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This paper offers some methods developed for calculation of radiation from the casks for storage of radioactive

wastes (RW) at the nuclear power plant (NPP) area. Monte Carlo method was used to calculate spectral-angular

characteristics of the cask external radiation generated by separate nuclides. The obtained data allowed to provide

simple methods for calculating changes in the radiation characteristics with the waste storage time and determining

the radiation spatial distribution away from the casks. We propose a technique of reducing the radiation dose due

to arranging properly loading the casks with barrels containing wastes of different activity. It is shown that at the

RW storage its radiotoxicity decay is slower than the dose rate decay due to decrease of the activity of short-lived

radionuclides.

PACS: 28.41.Ak, 28.41.Kw, 28.41.Qb, 28.41.Te

1. INTRODUCTION

In the course of normal operation of nuclear power
plants (NPP) radioactive wastes (RW) – gaseous,
liquid and solid are produced. At different nuclear
plants the yield of liquid wastes, on average, makes
from 0.15 to 0.35 m3/MW, and of solid wastes is
0.1...0.3 m3/ MW per year.

The main task when processing RW is to prevent
propagation of radioactive materials into the environ-
ment. For this purpose reprocessing of nuclear waste
is arranged just directly at the nuclear power plants
to reduce their volume and to recycle them into the
form for safe interim storage. To reduce the volume
of liquid RW they are evaporated, and firm RW are
crushed, burned and pressed.

Currently all the radioactive waste storage facil-
ities at the nuclear power plants in Ukraine are full
up. One of the ways to reduce the maintenance costs
is the technology of temporary storage of the condi-
tioned RW in light hangar storages at the plant area.
Reinforced concrete casks (”cubic”) in the form of
rectangular parallelepipeds are arranged in a multi-
stage hangar (up to four tiers). These casks house
up to four barrels with conditioned RW: salt melt,
pressed solid RW and others.

The aim of this work is development methods for
calculating radiation from the ”cubic” casks designed
for interim storage of radioactive materials to provide
the possibility of reducing the radiation doses due to
arranging properly loading the containers with waste

of different activities. On the basis of the Monte
Carlo methods a technique has been developed for
calculating characteristics of radiation from the ”cu-
bic” casks loaded with cylindrical containers with air-
conditioned RW.

2. CALCULATION METHODS

The object under research represents four cylindri-
cal containers with RW (200 liters each), placed in
the cask in the form of a parallelepiped with thick
enough walls. In this case, the radiation source –
RW can have different isotopic, elemental composi-
tion and density. External radiation from ”the cu-
bic” cask is determined by spectral composition of
the isotope-emitted γ-rays and by transport of pho-
tons from containers with radioactive wastes through
the walls of ”cubic” cask. Passage, absorption and
scattering of photons depend on geometry of the en-
tire object and elemental composition.

Currently only Monte-Carlo simulation allows
determining radiation from such objects correctly.
The external radiation characteristics were calcu-
lated applying the MCNP package which is widely
used in nuclear power engineering [1].In this pack-
age a geometrical model of a shielding reinforced
concrete cask with four cylindrical sources, was
developed (Fig.1). As long as in Ukraine, up
to this day there is no final decision as to the
characteristics of such a cask, the basic geomet-
rical dimensions for it were taken as those of
the cask used at the Novovoronezhskaya NPP [2].
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Fig.1. Spatial configuration of the cask with 4
cylindrical sources

Monte-Carlo simulation allows to determine compre-
hensive characteristics of an emitting system. How-
ever a significant disadvantage of this method is a
long computation time. This limits application of
this method for carrying out a large number of cal-
culations.

