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INTRODUCTION

Two RBMK-1500 reactors of Ignalina nuclear powé&np (NPP) are entering the final
stage of their service life. The Unit 1 was alreallyt down in 2004. The shut down of the Unit 2
is foreseen in the year 2009. The decommissionimigdismantling activities of the reactors will
involve handling and disposing of a big amount pkmtional waste and decommissioning
residues. In particular, the graphite used as naboeand reflector in both reactors representing
some 3800 tones will contribute largely to the ltet@ume of radioactive waste. Nuclear safety
and environmental standards require that the ratli@awaste management strategies are based
on minimization of amounts of radioactive wastethAlgh only limited practical experience of
decommissioning of graphite reactors is availablday, modern radioactive waste processing
techniques and recent research on activated geapliaitment offer a number of interesting
possibilities. The options of graphite treatmemyviaom direct disposal of conditioned graphite
blocks to separation of radioactive impurities frbalk carbon. The selection of relevant option
focused on real radiotoxicity of graphite may résulconsiderable savings of decommissioning
funds. Therefore the determination of concentratiari radioactive impurities in activated
graphite has a primary importance for its manageénstrategy. However, representative
measurement campaign first of all may not be peréat earlier than a certain period after the
shut down of reactor due to limited accessibilitydadose rates. Secondly, experimental
measurements are costly and do not always permietsure all radionuclides. This leads to new
methodologies of radiological characterization adioactive waste based on easy-measured key

radionuclides and establishing of radionuclide eectalculated by various computer codes.

The principal aim of the Doctor’s Thesis

The principal aim of this Thesis is the creatidrihe model of formation of radioactive
impurities in the graphite of Ignalina NPP, evailoatof radiological characteristics of graphite
and formation of scientific grounds for the seleatiof appropriate option for its further
management.

The principal tasks
The principal aim of this Thesis is achieved tigtodollowing tasks:
1. Creation of the model for evaluation of activatiohvarious graphite structures of the
RBMK-1500 reactor.
Identification of the main factors determining thedance of activation radionuclides.

3. Investigation of composition of impurities of fresample of the Ignalina NPP graphite.



4. Estimation of specific activities of radionucliddmsed on experimental results of
investigation of composition of impurities of fresample of the Ignalina NPP graphite.

5. Evaluation of radiotoxicity of RBMK-1500 graphit@ various locations of moderator
and reflector, prediction of evolution of the radixicity due to the long-term storage of

graphite.

The scientific novelty

The axial and radial non-homogeneity of conceiuinat of radioactive impurities in
graphite moderator and reflectors of RBMK-1500 teabave been modelled for the first time.
The model takes into account both the density efflidnx of neutrons and their spectral variations
in graphite. The new data on radiotoxicity of grig@lare presented in this Thesis. The impurities
affecting the classification of radioactive wassuiting from the processing of spent graphite are
identified

Structure and the scope of the Thesis

The Thesis consists of the following parts: intratibn, the list of scientific publications
and contributions at the conferences, review otrddic literature, numerical methods of
calculation, the scheme of calculation and methmgiolof impurity investigation, results,
conclusions and references. The scope of the Thesid0 pages, 27 figures, 16 tables and 117

references.
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Chapter 1. REVIEW OF SCIENTIFIC LITERATURE

The graphite reactors are often associated wittbdginning of the atomic energy era. A
number of countries being the pioneers of atomiergynlike France, Great Britain and Russia
started their nuclear programmes with this brarfcheactors. The nuclear safety standards and
especially the safety issues concerning the decesioning and management of dismantled
reactor residues were not a priority at that tifidis caused a major problem of their
decommissioning and some 50 power reactors worklwiding graphite are in permanent
shutdown status waiting for their decommissioning graphite management strategies.

The most problematic issues of used graphite wasteagement are its considerable
mass and the presence of a long liVi&lisotope due to the following nuclear reactidri€(ny)
C and*N(n,p) *"C. °C is present as a natural carbon isotope in grahit.11%) and'N is the
impurity in graphite ranging from a few ppm to 200m (part per million of the mass) [1, A5].
The deep geological disposal of big volumes of kitgpwould significantly affect the cost of
radioactive waste management. On the other hancoiieentrations dfC isotope as well as the
isotopes of'®Be, *Cl, *Ni, ®Ni and the others will constitute the main accepacriteria
limiting the placement of the used graphite to theface disposal. A number of graphite
treatment techniques are under investigation [BpsSE are focusing mainly on the reduction of
the mass, immobilisation or separation of longdiveuclides from the bulk carbon or both
combinations at once. Cementation and impregnatfamsed graphite blocks permit to prevent
the leakage of nuclides at a reasonably low phmmyever the mass of waste is eventually
increasing. Incineration significantly reduces #odume of used graphite, tHé&C being released
in the form of CQto the atmosphere. Although the doses are neglidiblthe public, as the
calculations show, this method was not well acakddy the public [3]. This raised the
elaboration of new methods relying on steam pyistsd carbonization dfC, separation of'C
from "'C by the methods of cryogenic fractional distibeti*’‘CO and"?CO gas flow excitation
by electrical charge and separation based on eiffeexcitation energy of'C and*’C, laser
enrichment technologies and chemical non-aqueous ré&xtions with amines, where liquid
phase of reaction is enriched by heaH&@0, gas component [4]. Development of new used
graphite treatment methods as well as elaborationlesign requirements of graphite as a
structure material for the reactor is also promddgdresearch on the generation IV reactors.
Recent feasibility studies confirmed 6 new reactmicepts and even 2 of them are based on the
use of graphite (namely, dlten_Slt Reactor and ¥ry High Temperature Bactor) [5].

