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ANALYSIS OF NOBLE GAS ACCUMULATION  
IN MINERAL MATERIALS CONTAINING FISSILE ISOTOPES 

M. Szuta 
Institute of Atomic Energy 

Both the old mineral materials containing fissile 
isotopes and the neutron irradiated dioxide material hold 
fairly a lot of noble gases. These gases are not released 
during hundreds of millions of years from the old mate-
rials, e.g., the mineral thorianite at least 5·108 years old 
occurring in Ceylon contains as much as 10 cm3 He/g 
[1]. Some minerals containing fissile isotopes still hold 
significant part of xenon after annealing at 1325oC [2]. 

 

 
Fig. 1. Differential curves of radiogenic gas release from the 

uraninite Big Lopot during annealing (copied from Fig. 
37 of ref. [2]). 

The uraninite and nasturan minerals are the most 
suitable uranium minerals to be compared with the UO2 
fuel since they have high percentage of uranium which 
occur in the form of uranium oxides. Both the minerals 
and the UO2 fuel have a cubic crystal structure of the 
fluorite type (CaF2) – ionic crystal. 

The particular feature of the gas release (Xe, Kr, 
Ar, He) from the uranium minerals during annealing is 
that it has three main peaks for all the gases principally 
at the same temperatures. For instance, for the uraninite 
Big Lopot the three peaks lie in the temperature ranges 
200 – 300oC, 700 – 800oC, 1100 – 1200oC, for the uran-
inite MF – 200 - 300oC, 900 – 1000oC, 1200 – 1300oC 
and for the nasturan G1 – 200 – 300oC, 600 - 700oC, 
1000 – 1100oC. The most common temperature range 
for all the minerals is the first peak, the second peak and 

especially the third peaks are a little bit different for the 
different minerals (Fig. 1). 

This fact does not agree with the theory of single 
gas atom diffusion in the crystal matrix since the radiai 
of the considered atoms are different. 

Appreciable fraction of the inert gases is immobi-
lized in the uranium dioxide material after irradiation in 
exposure excess of 1015 fissions/cm3 [3]. 

Similar experimental results were obtained [4] for 
the uranium oxides with O/U ratio ranging from 2.00 to 
2.62. The samples of uranium oxides were irradiated to 
a total fission fluence of 1015 fissions/cm3. Release of 
xenon from the irradiated samples during annealing 
revealed also three main peaks as for the annealed min-
erals of urannite and nasturan. For instance, for the 
UO2.14 samples the three peaks are in the temperature 
ranges 180-250oC,600-650oC and about 1000oC (Fig. 2).  

 

Fig. 2. Heating curve for xenon release from UO2.14  (copied 
from Fig. 5 of ref. [4]). 

It is worth noting that during annealing of the min-
eral xenotime, 2% of the total amount of gas in the min-
eral is released in the low temperature range. But it still 
holds about 85% of xenon after annealing at 1325oC. It 
means that to anneal the gas from the mineral, an activa-
tion energy above 120 kcal/mole is needed. Practically 
whole helium is released at temperature below 1200oC 
[2]. 

The titanic tantalous niobates minerals belong to 
the family of minerals where less than 5% of xenon is 
detained after annealing at 1300oC. Percentage of ura-
nium in all the minerals is of the same order. The pecu-
liarity of these minerals is that the activation energies of 
krypton and xenon release during annealing at high 
temperature for young minerals (140 million years) as 
khlopinte and betafite are different according to the 
classical diffusion. In older minerals as samarskite (330 
million years) and ampangabeite (1950 million years) 
the release of krypton and xenon occurs for the same 
activation energies. This implies that the gas release 
from minerals during annealing depends on the amount 
of defects [2]. 
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In general we can say that both the minerals con-
taining fissile isotopes and the irradiated UO2 fuel re-
veal during annealing three peaks of gas release. 

The point defects induced by irradiation begin to 
recover at 450–650oC and are almost completely recov-
ered above 850oC, while clusters of dislocation recover 
at 1150–1450oC [5]. 

So the gas release kinetics is determined by the ki-
netics of thermal recovery of the radiation induced de-
fects. 

We assume that for this kind of minerals, even at 
this level of irradiation defects, some of the fission gas 
products are interacting chemically with the mineral. 
The surmise is based on the analysis of the effect of the 
chemically inert fission gas products on the chemistry of 
the irradiated UO2 [6]. 

It is assumed that the areas of atomic disorder  re-
maining after the passage of a fission fragment can bind 
charged fission gas fragments with a certain probability 
and prevent their mobility. There is a strong binding 
between gas atoms and irradiation defects [7]. 

The alpha particles created in the process of ura-
nium decay can also interact chemically with the min-
eral materials but probability of this process is of less 
significance as the charge of the particle is small and the 
electrical neutrality is obtained by forming helium. 

