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ABSTRACT

This is a revision of (he past seven years experience
in activation calculations for dismantling. It aims at
evaluating lhc experience and at making better
understanding to help in decision making during the
following phases. Five gas cooled reactors are shutdown
and arc waiting for the EDF (Electricité Dc France)
dismantling decision. The sixth (BUGYl) will be
shutdown by 1994 and will be wailing a dismantling
decision as well.

I. INTRODUCTION

Between 1959 and 1972, 6 Graphite Gas Cooled
Reactors (GGCR) had been ordered by EDF before it turn
towards Pressurized Water Rcator (PWR). Five of these
reactors (Chinon Al. A2, A3; St-Laurcnt Al and A2) are
definitively shutdown. BUGEYl will be shutdown by
1994. table (1). These reactors arc similar at least from the
ncuironic core design point of view.

The EDF current policy can be summarized as
follows :

- to master the equipment, the materials and the resultant
wastes.

- to proceed to a definitive shutdown with a partial
dismantling very near to level 2 (IAEA standards)

- to proceed to a perfect confinement (confinement sûr) of
the rest for SO years

In order to achieve this mastery of materials and
resultant wastes, EDF has mandated CEA-DMT to
establish an activity cartograhy inside the reactor building

for the most important structures. The fixed objectives
wcrc:

- to calculate the total Bq and its evolution during the
following 120 years, inside the reactor building
including the first 180 cm of the concrete wall of the
building.

- to determine the partial contribution in Bq of the most
important structures during the following 120 years.

- to define the most important radioisoiopcs and their
evolution for the following 120 years.

- to estimate the activity due to the particles and the dust
which are likely to be released from the different
structures as a result of corrosion, erosion and other
effects.

React.

ChAl

ChA2

ChA3

SLAI

SLA2

BGYl

startup
shutdown

09/62
04 /73
08/64
06/85
03/66
06/90
01/69
04/90
06/71
05/92
03/72

MWe

170

180

480

500

530

540

TWeJi

2,5

23

31,5

47,8

48,8

dale of
INBE*

10/82

02/91

next

next

next

next

table (1)

EDF owned GGR
(INBE : Instillation Nucléaire de Base/Basic Nuclear

Installation)
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Accordingly, CEA has elaborated an activation
calculation scheme and has evaluated the quantities
previously defined by EDF. A general description of this
calculation scheme is given in the following sections.

II. CALCULATION SCHEME

The activation calculation scheme is composed of
two main parts, the neutron transport calculation part and
the material activation part. From the earliest, it had been
recognized that the neutron transport calculation scheme
had to be adequate to GGC reactors. It had to take into
account some spécifie feaulurcs of GGC reactors, such as :

- the neutron streaming effects through long clearances (-
20 m).

- the massive structures of graphite.

- the complexity of the geometry in different type of
structure which necessitates a three dimension neutron
transport scheme of calculation.

- the size of different structures and of the reactor
building; about 20 meters in diameter and 40 meters in
height.

The chosen method had to be tridimensional,
polykinctic and able to count for very heterogeneous
geometries and material compositions. The choice of the
Monte-Carlo simulation techniques to calculate neutron
transport seemed to be the most suitable. Both EDF and
CEA have come to an agreement to use the qualified
TRIPOLI-II code to establish the neutron cartography
inside the reactor building and in each important structure.
The cross-section data file used by TRIPOLI-II is ENDF-
B4, with the possibility of using selfshielded cross
sections for thick steel structures.

The second step was to determine the activation of
different structures and of each type of material. The
calculation scheme had to inculde :

- the real operational histogram over the whole life of the
reactor.

- the most important activation modes.

• the exact composition of different material.

For these calculations, ACTIVA code was used with
an Activation Data File built up by a compilation of JEF,
ENDF-IV and ENDF-V. ACTIVA is a FORTRAN77 code
that has been developed by CEA.

A. Neutron Transport Calculations

In figure (1), a vertical section for St-Laurent A2 is
viewed. The size of the reactor building and of the different
structures necessitates multi-step calculations. The
calculations were done in the following order :

1° one cell calculations : by a cell we meant a canal
(fig.2a,2b). A peripheral cell has been chosen (« 400
Kw in case of SLA2). Calculations have been done for
the upper and for the lower parts, separately. The real
distribution of the axial power in the canal has been
considered in order to determine the source term due to
each part. The calculated cells, which is in reality
hexagonal, have been considered with a circular outer
surface. A complete cell has (he following dimensions
L = 1060 cm x R = 11.25 cm. Flux and different
currents arc calculated in each part.

T lateral reflector calculations : the resultant currents of
the above step is used as a source term to establish the
neutron cartography in the reflector, the thermal shield
and the associated metallic structures. The whole
structure has been described by an annular geometry of
L = 1060 cm x RjnZR6x = 700 cm/ 817 cm. Outward
currents were calculated to be used in the following
calculations.