The first step in the decision-making processhafasing the optimal technique for the

used graphite management is the determination afcerdrations of key radionuclides.



Experimental investigations are far from being thasiest way in drawing the detailed
radiological characterisation because the sampkngisually limited to the accessibility to
different reactor construction, | addition, the esmental analysis does not allow measuring all
radionuclides concerned and, finally, such invediigns are costly. Modern activation analysis of
reactor components includes the use of numericlalulegion techniques. Thus, the cost of
investigation is significantly reduced, and the poiter methods, on the contrary, are not limited
to a certain activation radionuclides.

Preliminary numerical evaluation by the code ORNGEf the activated radionuclide
composition in the RBMK-1500 type reactor graphit@s performed by the Lithuanian Energy
Institute [6]. The uninterrupted activation of gnite for 15 years by the thermal neutron flux of
3.10° neutrons per cfmper second (n/cfrs) was used to evaluate the activity of grapHite
concentrations of impurities were used as givencientific literature for this type of graphite.
Another example is the evaluation of the inducetioactivity in Chernobyl and Leningrad NPPs
with RBMK-1000 type reactors. The activity was adéted by combination of 2 computer
programs: MCNP and CHAIN [7, 8]. The first code sglates the fluxes of neutrons in graphite
and the other uses them for activation calculatitmsll above calculations the total activity of
graphite differs more than 10 times, and the comatans of *“C, *H and **Fe also varies
significantly. The impurity rates, as reported inege works, considerably influence the
calculation results. The bibliographic investigatiof impurities in different types of graphite
resumes that they may easily differ up to 100 tiawed more even for the same type of graphite.
Consequently, the activation calculations are somtispersed that may not be directly used for
other type of graphite. The differences of operalgarameters among reactors contribute to the
uncertainty as well. In addition, special attentgmould be paid to the spectral variations of
neutron flux because of the use of different fuelhreents and its burn-up as investigations of
evolution of neutron sensor characteristics in RBMBOO show [9]. Finally, the activation
estimations of some individual radionuclides mayubeertain due to different neutron effective
cross-section libraries used by the computer cpilels

Considerable experience of the use of computeeséat the neutron flux and activation
calculations in reactors shows their effectivenasd credibility. For the modeling of simple
reactor elements, like separate fuel assemblied, doannels, etc the deterministic computer
codes are preferred versus Monte Carlo codes, ahei@ the complex systems, containing
many elements and materials, like reactor andktereal structures, the calculations using Monte

Carlo method give better results.



Chapter 2. METHODOLOGY

Mathematical model for the activation calculationgolves solution of two equations:
Bolzmann equation of neutron transport and Bateeggration of evolution of atomic densities of
material in the flux of neutrons. The Bolzmann dmuamay be presented in integral-differential
form:

1 % O@r,v,Q,t) = —div|Q @, v,Q.t)|[-5, (,v,Qt) O, v,Q,t)+
\

+£dv‘ [ d?Q' T(r,V - v,Q = Qt) OV, Q1) + S(,v,Q,t)

Where CD(F,v,fi,t) is the density of the neutron quxf and 5 are the radius and the angle
vectors,t andv are the time and the scalar velocily.,. and % . are the total and the scatering
macroscopic cross-sectiong. and Q' are accordingly the velocity and the angle ofribatron
before collision.S is the source of neutrons.

The Bateman equation representing the change ofdheentrationN, for a nuclidei can be

written as:

d_ti = Z yjiaf,ijq) +Uc,i—1Ni—1cD +A'i N'i _Uf,iNicD _Uc,iNicD _AiNi
]

Where Z V0 N, ® is the yield rate ofN; due to fission ofj nuclides in the neutron flux,
J

0., 4N, ,® is the rate of transmutation of a nuclidelto i due to neutron capturel’;, N'; is
the rate of formation of nuclide from nuclidei' due to radioactive decay, ;N,® is the rate
of destruction of nuclideé due to fission,g_; N, ® is the rate of destruction of nuclidelue to all

forms of neutron capture), N, is the rate of radioactive decay of the nuciidiéself.

Solution of the first equation for RBMK-1500 reacto this Thesis is performed by using
the Monte Carlo method and solution of the secogdaton is performed by using the
deterministic method.

The overal calculation scheme is given in Fig. ie Talculations are carried out in two
stages. In the first stage the calculations oftteial neutron flux distribution and energy spectr
in the graphite are performed assuming desiredtoeacthermal power. In the second stage
material activation and radioactive decay duringdration and after reactor shut down are

simulated. For the input data the Monte Carlo ddd@NPX [10] requires nuclear data, materials
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and detailed geometry description. The obtainedimoous neutron energy spectrum is merged
into 63 energy groups and normalized to a nomioalgy of the reactor (4200 MW). The spatial
neutron flux is further used as the entry datatiercalculations in the second (activation) phase.
To obtain the irradiation scenario which is closedalistic, the history of the power load of Unit
1 during 21 years was entered for the transmutatimie CINDER’90 [11] by averaging in the
steps of one year.

The activation code also

needs the chemical composition and
impurities  of  graphite.  The

Nuclear Data .
e specimen of the fresh RBMK-1500

graphite taken from the fuel channel

Stage 1 MCNPX

!

Sl Cae Nuclear Data Research Centre of French Atomic
(Impurities) ?:g%’:lg‘l)”x

Energy Commission (CEA) by 2
Stage 2 x

: — / independent  methods: amma
ST ; =
spectroscopy based on activation by
Graphite

Fig. 1L The overall scheme of activation calculations.

sleeve has been analyzed in Saclay

neutrons and glow discharge mass

Radiotoxicity, Sv/g Specific Activity, Ba/g

spectroscopy (GDMS).