The first fission fluence threshold when the more 
intensive process of chemical interaction occurs is 
evaluated to be about 1015 fissions/cm3. The second 
fission fluence threshold when the diffusion of single 
gas atoms is insignificant, it means when practically all 
the gas comes into chemical interaction is obtained for 
the burn-up above 1018 fissions/cm3. It is expected that 
the gas being chemically bound can be released during 
annealing at a temperature of re-crystallization of UO2 
in a form of a large burst release. The higher burn-up 
the higher burst release should be observed.  

Out-of-pile experiments support these assumptions 
[8]. The critical temperature of burst so release is about 
1800oC for low burn-up and decreases to about 1500 oC 
for high burn-up (30 MWd/kgU).  

It has to be remembered that the defects created by 
the fission fragments along the fission fragment trajec-
tories and the strong thermal spikes, both in the UO2 
fuels and in the minerals containing fissile isotopes, are 

of the same order. This is the link between fission gas 
behavior in the UO2 fuels and in the minerals. 

The examples of rare gas compounds presented [9] 
show that noble gas chemistry is much richer than it 
would be expected. New chemical bonds between 
strange bedfellows, like noble metals, actinides and 
noble gases, can still be found. 

Since the examples of rare gas compounds are 
formed by applying the classical chemical methods, the 
more noble gas components of the UO2 fuel type can be 
expected [9]. 

This assumption is suggested by the fact that the 
ClXeCl has been found to form after irradiation with 
501.7 nm laser light of Cl2-doped xenon matrices. It 
appears that after excitation of the Cl2 there is little or 
no barrier for the rearrangement to ClXeCl [10].  

In conclusion [11] we can infer that the noble gas 
atoms can be trapped by the point defects and clusters of 
the point defects of the mineral material. Above a fis-
sion fluence threshold occurs an additional trapping 
process based on the irradiation induced chemical bond-
ing process. 

It is suggested that the same amount of damage 
caused by alpha decay of uranium is much less effective 
than caused by fission of uranium for immobilization of 
noble gases since only during fissioning the conditions 
for strong binding between the noble gas atoms and the 
mineral material are formed. 
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RESULTS OF Y-89 IRRADIATION ON U/Pb-ASSEMBLY USING 2.52GeV 
DEUTERON BEAM FROM THE JINR NUCLOTRON  

M. Bielewicz, S. Kilim, E. Strugalska-Gola, M. Szuta, A. Wojciechowski 
Institute of Atomic Energy 

The neutron field inside the U/Pb assembly of the JINR 
Dubna experimental set-up ‘Energy plus Transmutation’ 
(EpT) was investigated with the Y-89 activation detec-
tors. In the experiment the 2.52 GeV deuteron beam 
impinged on the cylindrical lead target surrounded by 
uranium blanket shielded by polyethylene container 
[1,2]. The spallation neutrons were multiplied in process 
of uranium fission. The neutron field was determined 
with thirty five pure Yttrium 89 (99.9% Y-89) samples 
placed in specified positions (given by the radial and 
axial distance) inside the U/Pb assembly. Neutron cap-
ture in Y-89 yields various (n,xnyp), reactions, where 
‘x’ and ‘y’ are integer numbers. Isotopes created in 
these reactions are unstable and gamma active. After the 
2.59 ́  1012 beam deutrons were collected the gamma 
activity was measured with HPGe spectrometer. Taking 
into account necessary corrections we have determined 
the isotope production per one gram of sample and per 
one beam deuteron at specified positions inside the EpT 
facility (Fig. 1.) 
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Fig. 1. Spatial distribution of Y-88 produced by spallation 

neutrons in Y89(n, 2n) reaction. 

The axial distribution of isotope is a superposition 
of two processes – beam deuteron interaction with the 
samples and spallation neutron interaction. Deuteron 
interaction with yttrium nuclei stripping neutrons (reac-
tion d,dn) takes place in the central axis region. Neutron 

interaction with yttrium nuclei can happen anywhere. 
Besides the central region, at R ³  3 cm, the samples 
measure only the spallation neutrons. 

The analysis of the axial distribution of isotopes  is 
based on the threshold energy for reactions yielding 
given isotope. We found that the lower threshold energy 
isotopes (Y-88, Y-87) attain a maximum of axial distri-
bution in the second plane 11.8 cm while the higher 
threshold energy isotope maximum is moved toward the 
third plane, 24.0 cm from the front of EpT facility 
(Fig. 2). 

