCYS) installed in the building No 117/1 of Ignaina
NPP Unit 1 was used as areal example. IgnalinaNPP
Unit 1 was shutdown in 2004. A decision wastaken to
decommission this Unit by means of immediate dis-
mantling in order to ensure that this process does not
lead to serious social, economic, financial and envi-
ronmental consequences. Thus, a rea rectangular
Ignalina NPP room (6 m x 3 m x 6 m) with concrete
walls (thickness 30 cm) with contaminated equi pment
ready for dismantling inside was selected for the anal-
ysisof thethird and the fourth simulation cases. They
both differ in boundary conditionsfor source type and
geometry in the room, i. e. the point-isotropic source
for the former and the real case for contaminated tank
withreal length and geometry for thelatter. The geom-
etry of thesimulation ECCStank hasthefollowing pa-
rameters: outer radius — 40 cm, thickens of the pipe
wall —10 cm, its height — 4 m. The source was placed
not in the centre of the room and this, in general, re-
flects the real condition of location of the contami-
nated equipment during the dismantling activities.

The case scenario data taken from [14] were
used as gamma radiation source from inner surface of
the cylinder. The experimental data, taken from the
performed direct measurementsof the surface contam-
ination, indicated that the surface contamination of
ECCStank internal surfacewasup to 54 Bg/cm? (max-
imum values at the bottom of thetank). The main con-
tribution to the total activity was influenced by %Co,
whilethe contribution of %*Mn and '3’Csradionuclide
activity waslow. Table 1 demonstrates the gammaen-
ergy spectrum of the®Co source used in theinvestiga-
tion and in MCNPX simulations to estimate the
gamma dose rate. The influence of the source power
and typewasnot examinedinthisstudy; thus, thesame
source characteristics were employed during all simu-
|ated caseswhether the point sourceor real tank source
was assumed during the simulations.

Over the years, the use of the deterministic-type
code has been over-shadowed by the Monte
Carlo-based codes, such as multi-particle transport

Table 1. Gamma lines and emission probabilities [15]

GOCO
Gammalline, Eq[keV] Probability, 14 [%]
1173.237 99.974
1332.501 99.986

code MCNPX. Such wide application possibilities
demonstrated by the Monte Carlo code MCNPX 2.7.0
[16] were employed for the simul ation of theradiation
fields and the investigation of the secondary radiation
in this study. The gamma transport calculations were
performed by MCNPX for al non-void geometry
cells. TheMCNPX doesnot directly calculatethedose
rate; however, it converts the estimated flux into dose
rate, where flux is defined as the number of the inte-
grated particles per unit area. The MCNPX mesh tally
Type 1 (track averaged) was used as a particle flux at
the point detector followed by the modification by a
dose function to cal culate gamma dose rate. The con-
version factors from IRCP-75 [17] for the ambient
dose equivalent, H*(10), from photon fluence were
used in the calculations obtained by the energy and its
corresponding dose function. In order to evaluate the
gamma dose rate, as well as the contribution of the
main radionuclides to the total emitted radioactivity,
the nuclear data library ENDF/B-VII [18] was used
during the investigation. The Monte Carlo transport
code MCNPX cannot calculate the dose equivalent to
thesecond radiationdirectly aswell. Theway to calcu-
late the dose equivalent is to calculate the dose rate
with the complete modelled geometry first and sub-
tract the values from the unbounded volume (space)
under the consideration. Thus, this study includes a
guantitative assessment of the secondary radiation in
relative units, expressed asthe dose albedo in percent-
age of thetotal radiation. The 3-D MCNPX model for
basic ECCS tank room facility is presented in fig. 4.

| 30 cm

r=40cm

800 cm

AO cm
600 cm

Figure 4. MCNPX model for ECCStank
(real case of Ignalina NPP)