Analysis of the first method

consists of irradiation of the

specimens by the thermal and fast neutron fluxhim €CEA Saclay research reactors namely
ORPHEE and OSIRI®D,, = (1.2 — 2.5010"n/cnf-s for ORPHEE and @y = 2:10"n/cnt-s for
OSIRIS). After irradiation the specimens are preedsand analyzed by gamma spectrometry.
This method permits identifying the majority of dhieal elements starting with the Z > 11 at the
precision of the order of 18- 10°g/(g of graphite). However, some important impugtgments
such as Li, N, S, Nb, Pb may not be quantified hgy gamma spectrometry method after
irradiation.

GDMS is based on sputtering to plasma of the atolrmthode which is made from the
material to be analyzed. The atoms of materialsalgect to ionization by electrons ejected to
argon gas plasma due to a potential differenced6f-51500 V or Penning ionization due to the
ionization by argon atoms. The ionized atoms ofemalt are then analyzed with the mass
spectrometer. Although the method is rather semsithe limit of detection is below ((0.05 —2)
107 g /(g of graphite)) some elements as Li, N, O, Eay not be quantified because of the

absence of Penning ionization in argon.
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Both impurity analysis methods allowed obtaining tmaximum of data on impurities
present in graphite. However, for more completeuritp composition, some important elements
as Li, N and a few others, which could not be difiadtby the above methods, have been taken
from scientific literature, mainly from the “typiteRBMK graphite compaosition.

The code CINDER’90 uses 63 neutron energy groudshas its own nuclear data library
originating from the merge of ENDF, JEF and JENDdtadlibraries including some model
calculations. The output of the code is the isaaumposition and radionuclide activity in the
irradiated material. The radiotoxicity of radionidels is calculated conservatively using
coefficients of committed effective dose per umitake for adult person via inhalation or
ingestion [12].

The horizontal and vertical
sections of the RBMK-1500 reactor

Corner reflectors

as modeled by MCNPX are given in

Moderator Fig. 2. The model also allows taking
1180 cm i
lintilis into account the smallest (pellets,

reflectors
cladding, air gaps between cladding

and pellets, etc.) and the biggest

Fuel channel  Side reflector details of reactor (whole reflector,

sleeves

reflectors and reactor external parts:
metal constructions, water tanks,
serpentine structures — they are not
illustrated in Fig. 2).

Five graphite constructional

zones (structures) were identified in
Fig. 2 The MCNPX model of RBMK-1500 reactor withthe  model  and investigated

horizontal and vertical sections (top), 4 lattidengents separately: thenoderator (graphite
containing (bottom): moderator prisms, fuel Cha”n‘fﬂrisms in active zone), theide

sleeves, 3 fuel channels with 18 fuel rods, andrrol | (cjrcular) reflector, thetop and the

rod. A single fuel channel is also presented séglgra bottom reflectors, the part of

reflectors, where the flux of neutrons is the lowasd nearly fully thermalized (hereinafter
referred to as theorner reflector) and thefuel channel graphite sleevesvhich surround the
fuel channel and are designed to fill the space/dmt the fuel channel and moderator (in Fig. 2.

- circle around the fuel channel).
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Chapter 3. RESULTS

The flux of neutrons in the graphite of RBMK-1500

The MCNPX model for the Ignalina NPP reactors maimdes the nuclear data from the
ENDF/B-VI nuclear data library. The model takesoinaccount the detailed geometrical
parameters of the RBMK-1500 reactor. The cell adl fassembly, the graphite prism and the

1,0E+0

1,0E-1 4 i =
i = fuel channel sleeves
[T moderator
top and bottom reflectors
O ﬁ\%
1,0E-3

i

®(u)/Au

1

1,0E-4 -

1,0E-5 T T T T T T T T T
1,0E-9 1,0E-8 1,0E-7 1,0E-6 1,0E-5 1,0E-4 1,0E-3 1,0E-2 1,0E-1 1,0E+0  1,0E+1

Energy, MeV

Fig. 3. Normalized distribution of neutron fluxes per tulgthargy

in the RBMK-1500 reactor graphite constructions.

control rods have been
modeled as precisely as
possible, taking into
account the data given in
the technical description
[13]. The external reactor
constructions (do not
represented inFig. 2)

such as upper and bottom
metal constructions  of
reactor, outer steel liner,

serpentine constructions

and circular water tank have been also includetthénmodel. The temperatures of graphite and

water are chosen from the available list in thd@arcdata libraries and are correspondingly equal

4,0E+14 -

3,5E+14 - model |

——model Il
3,0E+14 -

—+—model Il

2,5E+14 1

¢ 2,0E+14 A

Flux, nfcm2*s

side
reflector

1,5E+14 + active zone

1,0E+14 -
5,1E+13 - x

1,0E+12

0 100 200 300 400 500 600 700
Radial distance from the centre of reactor, cm

Fig. 4. Radial distribution of the neutron flux in modenatmd side
reflector of the RBMK-1500 reactor.

to 800 °K and 600 °K,
which are close to the
realistic operational
temperatures. The density
of water in model is 0.5
g/cn and of graphite —
1.675 g/cm. The neutron
flux and its energy
spectrum are calculated in
each of the above
mentioned graphite

constructions. Fig. 3

represents normalized distribution of neutron fRiper unit lethargy in the RBMK-1500 reactor

graphite constructions. As expected the “fastestitron flux is in the fuel channel sleeves (the

13



share of thermal neutrons is about 48 %) as theytter closest graphite constructional parts to
the fast neutrons source — the fuel. The neutnax iff less fast in the moderator (with ~56 %
thermalization) and in the reflectors the flux loétmal neutrons is more than 90 %.