3" out of core structures : Currents calculated in steps 1°
and 2° will then be used as source terms for this step.
The out of core structures will be calculated such as
biological shield, metallic supporting structures, heat
exchangers, metallic lining of the inner walls of the
reactor building, the thermal isolator, the seal metallic
sheet and through the first 180 cm in the concrete wall
of the building. Calculations have been done in three
phases; upper, lower and lateral directions.

Outward neutron currents were considered to have a
cosine angular distribution if associated to a solid surface
(graphite or steel) and to be mono-directional if associated
to a void mesh. This assumption has enabled us to pass
from one structure to an other. However, it limited the
possibility to divide the total geometry in finer sub-
geometries, mainly, to minimise the loose of the neutron
current real anisolropy.

Two specific problems to GGCRs have to be
overcome; the neutron streaming and the neutron deep
penetration in graphite. Both fast and thermal neutron
streaming was observed mainly in two regions. The first,
inside the reactor cell between the fuel element and its
moderator. That is an annular zone of 2,80 cm/4,60 cm x
1040 cm. During normal operation, this zone is filled
with hot CO2. This almost void annular zone leads at its
upper end to the 'weighting plate' and 'slacking plate', and
at its lower end to the 'supporting plate'. These plates and
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sheets arc made of steel. Both activation modes, fast and
thermal, should be calculated with a reasonable accuracy.
One of the problems was that at the ends of the cell,
almost all thermal neutrons were those diffused through
the massive block of the graphite (the moderator) while
fast neutrons were those streamed through the annular
zone. This situation renders the adjustment of the biasing
very difficult in Mont Carlo simulation.

Figure (1)

A vertical view of St Laurent A2 reactor

dimensions are Rjn /Rex = 7m/8m x L = 10,20 m. The
job was relatively complex due to the fact that flux should
be calculated inside the reflector block as well as at its
boundaries with good accuracy.

V» 5.60 cm

•'- U25cm •

•540

Figure (2-a)

The lower part of a canal in SL-A2

The second zone where streaming had been observed,
was the annular zone between the reactor core and the
building inner walls. It is an annular zone of 1600
cm/1750 cm and with 40 meters height. All neutrons
streaming through this annular zone were thermal and
cpithermal and had already crossed the 1 meter thick of the
reflector in graphite.

As for the deep penetration in graphite, neutrons had
to be transported through the graphite reflector whose

In bolh cases appropriate biasing techniques and
large population samples were the only way to determine
flux and surface currents with a satisfactory accuracy of 2 -
6 % in the cell structures and of 8 - 15 % in the out-of-
core structures, with samples of 600 000 neutrons.

A large number of meshes has been obtained, « 600
meshes for the cell, » 400 meshes for the reflector and its
associated metallic structures and « 400 meshes for the out
of core structures. However, higher number of meshes are

8th International Conference on Radiation Shielding
ANS Topical Meeting. April 24 • 28, 1994, Arlington, Texas. USA



always needed to better cope with flux with strong
gradients, especially at meshes exposed to streaming
neutrons through very small solid angles.

Finer description is also needed in simulating partial
dismantling in order to establish an evolutive dose
canography at each stage of dismantling. This evolutive
dose canography calculations will be of absolute necessity
at the dismatling stage.

•450.00

Figure (2-b)

The lower pact of a canal in SL-A2

If we should qualify the type of problems related to
neutron transport calculation, we would qualify them as a
technical type problems. They can be classified in two
categories: biaising problems and coupling ones. That
will be detailed later in the conclusions.

B. ACTIVATION CALCULATION

Once a precise enough neutron cartography had been
established in the whole geometry; in-core and out-of-core
structures, we are able to perform activation calculations.

The quality of activation calculations depends on ;

- our capability to consider the real operational histogram
of the reactor.

- our knowledge about the real impurities composition,
especially in the graphite, both in the moderator, in the
reflector and in the biological shield.

- our capacity to handle such high number of meshes («
1000), for a reasonable number of activation modes (»
40) and for many points in lime (from 0 to 120 ans),
after one year from shutdown.

For each structure, for each material and per mesh
the evolution with the time of the most important radio-
isotopes has been calculated at 16 points in time between
0 and 120 years after one year from shutdown. By
choosing one year after shutdown as a reference time a
very large number of radio-isotopes, with short and very
short halflife time, were eliminated. Practically, the choice
is justified by the fact that, at least a one year
administrative procedure time is needed even for a very
limited dismantling operation on a secondary circuit.

The activation calculation is not a source of a
specific technical problem as the neutron transport one. It
is rather a procedural type of problem, which will be
discussed later on.