Often it is necessary to know the characteristics
of the radiation from the cask sidewall. Fig.1 shows
that in this case the main contribution will be made
by two barrels placed near this wall. In the calcula-
tion we used a volumetric method of integration of
point sources. It is assumed that each element dV
of the cylindrical source volume isotropically emits
gamma rays with energy E and density nγ(E). Then
the number of gamma rays Nγ(E) at the point P
[3], which is in the plane of the source base, will be
determined by the following relation:

Nγ(b, h, E) =
nγ(E)

2π

h∫
0

dz

R∫
0

ρdρ

π∫
0

B(µ(E)x)e−µ(E)xdϕ

ρ2 + b2 + z2 − 2bρ cosϕ
, (1)

where x = x(z, ρ, ϕ) – the distance between the vol-
ume element and the cylinder side surface, and this
distance corresponds to the length of self-absorption
in the material of which the source consists; b – the
distance between the cylinder axis and the observa-
tion point P ; B(µ(E)x) — the accumulation factor

for the point source; µ(E) — the linear attenuation
factor of gamma rays with energy E in the source
matter; R — radius of the cylinder; h — height of
the cylinder. Expression for x = x(z, ρ, ϕ) is as fol-
lows:

x =
ρ2 − bρ cosϕ+

√
(ρ2 + b2 − 2bρ cosϕ)R2 − ρ2b2 sin2 ϕ

ρ2 + b2 − 2b cosϕ

√
ρ2 + b2 + z2 − 2bρ cosϕ . (2)

The relation for the gamma-ray flux from the
cylindrical source beyond the flat shielding barrier
at the point disposed away from the source in such a

way that the radius-vector from the source center and
the normal to the protective barrier form an angle α,
has the form (Fig.2):

Nγ(b, h, E) =
nγ(E)

2π

h∫
0

dz

R∫
0

ρdρ

π∫
0

B(µ(E)x)Bw(µw(E)y)e−(µ(E)x+µw(E)y)dϕ

ρ2 + b2 + z2 − 2bρ cosϕ
, (3)

where y =
t
√

ρ2+b2+z2−2bρ cosϕ

(b−ρ cosϕ) cosα−ρ sinϕ sinα ; µw(E) –

linear attenuation factor in the shield material;
Bw(µw(E)) – accumulation factor in the shield ma-
terial.

Fig.2. Geometry for a self-absorbing cylindrical
volume source with shielding

Generally cylindrical sources are placed along the
protective wall in such a way that radiation of sep-
arate sources propagates through the shield to the
observation point under different angles. Radiation
calculations using both Monte-Carlo method and
method of volumetric integration of sources deter-
mine characteristics directly from the RW placed
inside the shielding (protective) cask. One of the
ways of saving the calculation time is to combine
these two methods. The shielding cask surface is
assumed to be the source of radiation. Each ele-
ment of the source surface dS emits gamma rays
with spectral – Ie(E) and angular – An(ϕ) distri-
butions, and gamma-ray density nγ(x, y) dependent
on the element co-ordinate dS. E – energy, and ϕ –
emission angle of γ-rays relative to the normal to the
surface. Values: An(ϕ,E) and nγ(x, y, E) depend on
the characteristics of the RW placed in the shielding
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cask and are determined by Monte-Carlo method.
Photon irradiation both in the air and through the
shields is determined by the method of surface in-
tegration of point sources. Transport scheme for
γ-rays from the radiating rectangle to point P with
coordinates X,Y behind the wall of concrete with

t-thickness is presented in Fig.3. The distance be-
tween the point P and the area element dS = dx · dy
with co-ordinates x, y is determined by the relation:
R =

√
(x−X)2 + (y − Y )2 + z2 . Then the gamma-

ray flux in the point P(X,Y) is determined by the
following expression:

Nγ(z,X, Y,Ei) = Ie(Ei) ·
Hy∫
0

Hx∫
0

nγ(x, y, Ei)An(ϕ,Ei)Bw(µw(Ei)t
′)e−µw(Ei)t

′

R2
dxdy , (4)

where Hx and Hy — the rectangle dimen-
sions, ϕ = arcos(z/R) – the angle under which
a gamma ray emits to the point P relative to
the normal to the plane (x,y), t′ = t · R/z.