To evaluate how the

neutron flux and its energy

4,0E+14 | distribution in the moderator are

3,5E+14 -
centre

sensible to the fuel burn-up and

3,0E+14 4

S

& intermediate height

the presence of control rods,

2,5E+14 4

.

nfcm2

s
A vy 't
At S .

N 1N

2,0E+14 averaged P,

three models having the same

Flux

Side

1,5E+14 q
reflector

upper and bottom part

X
1,0E+14 M\
5,1E+13 - Active zone

1,0E+12

basic geometry but a few
important differences have been

‘ ‘ ‘ ‘ ‘ ‘ | employed. Model | uses fresh
0 100 200 300 400 500 600 700

Radial distance from the centre of reactor, cm fuel and has no Contr0| I’OdS

Fig. 5. Axial distribution of the neutron flux in modecatand| The fresh fuel is replaced with

in reflector of the RBMK-1500 reactor. the fuel of 10 MWd/kgU burn-

up in model Il (composition of
irradiated fuel is obtained by calculations carried with the ORIGEN code). Model Il has the
same burn-up as in the model Il but has both fatigt partially inserted control rods in the core.
In all cases the initial enrichment of fuel was%.6or ***U. The maximal values of the fluxes
obtained in models | and Il are in the center ef tbactor and the flux regularly decreases at the
boundaries of the coré-ig. 4). Such flux distribution is due to the fastestlfbarning in the
center of the core and slower burning at peripheigwever, they do not represent the realistic
distribution of the flux which is uniform in thegikau of the core due to the presence of control
rods. Model Il allows “decreasing” the power iretbenter of the reactor and “pushing” it to the
periphery, which constitutes its principal advaetagmpared to models | and Il and increases the
flux in the side reflector up to 85% (s€é&y. 4). The axial distribution of the neutron flux in
moderator and in reflector is shown kig 5. Comparing the calculated curve of axial neutron
flux with the curve of the axial power in the re@ctwhich is proportional to the neutron flux, the
variations are less than 30%, for radial flux -sléean 15%. The possibility to improve the model
further faces some difficulties. Indeed, in furtlogtimization even smaller fragments of control
rods, including the axial fuel burn-up profile, sk be used, which makes the task too
sophisticated and costly in terms of computer titheuill be shown later that 30 % variation in

the neutron flux is not the most important conttid to the final activation analysis.
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Fig. 6 shows the effects the different models have onetiergy spectra of the neutrons.
The relative differences of neutron spectra in maide are less than 1% in thermal energy part
and less than 9% in fast neutron energy part ®sime geometry model but different fuel burn-
up and presence or absence of the control rods.rébult ensures that deviations of neutron flux
spectrum in  graphite structures

9.0% | ] because of the fuel burn-up and the
ng%’ al changing positions of control rods
2 model lli/model | L }

c 50% 1 . . .
odel lmodel : {!}1 ] may not lead to the significant error in
< 3,0% f . . .

i B activation calculations.

£ 10% i s Vs .

2 %E;; A Vi Other parameters, which may
£ won A2 influence the flux calculations, are the

0% | variable density of the water-steam

10E-9 1,0E-8 10E-7 1,0E-6 10E-5 10E-4 10E-3 10E-2 10E-1 1,0E+0 1,0E+1 . .
Energy, Mev mixture in the fuel channel and the use
) ) of higher fuel enrichment (and
Fig. 6. Relations between neutron fluxes of moderator _ _
. poisoned with erbium). It has been
in models | - 1. _ o
evaluated that if the realistic water-

steam mixture distribution in the fuel channel wased, the averaged neutron energy spectrum
in graphite would remain almost the same (deviatiare less than 1% in thermal and epithermal
region and less than 3% in fast neutron regiong Stare of thermal neutrons would differ about
5% in the bottom and upper part of the core fromghare of averaged neutron flux in graphite.
However, such differences have no much influend@éaeal axial distribution of the flux in the
reactor where the flux of thermal neutrons is ratgd by the means of the control rods and may
be neglected in modeling.

As long as the erbium poison is concerned, the ifuehodel has been replaced with the
erbium poisoned fuel of 13MWd/kgU burn-up. In tliase the difference in neutron energy
spectrum in graphite is less than 4%. Taking imtwoant the fact that the erbium fuel campaign
in the Ignalina NPP Unit 1 constitutes less thahdf/the whole operation period, this difference
may be regarded as insignificant.

Unfortunately, there are no representative exparialemeasurements to compare the
calculated total flux of neutrons in graphite stawes of RBMK-1500. However, some
calculations done by different computer codes aedlable. Such is the estimation of the flux of
fast neutrons in the Ignalina NPP graphite by théecWIMS-D4 within the framework of the
studies on the gap problem between the fuel chaametlgraphite stack [14]. The flux of fast
neutrons calculated in this Thesis agrees withflilne of the study within 10%. The flux of
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thermal neutrons of RBMK-1500 may be also compawsitl the same flux of RBMK-1000
reactor providing the thermal power of both reat® normalized accordingly. Calculated
average flux of thermal neutrons in the graphit&kBMK-1000 reactor [15] is 16% lower than
the same flux calculated in this work. Finally, tMonte Carlo calculations carried out by
Kurchatov Institute give good agreement of the propnality of the flux of thermal neutrons in
the graphite sleeves and graphite moderator pr[dGis The agreement is within 3% margin.
These comparisons confirm that the calculationseaitron fluxes in this work are credible and
realistic for the activity calculations in graphite

Investigation of impurities in the graphite sampleof the Ignalina NPP.

