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The main part of residual power of spent nuclear fuel depends on fission product radiation. The impact of neutron radiation
on man and environment can be very significant, because the dosimetrical values from neutron sources become equivalent to
those of photon irradiation when nuclear fuel is transported or stored for a long time in casks as in the case of Ignalina NPP.
Mechanisms of neutron emission are discussed in the present paper and the results of calculations of spent nuclear fuel nuclide
inventory using the codes APOLLO1 and REFACTN for the RBMK-1500 type reactor are presented. Results of calculations
are used for the evaluation and assessment of neutron sources. It is shown that the main neutron sources in the spent nuclear
fuel of the RBMK-1500 type reactor are 242,243,244 oy 236,238,240py 232y apd 24! Am. It is determined that the emission of
neutrons does not decrease with the time uniformly. Neutron emission due to the (c, n) reaction of >*®Th becomes significant
after 50 years of cooling. The cooling time and burn-up of the nuclear fuel are the most important parameters that affect

build-up of neutron sources.
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1. Introduction

The assessment of neutron sources in spent nuclear
fuel is very important measure from the point of view
of radiation protection and nuclear safety.

Neutron emission is responsible for the additional
doses to personnel during transportation and long-term
dry storage of spent nuclear fuel. It is important for the
evaluation of the criticality of the system.

The aim of this work was to numerically assess
the neutron sources of spent nuclear fuel from the
RBMK-1500 type reactor and to discuss the influence
of different parameters on the build-up of these sources.

Calculations and modelling of parameters were per-
formed using the codes APOLLO1 and REFACTN
[1,2].

2. Modelling of nuclear fuel composition

2.1. Theoretical background

A basic point for the assessment of neutron sources
in spent nuclear fuel is the composition of initial nu-
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clear fuel and its evolution during operation of the re-
actor.

The composition of actinides in nuclear fuel changes
during operation time of nuclear reactor. The new nu-
clides, such as Np, Pu, Am, and Cm, can be found
in the nuclear fuel, which were not observed initially.
Some of them are fissile, others act as the absorbers and
can reduce reactivity of the reactor core. The main iso-
topes in the initial uranium-cycle nuclear fuel can be
234y, 235y, 236y, and 238U depending on conditions of
the fuel production. Uranium 238U fissions only when
it interacts with fast neutrons. Nevertheless, 238U is
a very important intermediate nuclide for the forma-
tion of 23Pu. Similar features are characteristic of the
neutron capture chain which begins with 23°Pu. Af-
ter a capture of two neutrons, the fissile 241py nuclide
converts via beta decay to 241 Am, which can act as a
neutron absorber. Different behaviour of heavy nuclei
requires setting up of their hierarchy. The criterion for
the hierarchy of nuclides for the operating reactor is
their reactivity.

When a neutron flux interacts with nuclei, the neu-
tron capture reactions (n,) and (n,2n) occur and
should be taken into account along with the sponta-
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Fig. 1. Simplified evolution chain of uranium fuel [3].

neous fission or alpha and beta decay of nuclides in the
nuclear fuel.

Simplified evolution chain of uranium fuel that in-
cludes reactions of neutron capture and alpha and beta
decay of nuclides is presented in Fig. 1 [3]. The shaded,
normal, and dashed boxes in Fig. 1 indicate the fis-
sile nuclei, the nuclei that are stable for the interac-
tion with slow neutrons, and the short-lifetime nuclei,
respectively. The downward and upward arrows indi-
cate the neutron capture (n,~) and (n,2n) reactions,
respectively. Horizontal arrows correspond to beta de-
cay and the diagonal ones correspond to alpha decay
of the short-lifetime nuclides. Curium isotopes 22Cm,
243Cm, and ?**Cm convert via alpha decay to pluto-
nium 238Pu, 239Py, and 240Puy, respectively. Ameri-
cium 242Am is shown in three boxes because of differ-
ent reaction output channels. After the capture of one
neutron, 24! Am becomes either the ground state 24> Am
in 11% cases or the metastable 24>™ Am in 89% cases.
Americium ?*>Am nuclei have two different beta de-
cay channels. The 3~ decay to 2*2Cm occurs in 83%
cases, while the electron capture with 242Pu output is
possible in 17% cases. The half-life of the processes
is 16 h. Metastable 2*>™Am nuclei have a long half-
life (141 a) with respect to the neutron capture, which
converts them to 243 Am.