As an example, table (2) shows the activity of a
graphite mesh in the mid-plane of the moderator (without
H3 migration) and the activity of a steel mesh in the
supporting plate of the core for a canal of 100 Kw in
SLA2 reactor after one year of shutdown, in bqltonne.
Only the most important modes of activation in each case
have been given. Table (3) shows the evolution in the
time of structures total activity (bq), with no migration of
H3. H3 migration in graphite is a very controversial
subject. Some studies performed by the CEA estimate
between 3% to 98% of the resultant H3 would migrate.
That depends on the origin of the cock used in the
fabrication of the graphite. Even with a migration ratio as
high as 85%, H3 would be the major radio-isotope in
graphite up to at least 100 years

Out of the different structures, the core is by far the
most active. In the short and intermediate time (< 40
years) steel structures are the most active, whereas the
graphite is the most active in long term (> 60 years). The
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containment vessel (en concret) has a very small
contribution in the total activity with respect to other big
structures.

that experience to extract pertinent conclusions to help in
the next phase of dismantling is a necessary exercise.

Graphite
mode

K39(n,p)Ar39

Li6(n.a)H3
C13(n.?)C14
N14(n.p)C14
C*40(n.7)C«41

C«44(n.Y)Ca45

C135(n.Y)CI36

Co59(n.y)Co60

Eul51(n.7)EulS2
Eul53(n,7)Eul54

Ni58(n.Y))Ni59
Ni58(n.p)Co58

Ni58(n.dJCo57
Ni62(n,Y)Ni63

Fe54(n,Y)Fe5S
Fe54(n.p)Mn54
Fc56(n,2n)Fe55

Fe58(r.,Y)Fc59

bq/t
l,2eO9

4.2e11

3.9eO9
1.4eO9
1.9eO6

1.7eO8

1.6eO8

6,8eO9

1.9eO7

8,9eO7

4.U07

2,8eO7

1.4eO5
1.4eO9

7.6eO9
3.7eO7
7,lcO5
9.3c5

Steel
mode

Co59(n.Y)Co60

Fe54(n,Y)Fe55
FeS4(n.p)Mn54

Fe56(n.2n)Fe55
Fe58(n,Y)Fe59
Ni58(n,p)Co58

Ni58(n,d)Co57

Ni58(n.Y)Ni59

Ni62(n,Y)Ni63
Cu63(n,p)Ni63

Mo92(n.Y)Mo93
C13(n,Y)C14

bq/l
4,3«! 1
7.5el2
1.4elO
2.6eO8
9,4eO8
6,4eO6
2.9eO4
2.5eO7
8,leO8
1.5cO8
5,8eO5
3.1eO4

table (2)
the activity (bq) per tonne of material in the case of

graphite (moderator) and steel (supporting plate), at t = 0

In steel structures, three typical periods can be
distinguished: the period when Fe55 isotope is the most
important in terms of bq (t < 15 years), the cobalt Co60
period (t < 50 years) and finally thé Nk53 period up to 120
years. This tendency can be detected more or less in each
sicel structure whatever the region it was placed in. So,
Co60 will be of high interest during dismantling stage,
whereas Ni63 will be the most considered for waste
transport and storage. This is because Co60 is a gamma
source however Ni63 is a beta one.

These major tendencies are similare for the whole
scries of the GGCRs (ChAl, ChA2, ChA3, SLAl and
SLA2).

IH. CONCLUSION

The main object of the paper is to make use of the
past experience in activation calculation for dismantling of
the GGCRs. A very technical detailed account is thus
beyond the scope of the paper. Rather, an evaluation of

time
(y)
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core
+ binding
structure +

thermal
shield

2.5el6

1.6el6

8.4el5

3.5el5

1.8el5

I . le l5

7.7el4

5.7el4

4,3el4

3,3el4

2,6el4

2.1el4

1.4el4

7,3el3

5,2el3

4,5el3

Support,
plate

+
Bio.

Shield

2.6el4

I.6el4

7,5el3

2.3el3

7,9el2

3,0e12

1.2el2

5.7ell

2.9el1

1.6ell

l.Oell

6,9elO

4,2elO

2,9elO

2.5el0

2,2elO

Building
Walls

+
isollator

+
Seal

7,4el4

5.7el4

4.2el4

2,8el4

2,0e 14

I,5el4

1.2el4

8,9el3

6.8el3

5,3el3

4.OeI3

3.1el3

1.9el3

6.6el2

2.4el2

8,7ell

SLA2

(bq)

2.6el6

1.7el6

8,9el5

3.8el5

2.0el5

I,3el5

8,9eI4

6,6el4

5.0el4

3.9cl4

3.0el4

2.4el4

I,5el4

8.0el3

5.5el3

4.6el3

table (3)