SIMULATION RESULTS
Evaluation of the secondary radiation
Two-wall case

The secondary radiation was anaysed in a
semi-enclosed space at first. This theoretical case al-
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Figure5. Albedoin asemi-enclosed space. Two-wall case

lows to quantify the dose albedo (hereinafter albedo)
when the distance to the reflecting surface is increas-
ing. Only one vertical wall and a horizontal surface
(floor) were assumed during each separate simulation
case. Figure 5 presents the simulation results of the
three analysed cases. Note that the computer running
timewas chosen for all calculationsin such away that
the statistical error of Monte Carlo simulation results
was always less than 10%. The simulation results in
the figure represent the reflection from the floor sur-
face only. It is obviously that albedo dependence on
the distance from the source to the surface r is linear
and positive. If the vertical wall is moved forward
(a=0.5m, 1.0m, 1.5 m) and the distance r increases,
the amount of the reflected particlesincreases aswell.
By approaching the junction point of both surfaces,
the albedo achieves maximal values. Such distribution
could beexplained by theincrease of theincidencean-
gleand the contribution of the vertical wall (corner ef-
fect). Asit was mentioned above, the albedo increases
for any directions of the reflected particles, because
with an increase of the incidence angle the angle of
scattering reduces and the probability of particle es-
cape from the wall rises. The maximal values of inci-
dence angle for the modelled cases are 45°, 64°, 73°
accordingly (fig. 5). Thus, even in a semi-enclosed
space the dose caused by the secondary radiation may
compose up to (13-17)% of the total radiation.

Cube case

Thenumerical modelling of thesecondary radia-
tion was carried out in an enclosed space, i. e. cubes of
different sizes. Four cubeswith the sidelength of 1 m,
2m, 3m, and 5mweresimulated. Inthiscase, asource
was placed in the centre of the cube. Figure 6 presents
the simulation results showing the distribution of dose

257

[LENAT T

20{ —

Albedo [%)]

155 Cube case

104

0.0 0.5 1.0 15 20 25 3.0 35 40
Distance, r, [m]

Figure 6. Albedo dependence vs. distance r. Cube case:
(1) volume 1 m* (2) 8m*; (3) 27 n?, (4) 125 m*; and (5) ac-
cording formula (4)

abedo throughout the distance from the source in the
middle cross-section of the cube. Only 1/8 of the
cross-section area was analysed because of the sym-
metry of the cube model. The simulation results con-
firmthelinear dependence of albedo on thedistanceto
thereflecting surface. The albedo could reach 20-24%
of the total radiation in the cube case. It is clearly
shown that by increasing the volume of a cube, the
maximal values of albedo increase and its dependence
on distance r changes. In order to find a simple and
convenient solution aswell asto get the possibility to
quantify the secondary radiation effect approximately,
all the obtained simulation results were described as a
function of the cubevolumeV [m?3] and distancer [m].
Theresumptive equation can beexpressed asfollows

_ fi

15 (4
This equation describes the simulation results

within average relative discrepancy less than 5%.

Ignalina NPP case with
point-isotropic source

Inthiscasearea rectangular room (6 m x 3 m x
x 6m) at IgnalinaNPPwasmodelled. Thesourcepoint
waslocated at thelevel of 1.2 mfromthefloor and was
not placed in the centre of theroom (in x-y plane) and
this, in generd, reflectsthe real condition of the loca-
tion of the contaminated equipment during the dis-
mantling activities. Hence, an appropriate cross-sec-
tion was selected for the analysis and the secondary
radiation reflected from the walls of the room. The
simulation results for this case are presented in fig. 7,
where albedos from all walls in the room for the se-
lected cross-section areaare shown. Asit can be seen
in the figure, albedo could reach 30-35% of the total
radiation for thisparticular case. All smulation results
could be described by some linear curve, where the
albedo increases with the rise of the distance r;
(source-to-wall). Several pointsgivehigher valuesbut
it could be explained by the above-mentioned corner
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Figure7. Albedo dependencevs. distancer. IgnalinaNPP
case with point source: (1) simulation data, (2) according
to formula (4), and (3) according to formula (5)

effect. The albedo calculated by formula (4) for this
particular case of the room with 108 m® volume does
not suit the simulation results because of the non-sym-
metry of theroomand sourcelocation (curve 2). Toac-
count for such non-symmetry, the correction coeffi-
cient ri/r . —wherer ., ismaximal distance fromthe
sourceto thewall of the cubewith appropriate volume
was proposed (see fig. 6). This correction coefficient
reflects the transformation of the symmetrical cube
model to the rectangular room and accounts for the
non-symmetry of the source positionsin al x, y, z-di-
rections. For the room with volume 108 m®, the dis-
tancer p,, is3.37 m. Therefore, in this simulated rect-
angular room, albedo could be calculated by the
following formula
Albedo = 50# —15% )
Asitisshowninfig. 7, albedo calcul ated by for-
mula (5) describes the simulation results fairly accu-
rately since the average relative discrepancy is less
than 7% (for al simulation points).