The behaviour of the Br-77 distribution curve is 
also interesting since its maximum is on the last plane. 
The Br-77 will be observed carefully during the next 
experiments to avoid poor statistics effect. 
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Fig. 2. Axial distribution of isotopes produced at radial dis-
tance 3 cm from the 2.52 GeV deuteron beam axis  by 
spallation neutrons in  Y89(n,xnyp) reactions. 
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PERSPECTIVE OF HIGH TEMPERATURE GAS  
COOLED REACTOR APPLICATION  

TO HYDROGEN PRODUCTION TECHNOLOGY 
M. 	uszcz 

Institute of Atomic Energy 

The growing demand for hydrogen (H2), the poten-
tial for a H2 economy, the stimulus to avoid imports of 
foreign oil, and concerns about greenhouse gas emis-
sions have created strong incentives to develop new 
methods of H2 production. One option is the use of nu-
clear energy. This option is becoming potentially attrac-
tive because of changes in the H2 market, advances in 
H2 production methods using nuclear energy, and devel-
opment of reactor concepts explicitly for H2 production. 
Nuclear plants are economical only when built in large 
sizes (hundreds to thousands of megawatts). If H2 pro-
duction from nuclear energy is to be viable, the demand 
for hydrogen must match the economic scale of nuclear 
energy production. 

The Advanced High-Temperature Reactor (AHTR) 
is a new reactor concept developed to produce high-
temperature heat (750 to 1000ºC) for efficient prodution 
of electricity and thermochemical H2.  

Nuclear energy can be used in hydrogen production 
by many methods [1-2]: 
- Steam methane reforming using nuclear energy for 

the endothermic heat of reaction. 
- Conventional electrolysis using nuclear-generated 

electricity. 
- Thermochemical cycles for water splitting 
- Hybrid cycles combining thermochemical and elec-

trolytic steps. 
- High temperature electrolysis using nuclear elec-

tricity and heat. 
The requirements for efficient H2 production are 

demanding. Consequently, it may be necessary to de-
velop nuclear reactors explicitly for H2 production. With 
the AHTR, the fuel and reactor coolant are chosen to 
match H2 production requirements. The fuel is a coated-
particle fuel with a demonstrated operating temperature 
limit of ~12000C. Heat is transferred using molten salt 
coolants from the reactor core to an intermediate heat 
exchanger and then from the intermediate heat ex-
changer to the H2 production plant. 

Nuclear-assisted steam reforming of natural gas 
uses nuclear heat to reduce the amount of natural gas 
needed to produce a given quantity of H2. Steam re-
forming of natural gas is the primary method used for 
H2 production today. It involves the conversion of 
methane and water into H2 and carbon dioxide. The 
process is highly endothermic; that is, high-temperature 
heat is required. The natural gas is used as a source of 

chemically reduced H2 and burned to produce high-
temperature heat for the process. Nuclear-assisted steam 
reforming of natural gas uses a nuclear reactor to pro-
vide the high-temperature heat and thus reduce the natu-
ral gas. 

Because the chemical process is fully developed, 
this is the near-term option for H2 production using 
nuclear energy. 

Hot electrolysis involves electrolysis of water at 
high temperatures to produce H2 and oxygen. At high 
temperatures, some of the energy input for electrolysis 
can be heat rather than the more expensive electricity. 
Major research and development is required to make 
this a viable process. 

Thermochemical cycles use a series of chemical 
reactions and high temperature heat to convert water to 
H2 and oxygen. Over a 100 such cycles have been iden-
tified. The estimated thermal-to-hydrogen efficiency for 
the best of these processes is >50%. Japanese research-
ers estimate that the cost of nuclear thermochemical H2 
production may be as low as 60% of that for H2 produc-
tion by the electrolysis of water; consequently, these 
processes are the leading long-term options for produc-
tion of H2 using nuclear reactors. The projected cost is 
lower than that for electrolysis because a thermochemi-
cal process converts heat directly to H2 whereas elec-
trolysis involves conversion of heat to electricity and the 
electricity to H2. Added conversion steps increase inef-
ficiencies and capital costs. Significant work is required 
before these processes become commercial. The leading 
candidate is the sulfur—iodine process (Fig. 1). 
 

 
Fig. 1. The sulfur-iodine process. 
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TEMPERATURE FIELDS IN BLOCKS OF BERYLLIUM-GRAPHITE 
MATRIX OF MARIA REACTOR 

W. Bykowski, M. Klisi � ska, J. Polak 
Institute of Atomic Energy 

The reactor MARIA cooling system is an open and 
low pressure system, typical for pool reactors. It con-
sists of such main elements as: reactor pool with core 
suction basket and pool collector, main circulation 
pumps, heat exchangers, mechanical filter, valves and 
reducing pipe for flow rate measurement (Fig. 1).  

 
Fig. 1. The primary cooling system of MARIA reactor. 