The results of the investigation of impurities ghalina NPP graphite are presented in
Table 1 The results of irradiation-activation analysis arblack and the results of GDMS — in

. The results of two different techniques are indyjagreement for Na, K, Cr, and Mn. But
they differ in case of Mg, Al, Ca and Fe. In gehettae concentrations measured by irradiation
technique are higher. Therefore for the consergatigs of final results they are used for the
activation analysis together with the impurity centations of B, Si, P, and Cu measured only
by GDMS technique.

Note that some important impurities were not quesati by irradiation, or by GDMS

technique. The average value of such impurity cotmaons were taken as follows: Li — 0.027

ppm, Be — 0.02 ppm, N —

1,E+3 -

1,E+2 -

1,E+1 4

Concentration, ppm

1,E-4 4

1,E-54

1E-6 -

1,E+0

1E-14

1E-24

1E-34

TS
iy
|

1

Bi
o H[gI
o S
- YIbO IO
LIU

Ir
o

35.25 ppm, O — 119 ppm,
S 28.5 ppm. The
bibliographic study was

performed to compare the
impurity concentrations,
measured by irradiation
and GDMS techniques in
RBMK-1500 graphite and
the impurities of RBMK

Fig. 7. Comparison of measured impurities of RBMK-150@nd other graphite types
graphite by irradiation and GDMS techniques (rectles) with| as found in the scientific
bibliographic data (in blue - presented as the margf maximal| literature The comparison

and minimal concentration value). is presented ifig. 7.
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Table 1 Investigation of impurities of Ignalina NPP gritgh In black — irradiation

analysis; in — GDMS analysis.
Impurity concentration, ppm 30,% Impurity concentration, ppm 30,%
B Cd 0.015 -
Na 4.64, 19 In 0.003 -
Mg 7, - Sy 0.15 -
Al 9.2; 4 S 0.004 6
S Te 0.014 35
P I 0.04 -
Cl 7.6 7 Cs 0.0016 28
Ar 0.14 - Ba 2.0 7
K 1.9; 36 La 0.15 19
Ca 51.9; 13 Ce 0.27 2
< 0.05 1 Pr 0.08 -
Ti 17.4 8 Nd 0.11 6
Vv 17.4 4 Sn 0.021 1
Cr 0.60; 5 Eu 0.0026 6
Mn 0.58; 5 Tb 0.0027 6
Fe 18.7; 16 Dy 0.0032 45
Co 0.019 2 Ho 0.0094 20
Ni 0.39 25 Er 0.0053 -
Cu Tm 0.0056 4
Zn 0.02 - Yb 0.014 5
Ga 0.01 - Lu 0.0015 4
Ge 9 - Hf 0.0058 5
As 0.011 20 Ta 0.0019 10
Se 0.003 - W 0.047 11
Br 0.025 41 Re 0.0019 14
Rb 0.008 - Ir 0.000003 -
S 0.96 17 Au 0.0002 5
Zr 1.0 21 Hg 0.0006 -
Ru 0.07 - Th 0.0079
Mo 0.17 2 U 0.016 8
Ag 0.003 60

17




This comparison Kig. 7) permits to evaluate how conservative the measeméen
performed in this work are and to estimate expetttls of activated radionuclides in graphite.
It also shows the big disperse of impurity concatitns among the nuclear grade graphites. It is
worth mentioning that in this work the concentratiof Ga, Rb, Sr, Zr, Mo, In, Te, Ba, La, Ce,
Pr, Nd, Sm, Eu, Th, Dy, Ho, Er, Tm, Ta, Yb, Lu imgties in RBMK type graphite were
estimated for the first time. The impurities of®, Ge, Ru, Te, |, Hf, Re, Ir were not measured at

all in any type of graphite before.

Calculation of specific activities and radiotoxicites of Ignalina NNP used graphite

The result of the calculations of activity of gr#ghunder realistic irradiation conditions
and impurity concentrations as described abovhddist of more than 1300 radionuclides with
the range of their half-lives from 18 to 16%. Only the radionuclides which specific activity o

radiotoxicity in graphite 10 years after the shawd of the reactor is higher than 0.1 Bg/g and

10° Sv/g accordingly are

1,0E+7 . . .
discussed in this work for
Active zane refoctor detailed evolution
g analysis. However the
R T LTI I O =-=-=--0.
= 0 . . .
R A orseea e el estimation of the total
= Y G----6 - et ‘o‘ . o
g B siiiasaaaiiiiiiiiiiiiaaaaaaas T PR CYREON specific  activity and
- O- after 1 year - ©- after 3 years e ‘e, AN N ) © . .. .
o ° w v radiotoxicity takes into
- ©- after 10 years after 30 years "g
after 100 years O alter 300 years \ account all radionuclides.
1,0E+5 T T T T T T
0 100 200 300 400 500 600 700

The total specific activity

Radial distance from the center of reactor, cm

of isotopes in moderator

Fig. 8 Radial distribution of specific activity of RBMK500 .
and side reflector as a

raphite as a function of cooling time. ) . .
grap 9 function of radial distance

and the time after the shut down of the react@résented in thEig. 8 The activity is constant

in the zone of reactor power plateau and it deeseds the periphery of the active zone.
However, in the side reflector at the edge of thie ¢he total activity slightly increases. It isedu
to the higher flux of thermal neutrons in reflect@hose contribution to the total activity is
essential. Total activity decreases sharply afiershut down of the reactor because of decay of
short-lived nuclides and after 30 years of coolinghanges very slowly for a long time. Axial
distribution of specific activity in moderator, t@md bottom reflector, side reflector and corner
reflectors is shown ifrig. 9. The increase of specific activity in corner reftg zone is much
more important as in case of radial distributi@otdpic analysis shows that tritium is responsible
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for such increase. The production rate of tritionf °Li is very intensive in the active zone.