Real case of Ignalina NPP

During thesimulation of thereal caseof Ignalina
NPP (fig. 3), the dose caused by the secondary radia-
tion to a worker (detector) standing in different dis-
tances from the reflection wall R was quantified (fig.
8) infour directions (west/east/south/north). It was as-
sumed that aworker moves from the appropriate wall
to the contaminated ECCS tank (source) in a normal
direction towardsthe wall. Thus, R=0isthe point on
theperpendicular wall, and themaximal valueRrepre-
sents the close position near the source. Horizontal
cross-sectionat level 1.2 mwasanalysedinthiscaseas
hereinbefore.

Asfig. 8 suggests, thedose rate of the secondary
radiation decreases with the distance R, and this de-
pendence is quite linear. The principle of radiation
protection states that increasing the distance from the

Figure 8. Dose albedo vs. distance R in different
directions. Real case of Ignalina NPP

sourceto the detector reducesthe total dose dueto the
inverse square law, see formula (3). Based on the
gained simulation results, it is evident that the dose
caused by the secondary radiation could be expressed
by the direct linear law, if the reflecting wall is ac-
cessed as the source. The smulation results in fig. 8
demonstratethat thereflection fromthefarthest wall is
the most intensive, and the dose albedo could com-
prise 35-45% of the total radiation.

Assessment of the secondary
radiation to the personnel dose

Most of the residual nuclei produced via nuclear
reaction at nuclear facilitiesare unstable. In order tore-
turn to the stability, they subsequently decay either via
apha, beta or gamma ray emission. The production of
the secondary radiation usually results in a complex
mixtureof radiation, which can beproblematictoradio-
activity sensitive material and components and, espe-
ciadly, working personnel. Therefore, sufficient steps
should be taken towards preventing the over-exposure
of the personnel. Asit was shown, the part of the sec-
ondary radiation in thetotal dose may exceed morethan
1/3 in some cases.

The absolute values for the secondary radiation
doseratesfor four different directionsfrom the source
tothewallsarerepresentedinfig. 9. Sincethe contam-
ination of the source at Ignalina NPP was not hazard-
ously strong and the estimation of dose rates does not
require exact values, the simulation results are repre-
sented in order of magnitudes. Here, the most impor-
tant isthe comparison of the secondary doserate trend
in the dependency of the distance from the source on
the edge of the modelled room. The results of these
calculations could be used to determine the optimal
distance between the source and thewall to achieve as
low (ALARA principle) radiation from the contami-
nated object as possible taking into account the sec-
ondary radiation from the walls of theroom aswell. It
isnot difficult to notice (seefig. 9) that the secondary
radiation is negligible at the short distances from the
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Figure 9. Comparison of dose rates; impact of scattering irradiation (real case of Ignalina NPP)

source, but it risestowardsthe wallswhere it becomes
significant in comparison to the primary radiation.
Therefore, one can assumethat the optimal distanceis
2/3 of the total distance from the source and 1/3 ac-
cordingly fromthe walls. This position can be clearly
seeninfig. 9, wherethe curverepresenting the primary
radiation starts to separate from the total radiation
curve. Thisratio of thedistanceissuitablefor themost
analysed cases.

Figure 10 represents the dose rate map of the
simulated Ignalina NPP room (real case of Ignaina
NPP), where the dismantling activities of ECCS tank
are performed. These situations are important for the
monitoring and planning of manpower dispositions
around the contaminated object when the sourceisun-
shielded, or if aworker needsto enter theroomto per-
form decontamination or other activities. In this way,
personnel could escape excessive explosion and at the
same time, the shielding arrangements could be prop-
erly setto reducethe secondary gammaactivation near
the walls and corner regions.