The hydraulic characteristics of these components 
were determined, and the hydraulic resistance of the 
elements and the corresponding pressure drops were 
calculated. The core matrix is truncated pyramid-shape 
with an octagonal base. The beryllium and graphite 
blocks are also truncated pyramid-shape with square 
base. There are internal and corner circular channels in 
the blocks for fuel, control and isotope rods. Between 
blocks there are flat water gaps with flowing coolant. It 
is impossible to determine the overall surface value of 
these gaps due to swelling of graphite blocks, the grade 
of isotope channels filling and because the beryllium 
blocks were picked up during reactor modernization. A 
large number of flat and annular gaps causes very com-

plicated water flow through the core. Due to the lack of 
direct water velocity measurement it was determined 
indirectly. The similarity numbers (Nusselt) and heat 
transfer coefficient were calculated using Michejev 
equation. The internal heat sources values in the blocks 
were measured. The program BLOK used for 3D steady 
state calculation of temperature distribution in the beryl-
lium-graphite matrix blocks has been developed [1]. A 
modeled block is divided into finite elements. For each 
element energy balance equation is created in the pro-
gram. The system of equations is solved by Gauss-
Seidel iterative method. The results of performed calcu-
lations are presented in the form of graphs (Fig. 2.). 

 

Fig. 2. Calculated temperature distribution in the middle of 
height  of beryllium block. 
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ECONOMICS OF NUCLEAR POWER  
A. Strupczewski  

Institute of Atomic Energy 

The renaissance of nuclear power observed 
throughout the world is the result of improvements in 
nuclear power economics, which together with steady 
excellent safety record make construction of nuclear 
power plants both economically attractive and accept-
able to population.   

Within the period of 1995-2000 the overall energy 
produced in NPPs increased by 15%, although the 
power of these NPPs increased only by 3%. The balance 
of increase was due to improvements of operational 
parameters of existing reactors.   

The fuel burnup increased by 50% or more, e.g. in 
PWRs from 30 MWd/kgU in 1974 to 45 in 1998, or in 
BWRs from 23 to 40 MWd/kgU, and is being further 
increased in all reactor types. Load factors have ex-
ceeded 75% in two third of NPPs outside Russia and 
Ukraine, while only 39% were at that level in 1990. In 
several countries the cumulated lifetime load factors 
have exceeded 92% and it is generally assumed that the 
new NPPs will have load factors above of 90% [1].  

Recent economic analyses show that nuclear power 
is competitive in nearly all countries, with the exception 
of those where very cheap open pit coal is available. 
This is seen in the latest study of OECD [2], considering 
over 130 units, of which 27 coal, 23 gas, 13 nuclear, 35 
renewable intermittently operated power plants, 24 
CHPPs and 10 units with other fuels.  
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Fig. 1. Electricity costs according to OECD. 

The discount rate taken into account was 5 and 
10%, lifetime 40 years, load factor 85%, and all costs 
born by the electricity producer were considered with 
the exception of taxes and CO2 emission allowances.  

The results showed that at 5% discount rate the nu-
clear power is competitive to coal or gas in 10 out of 12 
countries, and very close to coal in 2 countries, and even 
with 10% discount rate it remains competitive in a ma-
jority of countries [2]. 

In the another study [3] the costs of electricity gen-
eration were determined for existing and expected in the 

future best available technologies. The study compared 
coal fired power plants with pulverized fuel and with 
circulating fluidized bed (CFB), with integrated coal 
gasification (IGCC) with gas turbine in open cycle (TG) 
and steam gas cycle with natural gas (EG) and NPPs. 
For intermittent sources such as solar cells or wind the 
need for replacement power was considered, assuming 
that that power would be provided by gas turbines oper-
ated in open cycle. The results show (Fig. 2) that 
nuclear power is the cheapest electric energy source 
both in the case of present day technologies and for the 
technoologies assumed available for the future [3]. 
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Fig. 2. Electricity generation costs using future technologies. 

These general results are in good agreement with 
the detailed studies [4] made in Finland as the basis of 
the Finnish parliament decision that the construction of 
a new NPP “is in the interest of Finnish population”. 
The comparisons of nuclear power, coal, gas and peat 
showed that nuclear power is strongly competitive in all 
range of baseload operation. 
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Fig. 3. Electricity production costs in Finland in function of 

operation time. 
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EXTERNAL COSTS OF ELECTRICITY PRODUCTION IN POLAND  
A. Strupczewski1, U. Radovic2 

1Institute of Atomic Energy 
2Agencja Rynku Energii, Warszawa, Poland 

The study [1] was dedicated to the evaluation of 
external costs of electricity production in Polish condi-
tions, with the stress laid on health costs which are well 
established, while the costs related to general warming 
are taken into account but treated separately in view of 
the uncertainties related to the costs of emission allow-
ance and generally to the economic dimension of cli-
mate changes. 

The indicators of exposure-risk (ER) used in the 
European Union countries within ExternE project can 
be applied to Polish conditions without significant 
changes, because the mortality in Poland is nearly iden-
tical with the average values for the EU. The progress in 
reducing emissions of pollutants to the atmosphere has 
been significant, and the best Polish power plants reach 
emission indicators similar as the German power plants. 
However, the average values for Poland are much hi-
gher than in EU, and concentration of SO2 in Katowice 
region still exceeds values at which health damages are 
visible (Fig. 1).  
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Fig. 1. Maximum and minimum concentration of dust in Ka-

towice region. 