Concentrations of nuclides in the operating reactor
depend on the neutron flux ®(r, F, t), on the initial val-
ues of the concentrations, and on the irradiation time
(burn-up). After a capture of one neutron the jth iso-
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tope irradiates v quantum and becomes the (j + 1)th
isotope. The production rate of the (j + 1)th isotope
can be expressed as [4]

o/ (r,t)
ot

=nl(r,t) /0 - ol (E)®(r,E,t)dE

—nd(r,t) [/OO ol TYE)®(r, B,t)dE + VT,
0
(D

where o (E) is the (n, ) reaction cross-section of the

jth isotope, o T1(E) is the neutron absorption cross-
section of the (j + 1)th isotope, and M *! is the decay
constant of the (j + 1)th isotope.

The isotope index j can be replaced by the combined
one j = ab, where a indicates the last numeral of the
atomic number and b corresponds to the last numeral of
the mass number. In this case the production rate of the
isotopes most important for the criticality of the reactor
can be expressed as [3]
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where the neutron flux ®; and the neutron absorption
cross-section o depend on the position in reactor r and
the irradiation time ¢ and are defined by the expressions

©1 =Dy (r, 1) Z/OO ®(r, B,t)dE, A3)
0
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Fission of actinides becomes negligible, when the
nuclear fuel is removed from the reactor. In such a
case the terms, which include the neutron flux, drop
out of Eq. (2) leaving only the decay terms. The sponta-
neous fission, which in principle can affect an evolution
of nuclides, is not usually taken into account, because
the half-time of the spontaneous fission is significantly
longer than the decay half-time and, therefore, its in-
fluence on variation of the actinide concentrations is
much smaller. Equations (2) can be solved implement-
ing specific algorithms and the solutions are used as a
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database for modelling actinide behaviour in a nuclear
reactor.

2.2. Modelling parameters for the RBMK-1500 type
reactor

RBMK is a graphite moderated, boiling water cooled
channel type reactor. The core is composed of 13.6 mm
diameter fuel rods of low enriched uranium diox-
ide pellets enclosed in zirconium with 1% niobium
cladding. Initial enrichment of nuclear fuel UOq is
2.4%. The fuel contains 0.41% of erbium as a burnable
absorber. The rods are arranged in fuel assemblies that
are placed inside pressure fuel channels. The fuel chan-
nels are installed in a graphite matrix and are cooled by
water, which boils while passing the channels.

Every RBMK assembly is constituted by a set of
18 fuel elements arranged within two concentric rings.
The first and the second rings contain 6 and 12 fuel
rods, respectively. For calculations, the 18 fuel ele-
ments are shared into homogenized composition.

The model of 5 cylindrical zones is chosen for mod-
elling of fuel assembly. The geometrical parameters of
the fuel element are taken equal to given original val-
ues while the radii of the water-filled zone, fuel element
channel, and graphite zone are calculated as 1/18 part
of the corresponding areas in the cross-section of fuel
assembly.

The first zone (r;1 = 0.566 cm, t; = 925°C) in-
cludes nuclear fuel with impurities, the second zone
(ro = 0.662 cm, to = 312 °C) corresponds to fuel el-
ement clad, the third (r3 = 0.919 cm, t3 = 289°C)
zone accounts for cooling water and spacer grids, while
the fourth (r4 = 1.083 cm, t4 = 305 °C) and the fifth
(rs = 3.309 cm, t5 = 581 °C) ones correspond to the
channel tube and graphite, respectively. Here r,, is the
radius and ¢,, is the temperature of the nth zone.

The first zone includes an erbium absorber. Natu-
ral erbium consists of 6 isotopes, 162Er (0.14%), 15*Er
(1.56%), '%Er (33.4%), '"Er (27.1%), and '™Er
(14.9%). The most important role in neutron absorp-
tion is played by '67Er. Its neutron absorption cross-
section is 10 times higher than that of '%Er. The er-
bium absorber in the nuclear fuel is an important factor
which affects the neutron spectrum, inventory of ac-
tinides and their accumulation [5]. This is very impor-
tant for interim spent nuclear fuel storage in CASTOR
and CONSTOR casks.