Practically all’Li is burnt in a high neutron flux of moderator thgy the first 2 years of operation

and afterwards the balance of this isotope is de=tiby the law of radioactive decay only. But

the rate of this reaction is less intensive ina&fbrs and tritium is being produced during the

whole operation time. Because of this fact théutritactivity proportion in graphite constructions

is very different.

400

= P N N w w
13 a =3 a S a
<3 =] <3 S S) S

Axial distance from the center of reactor, cm

a
S

= O~ reactor plateau

periferical part of reactor

side reflector

QO

QQ

Top (bottom)
reflectors

Active zone

1,0E+4

1,0E+5

Specific activity, Bq/g

1,0E+7

Fig. 9 Axial distribution of specific activity of RBMK-800
graphite as a function of cooling time.

The same effect is
observed for other
mother-nucleus with big
neutron capture cross-
sections and the half-lives
of resulted radionuclides
shorter or comparable
with the operation time of
the reactor, e.g.*Co,

18%Cs, ¥Eu, *Eu. The

distribution of activities

of resulting radionuclides

as®Co, 1*'Cs, Eu, *Eu, *Eu is not linearly proportional to the density fixf of neutrons.

The specific activity in the plateau of moderatbRBMK-1500 reactor is shown iRig. 9.

In the right part of the graph the clearance lewdlindividual radionuclides are defined. The

activity of graphite in

the corner reflector is
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1,0E+5 g

Total

Balg
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H-3

Ni-63

given in Fig. 10
where the elevated
activity of tritium
may be observed. In
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m
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C-14; Fe-55;
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Tm-170,
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Sc-46, Co-60,Cs-134,
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Fig. 10 Specific activity of radionuclides in the cornesflector of
RBMK-1500 as a function of cooling time.

other graphite

constructions the
specific activities are
intermediate with

some exception
concerning above
mentioned  nuclides
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which are burnt intensively in high fluxes. Frone pecific activity point of vieW!C and tritium
contribute mostly to the total activity of all theadiated graphite constructions respectively
3.91-16" Bq and 2.19-10 Bq. The activity of other radionuclides such*¥e (4.45-1¥ Bq) and
®Co (9.85-1& Bq) have to be also taken into account, especfaliydismantling and on-site

radioactive waste

management purpo-

1,08+7
S ses. However, radio-
Logss foces0 isotopes asH (12.33
% e NS NN sevs | ) S%Fe (2,73 y) and
sS48%., | “Co (5.27 y) having
£ 1002 i | the short half-lives do
Sb-125, Ru-106, Eu-155, .
I RS N TN I\ e S oncem P24, Crr:242 not represent eSpeClaI
- \ - Na-22, Sc-46, Mn-54,Co-60, Zn-65,
Cs-134, Cs-137, Ce-144, Ag-108m,
1,0E+0 4§ 4240 Eu-154, Tb-160, Cm-244 concerns for |0ng
1-238 Pu-238, Pu-239
LOEL 1 10 100 1000 10000 PU'QZ‘D(;:T::;Z T:\;jj | term manageme nt.
Time after the shut down of reactor, m. i .
Their specific

Fig. 9. Specific activity of radionuclides in the plateeuURBMK-1500

moderator as a function of cooling time.

activities are expected

to reach their

clearance levels in all graphite constructionsraft 30 and 90 years respectivéfiC (5730 y)
activity remains above clearance levels more tHf#086 years and constitutes the main concerns
for the long term management.

The following nuclear reactions contribute mostiythe total activity of irradiated graphite:

®Li (n, o)) — Tritium; *Co (n, y) — *Co;
BC (n, y) — 'C; ®2Ni (n, v) — **Ni:;
14N (n’ p)_) 14C; 133Cs (1'1, ,Y) N 134CS;
*Cl (n,y) — *Cl; 234 (n, v) — PEu;
“°Ca (n, y) — *'Ca; By (n, y) — PEu;

*Fe (n, y) — *Fe;

The reactions™Eu (n, y) — ?Eu; Ag (n, y) — ®"Ag; °Be (1, y) — °Be; **Ho (n, y) —
1M are not very important in the context of total wityiand radiotoxicity as calculated in this
work for the RBMK-1500 reactor, although they hdeen reported to be as the critical ones in
the literature. Other important radionuclides, [{R&s, *°Sr are the fission products of uranium
and thorium impurity naturally present as impustie graphite. Moreover, the presence of
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uranium in graphite results in creation of transium isotopes, the concentrations of which in

most irradiated graphite constructions are muchhdrighan their decommissioning clearance

levels.

The radiotoxicity in (Sv/g) has been obtained simpy multiplying the specific activity

(Bg/g) of the radionuclide in graphite with the servative value of committed effective dose per

1,0E-2

1,0E-3 =

1,054 Dp Pu-238
Am-241

Radiotoxicity, Sv/g

1,0E-6
1 10 100

Time after the shut down of reactor, m.

1000 10000

unit intake for an adult
via inhalation or
ingestion (Sv/Bq) [17].
The

toxicity calculations are

results of radio-

presented inFig. 11

N\ ST S W ea \ N\ ____ - L
B S N v The total radiotoxicity
W of graphite reaches 6.6
S~ — ~ = ——

mSv/g in the moderator.