CONCLUDING DISCUSSIONS

Numerical calculations were performed to eval -
uate the impact of the secondary radiation to the per-
sonal during the dismantling activities of the contami-
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Figure 10. Doserate map of secondary radiation (in %):
real case of Ignalina NP
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nated equipment at a nuclear power plant. This study
employs a worldwide-accepted Monte Carlo particle
transport code MCNPX and factual IgnalinaNPPdata.
The results indicated that dose albedo is directly pro-
portional to the distance from the source and it can
reach up to 40% of the total radiation for particular
cases. Thisconcludesthat the secondary radiation can-
not be neglected while planning decommissioning ac-
tivitiesin closed rooms. Based on the results obtained
by the modelling cubes with various volumes, a for-
mulawhich simply defines the secondary radiation as
afunction of acube volume and the distance from the
source was derived. In addition, the estimated correc-
tion coefficient allowed applying the derived equation
for the determination of the secondary radiation at fac-
tual rectangular premises at Ignalina NPP, where the
source was situated elsewhere than the centre. This
equation can describethesimulation resultswith 4-7%
averagerelative discrepancy. However, thisinvestiga-
tionwaslimited only to the modelling of onennon-sym-
metrical room (i. e. real case of Ignalina NPP), conse-
quently, the derived equation with its correction
coefficientsis applicable only for this particular case.
To succeed a universal equation, additional compre-
hensive investigation isrequired in the future.

Furthermore, the paper also carried out an as-
sessment of the secondary radiation to personnel dose.
A numerical Monte Carlo simulation allowed identify-
ing the optimal distance from the source and the wall
for the working personnel in closed premises with
contaminated equipment inside. Differently from the
albedo study results, the estimated ratio of the dis-
tances can be successfully applied for all cases ana-
lysedinthisstudy and it can betreated asageneral ap-
proach. The dose rate maps of the secondary radiation
appeared to bevaluableand will be used to observethe
cross-sectional distribution of the dose rate inside the
enclosed area by the NPP Safety Department to limit
the amount of unnecessary exposed radiation to the
operating personnel.

AUTHOR CONTRIBUTIONS

The theoretical analysis was carried out by R.
Pabarcius and modelling was carried out by G
Stankunasand A. Tonkunas. All authors analysed and
discussed the results. The manuscript was written by
R. Pabarcius, G. Stankunas, and R. Urbonas and the
figures were prepared by R. Pabarcius and G
Stankunas.

REFERENCES

[1]  ***, Safety Assessment for the Decommissioning of
Facilities Using Radioactive Material, Safety Guide
WS-G-5.2, International Atomic Energy Agency, Vi-
enna, 2008

[2]  *** Innovative and Adaptive Technologies in De-
commissioning of Nuclear Facilities, IAEA-TEC-

DOC-1602, International Atomic Energy Agency, Vi-
enna, 2008

[3] Vermeersch, F., Van Bosstraeten, C., Software
VISIPLAN: A Powerfull Tool for Optimization, Pro-
ceedings 2" European Workshop on Occupational
Exposure Management at NPPS, Tarragona, Spain,
April 5-7, 2000

[4] TIguchi,R. Y., et al., Development of Decommission-
ing Engineering Support System (DEXUS) of the
Fugen Nuclear Power Station, J. of Nuclear Science
and Technology, 41 (2004), 3, pp. 367-375

[5] Markovi¢, V. M., et al., Photon Albedo for Water,
Concrete, and Iron at Normal Incidence, and Depend-
ence on the Thickness of Reflecting Material, Nuc/
Technol Radiat, 28 (2013), 1, pp. 36-44

[6] *** Radiation Protection in the Design of Radiother-
apy Facilities, Safety Report Series No. 47, Interna-
tional Atomic Energy Agency, Vienna, 2006

[7]  *** Radiation Shielding for Diagnostic X-Rays,
(Eds. D. G. Sutton, J. R. Williams), Report of a joint
BIR/IPEM working party, British Institute of Radiol-
ogy, London, 2000

[8] *** The Design of Diagnostic Medical Facilities
where lonising Radiation is Used, A Code of Practice,
RPII 09/01, Radiological Protection Institute of Ire-
land, Dublin, 2009

[9] Sirvydas A., et al, Application of Multi-Criteria
Analysis for Selecting the Ignalina NPP Unit V1
Equipment Dismantling Approach (1), Energetika, 57
(2011), 4, pp.195-206