The evolution of the activity of SL-A2 and its most
important structures in bq

To better appreciate the context of these calculations
we should underline the fact that they have been
conditioned only by one objective, it is to establish some
safety reports :

- to declare the station in the state of the Definitive
Shutdown (MAD : Mise à l'Arrc. Définitif)

- to declare the station in the state of a Nuclear Basic
Installation in Intermediate Storage of its own
equipment (INBE : Installation Nucléaire de Base
d'Entreposage de ses materials).
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Both objectives were pure safety objectives. This has
conditioned the calculation scheme in so far as that many
points in the scheme should be revised if calculations are
to help in the dismantling phase. We should, then,
analyse the problems we have met in the last sections; the
technical problems associated with neutron transport
calculations and the procedural ones in the activation
calculations.

As far as Neutron Transport Calculation Scheme is
concerned, the two main problems mentioned above were :
neutron streaming and deep penetration in graphite.
Neutron streaming effect presents a major source of
problems especially when the concerned neutron spectrum
includes both rapid and thermal neutrons as well and when
it is matter of long voids (« 20 m). In this case,
TRIPOLI-H allows us to bias both in energy and in space,
independently. As for very long voids, TRIPOLI-II is
capable to deal with neutron transport in that sort of canal
thanks to the heterogeneous biaising option (a kind of
artificially accelerated splitting). However, both
independent biasing energy-space and heterogeneous
biasing depend very much on the expert judgement to
adjust related coefficients. Some new techniques based on
the adjoint solution of the Bollzmann transport equation
could help in some situations to adjust automatically the
biasing in TRIPOLI-III. As far as the deep penetration in
graphite is concerned, there is only one possible way to
overcome the problem with a satisfactorily, that is to use
very fine meshes to avoid neutron recycling ((rapped
neutron); which means a very high number of meshes.
That may be achieved by dividing the whole graphite
structure into two or more sub-structures, with the
disadvantage of lossing the real anisotropy of neutrons at
each passage from one sub-structure Io the other. However
the most satisfactory solution is to use finer meshes and
to run with more CPU. Il is merely an economic decision.

As for the procedural problems related to the
activation calculation scheme it could be expressed in
terms of need to for rigorous quality assurance procedure
both for data collection as for working hypothesis,
intermediate and final results classification and
conservation. One of the typical problems met was the
variation of the graphite quality from one zone to another
inside the same core. Getting the exact composition of
impurities was almost impossible. Since most of the
companies had provided the graphite are nolonger
operational. The same thing is true of the real operational
history of each canal in the core. As tor intermediate and
final results classification and conservation, that should be
done according to a very precise procedure (hat needs to be
elaborated. The elaboration of such a procedure should be
rigorous without being uselessly complex. The main
objective is to use these intermediate and final results to
help in making decisions during the intermediate phase
and final dismantling one. Therefore, the procedure should
detail the intermediate and the final quantities to be

calculated (activities, dose rates, equivalent dose rates,...),
their units (bq/tonne, bq/mesh, bq/isotope, ...) and each
instant of interest. It should define precisely the
responsibility of the updating, the conservation and the
exploitation of that large amount of data. All intermediate,
final results and working assumptions could be used to
build up a Reactor Structures Activities File. That Reactor
Structures Activities File will be easy to consult and will
facilitate the managing during the intermediate and final
phases of dismantling.

Owing to the fact that our experience has developed
with the time for that sort of calculations, each of the six
calculated reactors is somehow different from the other as
far as the intermediate and final calculated quantities are
concerned. To obtain a uniform data base for the whole
series of GGRs some supplementary calculations may be
undertaken again. Thus it will be possible to refine some
previously calculated quantities and calculate some other
never calculated for some earlier reactors. From a purely
dismantling point of view, the main quantities should be
calculated will be :

- a more precise neutron cartography with finer meshes,
to better lake into account the graphite deep penetration
and activation by streaming neutrons.

- the bq for each structure, each material and for each fine
mesh; this is necessary to estimate the strength of each
type of radioactive source (gamma and beta sources),
that will help in estimating the quantities and the
nature of released dust and suspensions during
dismantling. It will help also in conditioning and
classifying the transport, the intermediate and the final
disposal of resultant wastes.

- the dose rate at different points to classify the working
zone and the related safety aspects during operation.
This necessitates iterative calculations for dose rates at
different levels of dismantling. That is what we called
for the evolutive dose rate cartography. It would be very
helpful during the study and preparation phases on site.

We propose to create a Reactor Structures Activities
File. This is of high interest not only for dismantling but
also for waste disposal and management. It is the only
means for an easy and reliable identification of each
material, equipment and structure. Such a proposal seems
specially well adapted to the French situation since the
French nuclear power plants have been built in a serial
way.
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