The financial evaluation proposed in the study [1] 
was based on the methodology used in ExternE with 
monetary evaluation of present value of the years of life 
lost (YOLL) following the latest guidance of the Euro-
pean Commission.  

The comparison of various health effects of atmos-
pheric pollution and their financial evaluation has 
shown that the largest contribution to the overall exter-
nal costs comes from increased mortality due to chronic 
exposure. According to ExternE the cost human life is 
1 million €. The values of expected life shortening 
(years of life lost - YOLL) discounted at the discount 
rate of 3% yield 50 000 € per year for chronic and 
75000 € per year for acute exposure effects. The second 
largest contributor to external costs is bronchitis, for 
which the costs were taken as equal to 169330 €, based 
on data used in NewExt. 

In Poland about 12 mln ton of coal are burned in 
household stoves for domestic purposes, without any 
filters and emission reduction appliances. Indicators of 
heavy metal emissions are 10 to 15 times higher than for 

power plants, and the emissions of SO2 and particulates 
are also larger due to the lack of filters, and more dan-
gerous.  

The study addresses however first of all the prob-
lem of large power plants, assuming that they are pro-
vided with the filters and emission reducing appliances 
in accordance with the EU requirements.  
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Fig. 2. Health effect for chronic exposure to secondary pollut-
ants (damages recalculated to 1000 tons of primary 
pollutant SO2). 

Comparison of external costs for different siting of 
the power plants shows that the health effects vary from 
34 YOLL/1000 tons SO2 for Gdansk (part of emissions 
goes to sea) to 62 YOLL/1000 tons SO2 for Turów  
(Fig. 2). The average values of external costs for Poland 
is 46.6 mEuro/kWh (Fig. 3), which is comparable with 
the costs of electricity paid by the customer. 

3,1 3,3

26,9

19,6

46,6

20,5

0,0

10,0

20,0

30,0

40,0

50,0

60,0

PM10  SO2  NOx Total health CO2 Total

m
E

u
ro

/k
W

h

Brown coal Hard coal

CHPP Average

 

Fig. 3. External costs for power plants in Poland. 

As the external costs are paid by the whole society 
as costs of lost days of work, medical care or fatalities, 
this means that the total costs of electricity from coal are 
twice higher than those presently paid by people in 
Poland. 

The situation in the whole EU is similar. This is 
one of the reasons of the renaissance of nuclear power 
observed all over the world.  
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RADWASTE HAZARDS IN COMPARISON 
A. Strupczewski 

Institute of Atomic Energy 

The amounts of radioactive waste produced in elec-
tricity generation process in nuclear power plant are 
very small, if compared with the waste from coal and 
lignite fired power plants [1] (Table 1 – 3).  

Table 1. Amount of radwaste from NPP with PWR. 

Activity of radwaste Volume m3/GWe-a 
High 3 
Medium 22 
Low 155 

 

Table 2. Amounts of waste from coal fired power plant. 

Power plant Lauffen, coal Grevenbroich, lignite 
 ton/GWe-a ton/GWe-a 
Ashes 310 000 557 000 
Gypsum 147 000 67 000 
Liquid wastes 131 000 2 230 000 

 
Owing to that, nuclear industry can take an ap-

proach to radwaste management which assures much 
higher safety than in the case of waste from coal burn-
ing. 

Table 3. Differences between radwaste from NPP and toxic 
waste from coal burning 

Nuclear power Coal burning 
Radwaste is tightly enclosed 
and permanently isolated 
from environment 

Ash and slag are separated 
from water for a few dozen 
years  

Radioactivity of radwaste 
gradually decreases to zero 

Ash and slag remain toxic 
forever 

 
The toxicity of coal waste due to chemical hazards 

is significant. In order to dilute the toxic substances 
contained in lignite to values admissible for drinking 
water we need just for Zn from 50 to 230 km3 of water 
per 1 GWe-a, depending on the Zn content in lignite.  
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Fig. 1. Toxic Hazard Indicators for lignite, Belchatów, water 

volume needed to dilute the toxic substances to allowed 
limit concentrations in drinking water. 

 

Overall, the amount of water needed to dilute the 
toxic substances in slag and ash from lignite burning is 
in the range of 2096-3085 km3/GWe-a, while for hard 
coal it is 48.6-190.6 km3/GWe-a.  

In the case of nuclear waste the radiological hazard 
index is initially higher, but falls down and becomes 
smaller than from hard coal after 10 000 years if the 
spent fuel is deposited underground without reprocess-
ing. If the actinides are removed in the course of reproc-
essing, which is essentially to be expected in modern 
societies, which recycle all materials if possible, then 
the hazards of radwaste fall below those for coal burn-
ing after 200-300 years.  
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Fig. 2. Reduction of hazard due to radwaste without and with 
fuel reprocessing compared to hazards of ash and slag 
from coal burning vs storage time. 