[10] Stankunas, G., Tonkunas, A., Pabarcius, R., Evalua-
tion and Benchmarking of Gamma Dose Rate Em-
ploying Different Nuclear Data Libraries for MCNP
Code at the Decommissioning Stage of Ignalina NPP,
Nukleonika, 56 (2011), 1, pp. 71-76

[11] Shultis, J. K., Faw, R. E., Radiation Shielding and Ra-
diological Protection, in: Handbook of Nuclear Engi-
neering (Ed. D. G. Cacuci), Springer, New York,
USA, 2010, pp. 1313-1449

[12] Pesi¢, M. P, Estimation of Doses Received by Opera-
tors in the 1958 RB Reactor Accident Using the
MCNPS5 Computer Code Simulation, Nucl Technol
Radiat, 27 (2012), 3, pp. 199-221

[13] Bespalov, V. 1., Lectures on Radiation Protection:
Textbook, 3" ed., Tomsk Polytechnic University,
Tomsk, 2011

[14] ***, Radiological Survey of Building 117/1. Appen-
dix 6, Technical Specification for INPP Building
117/1 D&D Project Development, Ignalina Nuclear
Power Plant, Ignalina, Lithuania, 2006

[15] Tuli,J. K., Nuclear Data Sheets for 4 = 60, Nucl Data
Sheets, 100 (2003), 3, pp. 347-481

[16] McKinney, et al, MCNPX 2.7.X - New Features Be-
ing Developed, LA-UR-09-6788, Proceedings,
IEEE/NSS Conference, Orlando, Fla., USA, October
25-31,2009

[17] *** General Principles for the Radiation Protection
of Workers, ICRP Publication 75, Ann. ICRP 27
(1997), 1

[18] Chadwick, M. B., et al., ENDF/B-VIL0: Next Gener-
ation Evaluated Nuclear Data Library for Nuclear Sci-
ence and Technology, Nucl Data Sheets, 107 (2000),
12, pp. 2931-3060

Received on February 28, 2013
Accepted on September 6, 2013



G. Stankunas, et al.: Evaluation of the Secondary Radiation Impact on Personnel ...
324 Nuclear Technology & Radiation Protection: Year 2013, Vol. 28, No. 3, pp. 316-324

I'emuvmnaac CTAHKYHAC, Aypumac TOHKYHAC,
Pajmonnac IABAPUYNIYC, Poaanpac YPBOHAC

NPOLIEHA YTHUIHAJA CEKYHIAPHOI 3PAYEIBA HA PAJHO OCOBJ/BE
TOKOM PACTAB/bAIbA KOHTAMMHUPAHE HYKJIEAPHE OIIPEME

OBaj paj cafip>Ku HyMEpHUUYKY aHaJIu3y AOIPHHOCA CEKYHAAPHOI 3payelha YKYNHOM 3padyeky
KoOje Jielyje Ha pajHO 0co0Jbe TOKOM PAacTaBibatba KOHTAMUHUPAHE ONPEME Y HYKJI€apHO] eJIEKTpaHu. Y
pany cy Kopuirthenu onire npuxsahen MonTe Kapno nporpamcku naker MCNPX 3a TpancnopT yecruna
U TIpaBU MOfaNHU U3 HyKJeapHe enekTpane Vrnanuna. [IpuMemeHa je mojefHOCTaBbeHa anbe[o MeToAa
Kako Ou ce aHanu3upala udabpaHa reoMeTpujcKa pelewa. Takobe, aHanu3upad je yTuuaj ceKyHgapHor
3pauema Ha 103y 3a ocobibe. Hymepuuka cumynanuja MCNPX nporpamom omoryhuina je yrBphuBame
ONTHUMAJIHOT pacTojama u3Meby u3Bopa U 3uMpa 3a pagHO 0coOJ/bE y 3aTBOPEHUM IPOCTOpHjaMa ca
KOHTaMUHMpaHOM onpeMoM. HaummeHe Mame jaumHe fo3€ YClIed CEeKYHAapHOT 3padcwma IMOKa3zyjy
pacnojesy jauuHe 103€ Y 3aBUCHOCTHU Of] HyKJI€ApHUX IIpeceKa yHyTap 3aTBOPEHE IPOCTOpHje.

Kmwyune peuu: cekynoapto 3pauere, arbedo, 003a, pacitiasmarse peaxitiopa, Monitie Kapao meitiooa