It is evident, that
Fig. 11 Radiotoxicity of radionuclides in the plateauRBMK-1500 transuranium  elements
moderator as a function of cooling time. due to their radio-

toxicity (**Cm, #*Pu, **Am, ?*Pu) must be taken into account and may cause wpartic
limitations for short and long time waste handlangl packaging. After approximately 50 years,
the radiotoxicity of-‘C becomes mostly importarifCo is also important from the radiotoxicity
point of view. In reflectors the radiotoxicity oheh***Eu and®H constitutes up to 20% of the

total radiotoxicity.

Uncertainty estimations

The accuracy of such activation calculations isntyailetermined by the uncertainties of
the data on impurity concentrations and uncertsntif the effective neutron cross-section data
libraries used. The presence of impurities is du¢he source and other materials involved in
fabrication of nuclear graphite. Therefore thein@entrations are sensitive to technological
process and sometimes vary even for the same gfaglaphite. The results of investigation of
variance of impurity concentrationsig. 7) were used to estimate probable uncertainty dfiact
calculations. InFig 12 and Fig. 13 such uncertainty estimations for the specific \dtgtiand
radiotoxicity are shown. Uncertainty of a giveniomaiclide is within 2 curves corresponding to
minimal and maximal impurity concentration of a m@tnuclide. Dotted curve in between of
these curves corresponds to the measured (gverfor Li and N impurities) concentrations.
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Fig. 12 Specific activity of radionuclides in the plateafl
RBMK-1500 moderator in case of minimal, maximal &

measured impurity concentrations of mother-nuclides

close to a minimal value (0.01), therefore the\iitis of **‘C

evaluated in this work.
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Fig. 13 Radiotoxicity of radionuclides in the plateau

P

[

RBMK-1500 moderator in case of minimal, maximal

gl

Following impurity

concentrations were taken for

this estimation (ppm). Li
(0.004; 0.027; 0.05), N (0.5;
32.25; 70), Fe (2.6, 18.7;
58), Co (0.0009; 0.019;
0.053) U (0.01; 0.016; 0.13).

In the context of the
total activity and

radiotoxicity the uncertainties
in predicting the production of
“C and **Cm are mostly
significant. In the case of the
impurity, its measured
concentration (0.016) is very

m is likely to be higher than

In fact, the production rate of
a radionuclide and the neutron
reaction rate per unit of flux
may differ from one graphite
construction to another due to
the difference in spectrum of
the neutron flux in these
Kig. 3.
Although the major activity is

constructions

a result of reactions from

thermal  neutrons,  some
radionuclides in graphite in
0f:omparable guantities are
mBroduced by reactions with

epithermal neutrons e.g%Co

measured impurity concentrations of mother-nuclides
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52%, ™Eu — 35%. Fast neutrons produce about 9%'®ffrom **C in moderator. Therefore,
activity calculations of these radionuclides basedy on thermal neutrons may lead to a
considerable underestimation of their total acfivit

The uncertainties which are the result of the usdifterent libraries of neutron reactions
effective cross-section data are less importam thase caused by uncertainties of impurity
concentrations. Nevertheless, for some individadlianuclides they are not negligible. The best
known nuclear data libraries, namely ENDF/B-VI, JEFRand JENDL-3 were compared with the
original CINDER’90 library.

Table 2 gives relations of these libraries calculatedtfe neutron flux in RBMK-1500
moderator for thermal as well as both epithermal &mst neutrons. It is evident that the
significant variation of the results for some iridisal radionuclides*{C, **“Cs, ***Eu) may take
place because of the use of a certain cross-sedtda library and negligible influence of
epithermal and fast neutrons. The following neutnargy intervals were taken: thermal {EY
— 0.7 eV), epithermal (0.7 eV — 0.1 MeV), fast (MaV — 25 MeV).

Table 2 Differences of neutron effective cross-sectiosiagl different libraries (related to ENDF/B-VI

or to the library with the note “Ref.”).

Thermal region Epithermal and fast region

Reaction JEF-2  JENDL-3 CINDER'90 | JEF-2  JENDL-3 CINDER’90
°Li (n, a) — °H -0.164%  0.106% -0.580% -0.064%  0.119% -0.757%
¥ (n,y)—C - - -32.00% - - -74.99%
“N (n, p)— *C -0.558%  -2.995% 95.58% -1.689%  -4.822% 92.78%
Cl (n, y) — *Cl - Ref. -0.170% - Ref. 2.674%
“Ca (n, y) — “Ca - Ref. 0.057% - Ref. 0.000%
*Fe(n, y) — *Fe 14.80% -4.17% 0.126% 15.81%  12.54% 0.117%
*Co(n, y) — *Co -0.154%  0.111% 0.430% -0.475%  -0.335% -1.868%
82N (n, v) — *Ni -0.178%  -1.218% 0.583% -0.090%  16.89% 0.325%
13Cs(n,y) » BCs | -1.726%  -1.822% 2.323% 14.41%  3.347% 2.155%
BEum, y) - PEu| -0.186%  0.319% -31.21% -0.313%  -10.56% -34.53%
By (n, y) — Eu| -15.85% Ref. 4.659% 3.036% Ref. 20.631%
BUEu(n, y) — P Eu| -79.13% Ref. -16.99% 119.62% Ref. 11.05%
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CONCLUSIONS
The model for the evaluation of spatial and spédistribution of neutrons as well as
formation of radioactive impurities in RBMK-1500a&tor's moderator and reflectors is
created and is based on 2 computer codes (MCNERIIER'90).
The specific activity of irradiated RBMK-1500 gratghis mainly determined by the specific
activities of*“C, *H, ®Co, and®*Fe. The most important contributor to the radiotiyi of
graphite is*‘Cm, ®°Co, *C and™Eu. The specific activities and radiotoxicitiestoése and
other radionuclides in various graphite structuliéfer significantly.
Activated graphite of Ignalina NPP due to the hagttivity, up to 510° Bg/g, of the long-
lived *C is classified as the long-lived radioactive wa3tee presence of other short-lived
radionuclides and especially actinides may caugaineshort or long term limitations for the
packaging of spent graphite waste.
Modelling of axial and radial distributions of tflax of neutrons in moderator and reflectors
by Monte Carlo techniqgue and estimation of theitivation has revealed the non-
homogeneous distribution of some radionuclides. *°Co, Eu and some other isotopes are
intensively transmuted (“burned”) in the active eaf moderator. However their burn up in
reflectors where the flux of neutrons is signifitgower is less intensive ariéh, ®°Co and
Eu radioisotopes are produced during all operakitime.
Differences of estimation of radioactive impuritiesirradiated graphite of the Ignalina NPP
are possible due to the big variation of impuritywcentrations in graphite. These differences
influence the radiological characteristics of ghitlsignificantly. Analysis of the modelling
results has shown that better estimation of radi@dmpurities requires update of nuclear