The system of radwaste management, which as-
sures multiple barriers between the radwaste and the 
environment is sufficient to prevent release of radwaste 
from the containers for thousands of years. Later on, the 
geological formations in which high level waste will be 
placed would assure separation of the waste for hun-
dreds of thousands years.  

Geological stability of fission products can be seen 
today in analysis of differences in uranium content in 
natural rectors in Oklo, which were in operation 2 109 
years ago. One of fission products, namely xenon, has 
remained till now trapped in mineral crystals [2]. If the 
fission products are so stable in the swamps of Oklo, we 
can expect comparable stability in carefully chosen 
stable and impermeable geological formations. 
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POSSIBILITY AND NECESSITY  
OF NUCLEAR POWER PLANT CONSTRUCTION IN POLAND 

 

A. Patrycy1, A. Strupczewski2 
1Energoprojekt Warszawa, SA, Warsaw, Poland 

2Institute of Atomic Energy

Necessity of nuclear power development in Poland 
is due first of all to coming exhaustion of deposits of 
coal and lignite available at present low prices, which 
together with growing electricity needs and ageing equ-
ipment of existing power plants point to nuclear power 
as the only economic and stable energy source which 
can make up for shortage of coal in a long run in Po-
land.  

Present structure of electricity sources in Poland is 
unique in the world and very different from the structure 
in European Union (Fig. 1). 
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Fig. 1. Electric energy sources in Poland and UE-15. 

While in Poland there is no nuclear power, in EU-
15 nuclear energy provides above 32% of electricity, 
and in such leading countries as France nuclear power 
assures above 70% of electricity production. In the 
future the role of nuclear power will be even higher.  

The dominant role of coal burning in Polish elec-
tricity production results in large emissions of pollutants 
and in high emissions of CO2. The studies of EU and 
our own Polish analyses have shown that the nuclear 
power is among the most human friendly energy sour-
ces, along with wind and hydro power.  

Recent achievements of health physics have 
brought an understanding that low radiation doses, such 
as typical for NPP operation, are not harmful to human 
health. Keeping those doses low is possible thanks to 
the measures to reduce emissions of pollutants and to 
assure NPP safety, which in nuclear power are taken 
from the very beginning of NPP design and construc-
tion. Owing to that, NPPs do not increase radioactivity 
in their surroundings. The costs of radwaste manage-
ment and storage and NPP decommissioning to the 
green field status are also included in the economic 
analyses and the costs of electricity. Owing to that the 
investment costs of NPPs are high, which is frequently 
misunderstood as equivalent to high energy costs. 

In fact, the costs of electricity produced from NPPs 
in Poland will be lower than the costs of electricity from 
coal, lignite or gas fired power plants. This has been 

shown in a study using the atest economic data and a 
spectrum of possibile future conditions in Poland [1]. 

In the study [1] the latest types of nuclear, coal, li-
gnite and gas power plants were compared, assuming 
operation time defined by their technical capacities, the 
latest safety measures for NPP and emission limitations 
according to EU regulations for organic fired power 
plants. The costs included fuel, taxes, water and ground 
use, emission costs according to the established rates, 
capital costs, radwaste management and NPP decom-
missioning, variable and constant operational costs.  

The scenarios considered in the study included va-
rious electricity prices, changes in capital costs, in re-
turn rates, changes of taxes and of CO2 cost allowance, 
and changes in fuel costs. The results for the basic case 
showed that the cheapest electricity is produced by 
NPP, closely followed by lignite fired power plants 
(Fig. 2). Hard coal is more expensive, and gas fired 
power plants are the most expensive. Consideration of 
possible changes has not resulted in changes of relative 
economic advantages of nuclear over coal and even 
more over gas fired power plants.  
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Fig. 2. Electricity generation costs. 

Thus, is spite of high investment costs, cheap fuel 
assures competitiveness of nuclear power plants in Po-
land even for the assumption that the presently exploited 
mines will continue to provide cheap coal.  

Even under economic conditions at the end of 2004 
the construction of gas fired power plants would be 
economically unjustified. Since then, the price of gas 
has significantly increased.  

Development of nuclear power in Poland is eco-
nomically justified and necessary. When the external 
costs are considered, as they should be in view of the 
interests of the whole society, the economic advantages 
of nuclear power over any other energy source are even 
larger.  
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EXPERIMENTAL INVESTIGATIONS  
AND ANALYSIS OF TRANSITION FLOW BOILING  

IN ANNULAR PARALLEL CHANNELS 
E. Borek-Kruszewska 

Institute of Atomic Energy 

As the past experience of MARIA reactor opera-
tion has shown that the admissible heat flux in shim rod 
channels can be a limiting factor for the power of the 
neighbouring fuel elements, experimental investigations 
and visualization of transition flow boiling in annular, 
parallel channels were performed in WIW-300 test 
section. Further theoretical analysis of the results was 
performed within the doctoral dissertation of the author 
[1].  