Fig.3. Calculation scheme for gamma-ray irradia-
tion from the surface source

Such a technique provides quick and correct calcu-
lation of characteristics of radiation generated by
several casks arranged at the storage sites or in the
storage facilities. The γ -ray flux at the point of ob-
servation (and accordingly its dose rate too) depends
on the energy of the initial photons from the RW.
And energy of the initial photons is determined by
isotope composition of radionuclides contained in the
RW. Then γ-ray flux per one isotope decay j in the
point P for all the calculation methods: Monte-Carlo
method, volumetric integration of dot sources and
the combined method can be written as:

Nj =

Ng∑
i=1

nj
i ·Nγ(x, y, Ei) , (5)

where nj
i — quantum yields of i-line of j-th isotope,

Ngj– the number of lines of j-th isotope. Using ex-
pression (5) we’ll obtain the relation for the γ-ray flux
depending on the storage time for all isotopes in the
form:

Ns(T ) =
Niz∑
j=1

χj
i ·Qj(T ) ·

Ngj∑
i=1

(nj
i ·Nγ(x, y, Ei)

 ,

(6)
where Qj(T ) — activity of j-th isotope; χ — partial
content of j-th isotope in the RW; Niz — the number
of isotopes in the RW.

One of the widely used characteristics of radia-
tion hazard for the RW or spent nuclear fuel (SNF)
is radiotoxicity. Radiotoxicity of the j-th nuclide in

the air or in the water is determined by relation:

RTj = Qj/PQj , (7)

where Qj – activity of the j-th nuclide under study;
PQj — maximum permissible activity of this nuclide
in the air or in the water. According to Radiation
Standards in Ukraine [7] for the air PQj = PCinhal

Aj ,

and for the water PQj = PCingest
Bj . For the mixture

of radionuclides with known composition in the air
the value of the PCinhal

AΣ admissible concentration is
determined by the relation:

PCinhal
AΣ =

100∑
J(χjPCinhal

Aj )
, Bk/m3 , (8)

where χj – specific concentration of each isotope. The
formula for calculating of the permissible concentra-
tion of PCingest

BΣ is similar to the mentioned above.

3. INITIAL DATA

Concrete casks are rectangular parallelepipeds with
overall dimensions of 1.65 m × 1.65 m × 1.375 m and
the wall thickness of 0.15 m [2]. The air-conditioned
RW loaded into the containers is pressed solid waste
(including pressed ashes at Zaporozhye nuclear power
plant) and salt melt. The solid radiation waste
(SRW) density ranges from 2.2 g/cm3 (pressed ashes)
to 4 g/cm3 (building waste, with metal debris); the
salt melt density ranges from 1.7 to 2.1 g/cm3. To de-
termine the radiation characteristics we analyze two
types of conditioned SRW: salt melt with density of
2 g/cm3 and pressed SRW with density of 4 g/cm3.
The salt melt elemental composition is similar to the
concrete elemental composition, and SRW building
waste is concrete + metal (70 % of concrete + 30 %
of iron). Pressed SRW is produced by compressing
the waste having density of ≈1g/cm3, this SRW can
get to the pressing machine right after its extracting,
without pre-cooling. Such SRW can contain a suf-
ficient amount of short-lived nuclides whose half life
is less than a year [4], see Table. The salt melt is
produced by deep evaporation of liquid radioactive
waste (”distillation residue”) stored in containers at
the NPP area for a long enough time with the nu-
clides composition [2], see Table. The data in Table
on permissible concentration of isotopes in the air
PCinhal

A and in the water PCingest
B were derived from

Radiation Standards in Ukraine [7].
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Characteristics of nuclides contained in the salt melt and SRW

Serial Isotope PCinhal
A , PCingest

B , T1/2, Content of isotopes%
number Bk/m3 Bk/m3 Year Solid RW Salt melt

1 54Mn 1000 8.00E+05 0.85 4
2 60Co 70 8.00E+04 5.27 21.1 20
3 110mAg 200 2.00E+05 0.685 25.2
4 134Cs 100 7.00E+04 2.06 13.1 15
5 137Cs 60 1.00E+05 30 36.6 65

Quanta yields of photons and energy spectra of γ-
radiation for isotopic content of radionuclides in SRW
and salt melt was determined from the database of
package JEF PC [5].