libraries.
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RBMK-1500 REAKTORIAUS GRAFITO RADIONUKLIDIN ES
SUDETIES EVOLIUCIJA

Reziume

Sio darbo tikslas —sukurti radioaktyviyjy priemai$y Ignalinos atominés elektrinés
reaktoriy grafite susidarymo modelj, jvertinti grafito radiacines charakteristikas bei pateikti
mokslines prielaidas tolesniems panaudoto grafito tvarkymo bidams pasirinkti. Tikslams
igyvendinti suformuluoti Sie uzdaviniai: Ignalinos atominés elektrinés reaktoriy grafito
konstrukdjy neutrony aktyvacijos modelio sukirimas; pagindiniy veiksniy, lemianciy
aktyvacijos radionuklidy balansa nustatymas; aktyvaciniy radionuklidy kiekio grafite, remiantis
eksperimentiniais Ignalinos Amlaudojamo neap$vitinto grafito priemaiSy tyrimo rezultatais
skai¢iavimas ir RBMK-1500 reaktoriaus grafito radiotoksiSkurhairiose létiklio ir reflektoriaus
zonosevertinimas bei radiotoksiSkumo kaitos ilgalaikio saugojimo metognozavimas.

Ivertinus neutrony srauto tankio pasiskirstyma bei spektrines charakteristikas pirma karta
sumodeliuotas RBMK reaktoriui biidingas aksialinis ir radialinis radioaktyviyjy priemaisy
aktyvumo nehomogeniSkumas keaiaus létiklyje ir reflektoriuose. Darbe pateikiami nauji
duomenys apie reaktoriaus grafito radiotoksiskuma ir identifikuojamos priemaisos, lemiancios

radioaktyviyjy atlieky klasifikacijos rezultatus.
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Siame darbe atlikti aktyvacijos tyrimai rodo, kamadlinos AE aktyvuotas grafitas dél

didelio, iki 5-10 Bg/g, ilgaamzZio'C anglies izotopo savitojo aktyvumo yra priskiriama

ilgaamzéms radioaktyviosioms atlickoms. Savitaji grafito aktyvuma lemia $ie radionuklidai: *‘C,
*H, %°Co, *Fe ir *Eu. Daugiausi jtakos grafito radiotoksiskumui turi **/Cm, **C ir ®®Co. Monte
Karlo metodu sumodeliavus neutrony srauto pasiskirstyma reaktoriaus aktyviojoje zonoje ir

reflektoriuose ir atlikus aktyvacijos skai¢iavimus, gautas aksialinis ir radialinis savitojo aktyvumo

pasiskirstymas Ignalinos AE grafito konstrukcijod&ustatyta, kad kai kurie radionuklidai yra

neproporcingai pasiskirste neutrony srauto tankio atzvilgiu. ®Li, *Co, Eu ir kai kurie kiti izotopai
sparciai transmutuoja (“iSdega”) klojinio aktyviojoje zonoje, taiau jy iSdegimas reflektoriuose,
kur neutrony srauto tankis daug maZesnis, yra létesnis. Tai salygoja dideles *H, ®°Co, Eu
radiozotopy koncentracijas reflektoriuose, nes juose minéty radionuklidy formavimasis vyksta
visg eksploatavimo laika.

D¢l didelio grafito priemaisy duomeny skirtumy, galimi radioaktyviyjy priemaisy
vertinimo skirtumai Ignalinos AE reaktoriuose naudojamame grafite. Siy skirtumy jtaka
radiacinéms grafito charakteristikoms yra esminé. Skaitinio modeliavimo rezultaty analizé
parodé, kad tikslesniam radioaktyviyjy priemaiSy grafite jvertinimui reikalingos tikslesnés
branduolio duomeny bibliotekos.

Apie 3800 tony masés panaudoto grafito iSmontavimas ir galutinis jo sutvarkymas yra
vienas i§ pagrindiniy Ignalinos AE i$montavimo darby. Sioje disertacijoje gauti rezultatai
iSvados bus naudingi detaliems grafito aktyvacijos skaiciavimams ir eksperimentiniams tyrimams
bei sudarys prielaidasawgios ir ekonomiskai pagristos grafito tvarkymo technologijos

pasirinkimui.
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