Modelling of actinide accumulation in the
RBMK-1500 type nuclear reactor was performed using
APOLLOI1 code. The program solves the Boltzmann

equation using the collision probability technique and
determines the nuclide concentrations and neutron re-
lated parameters, such as the flux and cross-sections,
which are the functions of burn-up [1]. The concentra-
tions of heavy nuclides calculated are further used as
input parameters for REFACTN code, which evaluates
neutron emission from neutron sources. REFACTN
solves analytically the Bateman differential equations
and calculates the concentrations of actinides and evo-
lution of neutron sources during cooling of the reac-
tor [2].

While modelling the parameters of the problem, it
was assumed that the burn-up reaches 20 MW-d/kg at
the power of 18 MW /t.

3. Assessment of neutron sources in nuclear fuel
3.1. Neutron emission from spent nuclear fuel

Neutron emission from spent nuclear fuel depends
on the build-up of heavy nuclei in fuel, which is a func-
tion of fuel burn-up, its initial content, its enrichment,
and cooling time. The neutron emission .S from spent
nuclear fuel consists of two parts [2, 6]: (i) of the neu-
tron emission caused by spontaneous fission of heavy
nuclei and (ii) of the secondary emission of neutrons
based on (o, n) reactions with oxygen in fuel oxide,

17’1§O + %He —n+ 20’1201Ne.

Thus, the total neutron emission can be presented as
S = Ci(t)[Yi(a,n) + Yi(sf)], (&)

where Y;(c, n) is the yield of (o, n) reaction of the ith
nucleus with oxygen in fuel oxide and Y;(sf) is the
yield of spontaneous fission of the ith nucleus. The
yields can be expressed as

Yi(a,n) = r(a,n)\,, Yi(sf) = v, (6)

where r(a,n) is the number of emitted neutrons due
to (o, n) reaction with oxygen, A, is the alpha decay
constant, v is the number of neutrons emitted by spon-
taneous fission, and A4 is the constant of spontaneous
fission of nuclei.

Figure 2 presents calculation results for the yield dis-
tributions of the spontaneous fission reactions of ura-
nium isotopes in nuclear fuel and of the (a,n) reac-
tions.

The contribution of nuclides to neutron emission
is rather different and proportional to the yields and
concentrations of the nuclides in spent nuclear fuel.
Isotopes 236Pu, 232U, 242m A, 242py, 242Cm, 238Ppy,
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Fig. 2. Neutron yield distributions of spontaneous fission and of
(v, ) reactions.

2341y, 2381y, 241 Ay, 244Cm, 240py, 236, 243 Am, 239py,
and 23U represent both mechanisms of neutron emis-
sion, but 225Th, 241pu, 237Np, 243Cm, 229Th, 227 Ac,
and 2%6Ra are neutron sources with respect to (o, n)
reactions with oxygen only.

3.2. Neutron emission from initial nuclear fuel

Neutron emission reactions in fresh, initial, nuclear
fuel, which consists of UOy, are the same as in the
spent nuclear fuel. The reactions are not intensive as
long as concentrations of heavy nuclides in the fuel
are low. Calculations show that the total neutron emis-
sion from 1 kg of 2.4% 235U enriched uranium fuel,
which consists of 234U and 26U impurities, is only
14 neutrons/s. The fission neutrons make up 94.3%
of the total emission and the neutrons emitted in (o, n)
reactions with oxygen make up the 5.7% part. Inten-
sity of neutron emission from the fresh nuclear fuel is
almost independent of the time of storage and does not
change during the first few hundreds of years. Some
changes in the intensity of neutron emission can be ob-
served for the nuclides, which are presented in initial
decay chains, namely 230, 226Rq, 231Pa, and 227 Ac,
if the storage time is comparable with the duration of
geological storage. Influence of these nuclides on the
total neutron emission is illustrated in Fig. 3. It can
be shown that the 232U, 234U, and 236U impurities of
the nuclear fuel are responsible for a slight increase of
neutron emission.