4. CALCULATION RESULTS

One of the indicators of radiation safety at han-
dling with RW is the dose rate value 1 m away
from the source surface. Four cylindrical contain-
ers (barrels, 200 liters) are filled with SRW (den-
sity of 4 g/cm3) or salt melt (density of 2 g/cm3)
and placed into the cask. Spectra of photons, that
passed through the shielding wall of the cask, gen-
erated by separate nuclides contained in the SRW
and salt melt (54Mn, 60Co, 110mAg, 134Cs, 137Cs)
were calculated using Monte Carlo method. To-
tal spectral distributions averaged over the con-
tainer surface, that were generated by SRW whose
radionuclide composition is given in Table 1, are
shown in Fig.4. Spectra are calculated in accor-
dance with relation (6) for the time of RW processing
(T = 0),and the storage time for 20 years (T = 20).
The same figure shows distribution of the dose rate
(DR) from photons with such energies.In this case
we used coefficients of photon (with energy E) con-
version into the dose rate derived from ICRP-74 [6].

Fig.4. Spectral distributions and dose rates depend-
ing on the photons energy

The data given in Figure 4 show that in the RW
itself and in the concrete walls of the cask the pri-
mary energy of γ-rays significantly decreases due to
re-scattering of photons. The dose rate from pho-
tons, according to the conversion coefficients, grows
with growth of the photons energy. High-energy
gamma-quanta, whose energy is higher then 0.662
MeV, at T = 0 contribute 40 % to the DR. At in-
crease in the RW storage time the content of isotopes

with short half-life which emit high-energy γ-quanta
abruptly decreases. Their contribution (E > 0.662
MeV) at storage time T = 20 years is 13 %. Fig.5
summarizes the contributions of various nuclides con-
tained in SRW and salt melt to the dose rate depend-
ing on the storage time. Spectral distributions and
RD depending on the energy of photons are similar
to those shown in Fig.4. Spectral distribution and
RD depending on the energy of photons are similar.
Due to the presence of a short-lived isotope 110mAg
(T1/2 = 0.685 years) in SRW, which at T = 0 the
25% contributes to the dose rates, with increase of
the storage time also increases contribution of high-
energy photons from 60Co, up to 57% at T = 3.1
years. Further growth of the storage time leads to
some decrease of 60Co contribution to the rate dose.
For the salt melt, which has no short-lived isotopes,
60Co contribution to the RD is maximal at T = 0,
and with increase of the storage time it decreases.
The contribution of 134Cs to the RD makes about
10 % for the salt melt at T = 0 (somewhat lower
for SRW) and with increase of the storage time it
quickly falls down. The contribution of 137Cs to the
RD becomes determinative (over 90 %) at T > 22
years for the salt melt, and at T > 28 for the SRW.

Fig.5. Contributions of various nuclides contained
in SRW and in salt melt to the RD depending on
the storage time

Decay of the isotopes activity in time to a great
extent determines the change in the radiation char-
acteristics due to the change in the isotope com-
position. Fig.6 shows changes in time in the per-
missible concentration of PCinhal

A mixture of ra-
dionuclides in the air for the salt melt and SRW.
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Fig.6. Dependences of change in the course of
time of the concentration of PCinhal

A mixture of
radionuclides in the air for the salt melt and SRW

It is clear, that with increase of storage time the
requirements to the content of RW aerosols in the
air become stricter as long as PCinhal

A decreases to
60 Bk/m3 of the defined 137Cs. The change in time
of PCinhal

A also influences the change in radiotoxic-
ity. Dependences of activity, radiotoxicity and dose
rate on the SRW storage time are shown in Fig.7.