The parameters and geometry of the test section 
simulated the conditions existing in shim rod channel 
of MARIA research reactor (L=1 m, L/DW=50, 
d=0.0015 m, U@ 1¸ 2 ms-1). In the reactor core the shim 
rod channel is concentrically placed in reactor beryllium 
block. Beryllium block with shim rod channel is part of 
the reactor beryllium matrix and forms two annular gaps 
of 1.5 mm equivalent hydraulic diameter, internal and 
external, both of them of 1000 mm length. The veloci-
ties of subcooled water downflow in annular gaps were 
empirically obtained and found to be nearly the same in 
both gaps, equal about 2 ms-1.  

The pressure drop in test section of WIW 300 loop 
was constant similarly as in the reactor. The thermal 
power was uniformly generated. The experimental in-
vestigations were also aimed to determine the allowable 
thermal loads on the inner surface of the shim rod under 
various flow conditions. 

New accurate CHF data have been measured with 
the test facility. The experimental data have shown that 
the parameters dominating CHF are: mass flux and 
thermal properties of water. Based on the experimental 
data, a new correlation for CHF was obtained. It pre-
dicts experimental points within a ±10% error band. 

Flow visualization was carried out by using the fast 
camera CODAK EXACTA PRO which allows re-
cording 4500 frames per second. This assures the time 
span for flow boiling equal to 2 seconds. High speed, 
high resolution movies of transition flow boiling in 
parallel channel were obtained.  

As the result of film analysis two new flow pat-
terns: slug-wave and wavy-annular were observed 
(Fig. 1). The local bubble velocities were also deter-
mined. It was concluded that bubbles at first slide on the 
heating surface and next take off. The point of take-off 
depends on flow velocity.  

For analysis of boiling phenomena the Madejski 
model [2] was assumed. Based on the Madejski method 
the coordinate of the inception of boiling on the smooth 
heated surface was obtained. The final result of the 
experiments carried out in WIW 300 facility was the 
determination of the maximum heat flux at which there 
is no boiling yet. 

On the basis of the experimental data analysis it 
was concluded that admissible mean power of the four 
fuel elements surrounding the shim rod could be in-
creased at least to 1.8 MW at differential pressure de-
creased to 0.014 MPa. In these conditions the steady 
state operation of MARIA reactor should be safe, be-
cause nucleate boiling will not be observed on the sur-
face of control rod or in the beryllium matrix, even at 
the highest possible inlet water temperature of 50°C.  

 

a 
 

 

b 

Fig. 1. The new flow patterns;a) slug-wave flow,  b) wavy-
annular flow. 
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MICROSCOPIC OPTICAL POTENTIAL FOR NUCLEUS-NUCLEUS 
ELASTIC AND INELASTIC SCATTERING  

AT INTERMEDIATE ENERGIES 
V.K. Lukyanov1, K.V. Lukyanov1, E.V. Zemlyanaya1, K.M. Hanna2, Z. Metawei3, B. S
owi� ski4 

1Joint Institute for Nuclear Research, Dubna, Russia 
2Atomic Energy Authority, Cairo, Egypt 

3Cairo University, Giza, Egypt 
4Institute of Atomic Energy 

A double-folding (DF) microscopic model of the 
optical nucleus-nucleus potential was suggested where 
the dependence on energy and atomic numbers of col-
liding nuclei was taken into account [1]. Basing on this 
model a set of potentials Uopt=NrV

DF+iNimWDF was 
obtained [1,2] and only the pairs of strengths coeffi-
cients Nr,Nim were fitted to experimental data [3,4] on 
elastic scattering of 16,17O heavy ions at energies E of 
about 100 MeV/nucleon on different target-nuclei. In 
calculations of corresponding differential cross-sections 
the high-energy approximation (HEA) method [5], de-
veloped for nucleus-nucleus scattering was applied. 
Then, the obtained potentials of elastic scattering were 
used to get the transition potentials and to calculate the 
cross-section of inelastic scattering with excitations of 
low lying collective states of nuclei with Eex>>E. The 
respective HEA amplitudes were constructed as based 
on the adiabatic approach and using the rotational wave 
functions [6]. The results [7] were compared to the 
experimental data from [4] and the adjusted deformation 
parameters established. These examples show that one 
achieves the fairly good agreement with experimental 
data with introducing no more than two normalization 
parameters of the microscopic optical potential. Thus, 
the suggested model has encouraging perspectives of its 
application in further analysis of experimental data. The 
comparison to experimental data [4] are shown of re-
sults of calculations of elastic and inelastic differential 
cross sections with excitations of the 2+ collective state 
in the target-nuclei. 