3.3. Influence of burn-up on neutron emission

Concentrations of actinides vary in accordance with
the burn-up of nuclear fuel. The process is related with
the changes in the intensity of neutron emission. When
the fuel burn-up increases, the emission intensity of
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Fig. 3. Evolution of neutron yields from nuclides in fresh nuclear
fuel with geological time.
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Fig. 4. Variation of neutron emission versus burn-up in uranium
fuel.

neutrons from a mass unit of heavy metal increases as
well due to an increase of intensities of both neutron
emission reactions. Comparing the values of neutron
emission intensity for 10 MW-d/kg and 20 MW-d/kg
burn-up, one can evaluate that the total emission in-
creases 11 times, while the partial emission channels
due to the spontaneous fission and due to alpha parti-
cles increase 11.5 and 8.5 times, respectively. Depen-
dences of both channels of neutron emission and of the
total emission intensity on the burn-up at 0.1 s after
stoppage of reactor are presented in Fig. 4. (The water
density in the fuel channel was 68%.) As is evidently
seen from the figure, the spontaneous fission-induced
neutron emission increases faster as compared to that
due to (, n) reactions.

Figure 5 presents the dependence of the total neutron
emission intensity on the burn-up for different nuclides.
As seen, the growth of emission intensity with the burn-
up differs for various nuclides.

Variations of neutron emission intensity versus burn-
up for different cooling times are presented in Fig. 6.
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Fig. 5. Dependences of neutron emission on burn-up for (a) ura-
nium isotopes, (b) plutonium isotopes, and (c) Am, Cm, Np, and
Th nuclides.

3.4. Influence of cooling time on neutron emission

With an increase of the cooling time the neutron
emission generally decreases. Variations of the nuclide
number C; in decay chains are determined by the equa-
tion [2]

dC;(t
dt( ) _ ; Ci(t)Akbe—i — AiCi(t), (D
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Fig. 6. Neutron emission versus burn-up for different cooling times.

where \; and )\; are decay constants of the kth and ¢th
nuclides, respectively, and by_.; is the branching ratio.

For the initial spent nuclear fuel burn-up of
20 MW-d/kg, the part of emitted neutrons due to spon-
taneous fission is 88% and that due to (a,n) reac-
tions with oxygen is 12%. After 5 years of cool-
ing the spontaneous fission-induced emission becomes
2.3 times smaller and that due to («,n) reactions re-
duces 3.7 times. The total neutron emission decreases
2.3 times in this period. Due to the different time de-
pendences, the part of neutrons from spontaneous fis-
sion constitutes 92% after the period of 5 years and
the part due to («, n) reactions with oxygen makes up
only 8%. After the cooling period of 50 years (this
time is proposed for the dry long-term storage of spent
nuclear fuel in CONSTOR and CASTOR casks at Ig-
nalina NPP) the intensity of total neutron emission de-
creases 5 times as compared with that from the ini-
tial spent nuclear fuel. Then the constituent parts of
neutron emission make up 94% for spontaneous fission
neutrons and 6% for («, n) reaction neutrons. Figure 7
presents evolution of the total neutron emission and its
constituent parts with the cooling time.

The most important changes during long-term cool-
ing period occur for 24Py, 242Cm, 243Cm, and 2**Cm
isotopes. The concentrations of these isotopes de-
creases with time but the concentration of decay daugh-
ters such as 24! Am, 238Pu, 239Py, and 2%°Pu increases.
The most active sources of neutrons are 2*2Cm and
244Cm isotopes from the following decay chains:

#Pu (67) =M Am (n,7) — *#Am (57)

N 242Cm,

2Py (1, 7) — *$Pu (87) — > Am (n, )

N 244Am (ﬂ_) N 2440111.
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Their contribution to neutron emission (Fig. 8) as com-
pared with all neutron sources is 73% for spontaneous
fission neutrons and 25% for («, n) reaction neutrons
at 20 MW-d/kg burn-up of nuclear fuel and just af-
ter its removal from reactor. After 5 years of cooling
the contribution of the nuclides constitutes 37% and
58% for spontaneous fission and (c,n) neutrons, re-
spectively. After 50 years of cooling the nuclide con-
tribution makes up 0.04% and 89% for spontaneous fis-
sion and (v, n) neutrons, respectively.