Fig.7. Dependences of activity, radiotoxicity and
dose rate on the SRW storage time

It is seen, that because of PCinhal
A change the ra-

diotoxicity falls slower than the activity and the dose
rate. When arranging the casks containing RW at
the storage sites or in the storage facilities of hangar
type a requirement often occurs to minimize the ra-
diation dose at any part of it. And at the same time,
the construction of an additional biological shield is
undesirable. Paper [2] offers a method allowing to re-
duce the radiation doses at one side of the cask. The
idea is to remove the cylindrical containers (barrels)
to the other wall of the cask, and to fill the free space
with bulk absorbent of γ-rays, for example, sand.
This method is effective enough, but in this case the
cask weight considerably increases and the process of
RW treatment becomes complicated. Since the RW

storage facilities house wastes with different activity
and storage time, it is possible to place 2 barrels with
waste of lower activity along one wall, and 2 barrels
with waste of higher activity along the other wall. In
this paper we consider the option of arranging sources
with different activity. For this purpose transport of
radiation from two sources (barrels) with RW were
calculated using the MCNP package: a) the barrels
are placed near the wall of the cask, 1st row; b) the
barrels are placed in the second row, so that the bar-
rels with RW in the first row serve as shields (Fig.8).

Fig.8. Layout of containers with RW of different
activity in a cask

The calculations for different isotope composition
of RW and densities of 2 and 4 g/cm3 showed that
the containers with RW from the 1st raw serve as
a good shield. On average, the RD produced by
the sources in the 2nd row makes 7...10% of the
total RD from all the casks with RW. That is,
placing of more active radiation sources in the 2nd
row might be an effective way to reduce the RD
in a predetermined direction, for example, at the
boundary of the storage facilities. Fig.9 shows the
detector-averaged photon spectra produced by the
sources with the identical activity in the 1st and 2nd
rows. Spectral distributions are given for 60Co and
137Cs, the RW density is assumed to be 4 g/cm3.

Fig.9. Detector-averaged photon spectra produced
by the sources with the identical activity in the 1st
and 2nd rows
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It is clear that the amount of initial and scattered
photons (isotopes 60Co and 137Cs) from the second
row is ten times less than that from the first raw.
Hence, by analogy with relation (6) the flux from the
cask may be written in the form:

Ns(T ) = Ns1(T ) +Ns2(T ) . (9)

Indices: 1 - characteristics of isotopes and radiation
transport from the first row of the casks, 2 - from the
second row of the casks.

5. CONCLUSIONS

Spectral-angular characteristics of the cask external
radiation obtained by the Monte Carlo method for
separate nuclides are used as input data for the com-
mon calculation techniques:

a) change in the radiation characteristics with
waste storage time;

b) determination of the radiation spatial distribu-
tion away from the casks.

It is shown that at the waste storage its radiotoxicity
decay is slower than the dose rate decay due to de-
crease of the activity of short-lived radionuclides. To
reduce the radiation dose rate at one side of the cask
a method of radiation calculation for arrangement of
the cask with RW of different activity is developed.
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ÈÇÌÅÍÅÍÈÅ ÕÀÐÀÊÒÅÐÈÑÒÈÊ ÐÀÄÈÎÀÊÒÈÂÍÛÕ ÎÒÕÎÄÎÂ ÏÐÈ

ÎÁÐÀÙÅÍÈÈ È ÕÐÀÍÅÍÈÈ ÍÀ ÀÝÑ

Â.Ã.Ðóäû÷åâ, È.À.Ãèðêà, Å.Â.Ðóäû÷åâ, À.À.Êàïëèé, À.Ô.Ùóñü, Ò.À.Ñîêîëüöîâà

Ðàçðàáîòàíû ìåòîäèêè ðàñ÷åòà èçëó÷åíèÿ îò êîíòåéíåðîâ õðàíåíèÿ ÐÀÎ íà òåððèòîðèè ÀÝÑ. Ìåòîäîì