 

 
Fig. 1. Elastic (upper row) and inelastic (bottom row) differ-

ential cross sections of scattering of 17O+60Ni,90Zr at 
Elab=1435 MeV 
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FLUCTUATION OF ENERGY LOSSES IN ELECTROMAGNETIC 
CASCADES AT INTERMEDIATE ENERGIES 

B. S
owi� ski1,2, P. Duda1, W. Dzikowski1 

1Faculty of Physics, Warsaw University of Technology, Warsaw, Poland 
2Institute of Atomic Energy 

The fluctuation of energy deposition in electro-
magnetic cascades (EC) produced by high enough en-
ergy gamma quanta in dense active media is the major 
component of uncertainties of their energy and flight 
direction measured in electromagnetic detectors [1]. It 
concerns, in particular, the range of intermediate ener-
gies, i.e. from about 100 MeV to several GeV when EC 
consist of not so many particles.  

In the work [3] we studied both longitudinal and 
transverse fluctuation of energy losses in EC produced 
in liquid xenon by gamma quanta of energy E� = 200, 
550, 2375 and 3375 MeV at four different cut-off ener-
gies Ec.o. = 0.6, 1.25, 2.0 and 3.0 MeV, and three values 
of threshold A= 0.5, 0.7 and 0.9. The work has been 
performed using the EGS modelling code [2]. In total 
48000 events of cascades were modelled. The general 
objective of the study was to obtain exhaustive but con-
cise information on fluctuations in EC. The aim was to 
test simple analytic approximation to the results of 
simulation, which would be suitable for analysis of 
experimental data [3]. The distributions of the cascade 
depth tA at which a part A of EC energy is released on 
the average, when the EC is initiated in liquid xenon by 
gamma quanta of energy were calculated for E�  = 555 
MeV (Fig.1). The histograms were calculated under 
assumption that the cut-off energy Ec.o. = 1.25 MeV. 
Simulation has been performed with the EGS code [2]. 
The histograms were fitted with the function 

)/exp()( ga b
AAA tttP -×=  with three free parameters 

gba ,,  (Fig. 1).  

     

a 

 

b 

Fig. 1. Distributions of the cascade depth t at which the part 
A=0.5 (a) and A=0.7 (b) of EC energy is released on 
average. The cascades are initiated in liquid xenon by 
gamma quanta of energy E�  = 555 MeV on condition 
that the cut-off energy is 1.25 MeV.  
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OBSERVATION OF PIONIC DEGREES OF FREEDOM  
BY MEANS OF QUASI-FREE CHANNELS OF  � -Xe INTERACTIONS 

AT 2.34 AND 3.5 GeV/c 
B. S
owi� ski1,2, R.Sobczak1

 

1Faculty of Physics, Warsaw University of Technology, Warsaw, Poland 
2Institute of Atomic Energy 

The problem of mesonic degrees of freedom of nu-
cleons and nuclei has received much consideration from 
various points of view [1]. General experimental ap-
proaches to the problem come to the use of pions as a 
probe, as well as considering the collective pionic mo-
des in nuclei and the role the pions plays in hadronic 
structures. We present the results of comparative analy-
sis of the experimental works, in which the emission of 
secondary p mesons produced in different channels of 
interactions of p mesons with nuclear targets at several 
GeV have been investigated. In more detail we examine 
our data on neutral pions created in peripheral pXe 
interactions obtained using the xenon bubble chamber 
techniques (JINR, Dubna), which makes possible to 
register p0 mesons within 4p geometry of emission 
angles and energy up to about 5 GeV [2]. It gives a 
possibility to analyse the correlation between the emis-
sion angle Qp and total energie Ep of p0 mesons. Of 
particular interest are so-called quasi-two-body channels 
being predominantly one-step intranuclear collisions  
(quasi-free collisions) without appreciable admixture of 
secondary interactions [3]. At the same time neutral 
pions do not experience intranuclear electromagnetic 
interactions and so they carry out considerably less 
distorted then charged ones information about the target 
on which they have been produced. Therefore a kine-
matic correlation between Qp and Ep may give informa-
tion about the intranuclear target’s mass involved in 
these interactions [2, 3]. Our results show a clear con-
centration of experimental points (Qp, Ep) around the 
kinematic curves corresponding to an intranuclear target 
of the rest mass close to the pionic one [2]. Background 
effects, which may simulate the observed effect, are also 
discussed. The experimental data are compared with the 
results of intranuclear cascade simulation performed 
according to JAM code [4], which do not reveal the 
observed correlation. The figure shows a typical (Qp, 
Ep) scatter plot for p0 mesons produced in p+Xe interac-
tions at 2.34 GeV/c where only one neutral pion and one 
fast charged pion are observed in the final state. The 
same reaction channel has been simulated using JAM 
code [6] (bottom part of the figure). 

 
a 
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Fig. 1. Scatter plot of p0 mesons from the reaction 
p++Xe� p0+ p+A at 2.34 GeV/c. Left – experiment [2], 
right – modelling by JAM [4]. Two solid curves corre-
spond to the kinematics of two-particle reactions poin-
ted in the figure (from [2]). 
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