Other important active neutron emitters are 2>*Pu,
239py, 240py, 242py and 24! Am nuclides. Their contri-
bution to the neutron emission is presented in Fig. 8.

Variations of neutron emission with cooling time for
different nuclides acting as the emission source are pre-
sented Fig. 9.

Most of the considered nuclides are produced di-
rectly in the operating reactor. Nevertheless, their in-
fluence on neutron emission depends on a genetic de-
cay chain, on a position of the nuclide within the chain,
and on the decay half-life. The half-life of the most
active neutron emitter 24>Cm is relatively short, about
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Fig. 9. Neutron emission versus cooling time for different nu-
clides ((a) stronger and (b) weaker emitters) acting as the emission
sources.

163 days, however, the neutron emission from 220y
starts to decrease after few years. The slow-down of
the process can be explained taking into account that
new 242Cm nuclei are produced in another decay chain

242mAm (,Y) N 242Am (ﬂ_) N 2420111,

which affects 242Cm concentration after several tens of
years.

The increase of ' Am contribution (Fig. 9(a)) can
be explained in a similar manner. It takes place when
241py nuclide with the half-life of 14.35 year decays to
241 A

Nonmonotonous variations of the **U and
contributions to neutron emission (Fig. 9(b)) are related
with the alpha decay of 2*Pu and decay of 233U, re-
spectively. Maxima in the time dependences of neutron
emission intensities, which are due to 23"Np and 234U
nuclides (Fig. 9(b)), originate from the decay chains

234U

2411:)u N 241Am N 237Np
)

236PUH232U—>228T11
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4. Conclusions

Spent nuclear fuel contains a variety of neutron
emitting nuclides. Most active neutron emitters are
242Cm and ?**Cm nuclides.

The neutron emission in spent nuclear fuel of the
RBMK-1500 type reactor is predominantly due to
spontaneous fission products.

The total emission of neutrons generally decreases
with time. Nevertheless, an increase of neutron emis-
sion from several nuclides can be observed during long-
term storage of spent nuclear fuel. The increase is
due to replenishment of the neutron emission-active nu-
clides from various decay chains.
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NEUTRONU SALTINIAI RBMK-1500 REAKTORIAUS PANAUDOTAME BRANDUOLINIAME KURE

G. Adlys, D. Adliené

Kauno technologijos universitetas, Kaunas, Lietuva

Santrauka

Aptarta neutrony Saltiniy, generuojamy RBMK-1500 reakto-
riaus branduoliniame kure, jtaka, jvertinant radiacing situacija jvai-
riuose branduolinio kuro saugojimo etapuose. Neutrony emi-
sija sukelia papildomas dozines apkrovas personalui panaudoto
branduolinio kuro laikymo bei transportavimo metu. Nagrinéti
du pagrindiniai neutrony Saltiniai: neutrony emisija dél aktinidy
savaiminio dalijimosi ir neutrony emisija, vykstant (o, n) reak-
cijoms su branduolinio kuro oksidy deguonimi. Aktinidy su-
sidarymas RBMK-1500 reaktoriaus kure modeliuotas naudojant
programa APOLLOI1, o neutrony emisijos intensyvumui jver-

tinti naudota programa REFACTN. Remiantis skai¢iavimo re-
zultatais, galima nustatyti neutrony S$altinius jvairiais branduoli-
nio kuro saugojimo etapais ir jvertinti jy galia, kuri priklauso
nuo kuro iSdegimo, jo sudéties, pradinio isodrinimo, auSinimo
trukmeés. Taip pat, remiantis skai¢iavimo rezultatais, parodyta,
kad pagrindiniai neutrony Saltiniai RBMK-1500 reaktoriaus bran-
duoliniame kure yra 242:243:244Cy 236,238,240 py 2820y 241 pp,
0 ju emisijos intensyvumas, didéjant auSinimo trukmei, mazéja
netolygiai. Paskutinioji i§vada ypa¢ svarbi prognozuojant ra-
diacing situacija panaudoto branduolinio kuro saugyklos aplin-
koje.