Ìîíòå-Êàðëî ðàññ÷èòàíû ñïåêòðàëüíî-óãëîâûå õàðàêòåðèñòèêè âíåøíåãî èçëó÷åíèÿ êîíòåéíåðà, ñî-

çäàâàåìûå îòäåëüíûìè íóêëèäàìè. Ïîëó÷åííûå äàííûå ïîçâîëèëè ñîçäàòü ïðîñòûå ìåòîäèêè ðàñ÷åòà

èçìåíåíèÿ õàðàêòåðèñòèê èçëó÷åíèÿ îò âðåìåíè õðàíåíèÿ è îïðåäåëåíèÿ ïðîñòðàíñòâåííîãî ðàñïðå-

äåëåíèÿ èçëó÷åíèÿ íà óäàëåíèè îò êîíòåéíåðîâ. Ïðåäëîæåíà ìåòîäèêà óìåíüøåíèÿ äîçîâûõ íàãðóçîê

çà ñ÷åò íàäëåæàùåãî ðàçìåùåíèÿ â êîíòåéíåðû åìêîñòåé ñ îòõîäàìè ðàçíîé àêòèâíîñòè. Ïîêàçàíî,

÷òî ïðè õðàíåíèè ÐÀÎ ðàäèîòîêñè÷íîñòü ñïàäàåò ìåäëåííåå ïî ñðàâíåíèþ ñî ñïàäîì ìîùíîñòè äîçû

çà ñ÷åò ñíèæåíèÿ àêòèâíîñòè êîðîòêîæèâóùèõ ðàäèîíóêëèäîâ.

ÇÌIÍÈ ÕÀÐÀÊÒÅÐÈÑÒÈÊ ÐÀÄIÎÀÊÒÈÂÍÈÕ ÂIÄÕÎÄIÂ ÏÐÈ ÏÎÂÎÄÆÅÍÍI ÒÀ

ÇÁÅÐIÃÀÍÍI ÍÀ ÀÅÑ

Â.Ã.Ðóäè÷åâ, I.Î.Ãiðêà, �.Â.Ðóäè÷åâ, À.À.Êàïëié, À.Ï.Ùóñü, Ò.À.Ñîêîëüöîâà

Ðîçðîáëåíi ìåòîäèêè ðîçðàõóíêó âèïðîìiíþâàííÿ âiä êîíòåéíåðiâ çáåðiãàííÿ ÐÀÂ íà òåðèòîði¨ ÀÅÑ.

Ìåòîäîì Ìîíòå-Êàðëî ðîçðàõîâàíi ñïåêòðàëüíî-êóòîâi õàðàêòåðèñòèêè çîâíiøíüîãî âèïðîìiíþâàííÿ

êîíòåéíåðà, ñòâîðþâàíi îêðåìèìè íóêëiäàìè. Îòðèìàíi äàíi äîçâîëèëè ñòâîðèòè ïðîñòi ìåòîäèêè ðîç-

ðàõóíêó çìiíè õàðàêòåðèñòèê âèïðîìiíþâàííÿ âiä ÷àñó çáåðiãàííÿ i âèçíà÷åííÿ ïðîñòîðîâîãî ðîçïîäiëó

âèïðîìiíþâàííÿ íà âiääàëi âiä êîíòåéíåðiâ. Çàïðîïîíîâàíî ìåòîäèêó çìåíøåííÿ äîçîâèõ íàâàíòàæåíü

çà ðàõóíîê íàëåæíîãî ðîçìiùåííÿ â êîíòåéíåðè ¹ìíîñòåé ç âiäõîäàìè ðiçíî¨ àêòèâíîñòi. Ïîêàçàíî, ùî

ïðè çáåðiãàííi ÐÀÂ ðàäiîòîêñè÷íiñòü ñïàäà¹ ïîâiëüíiøå â ïîðiâíÿííi iç ñïàäîì ïîòóæíîñòi äîçè çà

ðàõóíîê çíèæåííÿ àêòèâíîñòi êîðîòêîæèâó÷èõ ðàäiîíóêëiäiâ.
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