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Zusammenfassung

Vorliegende Arbeit untersucht die Moglichkeiten einer Minimierung der Strahlenbelastung
beim Abbau des Abschirmbetons eines typischen TRIGA Mark II Forschungsreaktors.
Betonproben wurden vom Reaktorschild genommen und bestrahlt, um langlebige
Aktivierungsprodukte festzustellen. Weiters stehen auch viele Daten von dem Abbau des
TRIGA Forschungreaktors in Hannover zu Verfiigung.

Wird von der AuBenseite des Betons Richtung Reaktortank vorangearbeitet, steigt die
Strahlenbelastung fiir das eingesetzte Personal. Die Strahlenbelastung der letzten inneren
10cm des Betonschildes wird mit einem Computerprogramm modelliert. Dazu wird eine
zylindrische Schicht aus dem innersten Beton angenommen und mittels numerischen
Methoden die Strahlenbelastungen fiir die Umgebung ausgerechnet. Abschidtzungen iiber die
Strahlenbelastung wihrend des Abbaus und der Hantierung des Reaktorbetons und der
Reaktorbestandteile wurden durchgefiihrt.

Die Ergebnisse zeigen, dass folgende Radionuklide im Barytbeton zu beriicksichtigen sind:

Ba-133 Halbwertzeit 10,7 Jahre
Eu-152, Halbwertzeit 13,33 Jahre
Co-60, Halbwertzeit 5,27 Jahre

Die Abbauarbeiten der inneren Schichten des Betonschildes wiirde in einer effektiven
Ganzkorperdosis von 0,8 mSv (ungefihre Fehlerangabe +/- 30%) resultieren. Der Abbau des
Graphitreflektors wiirde eine zusitzliche Belastung von 1mSv geben. Der Abbau von
Aluminium- und Stahl-komponenten wiirde noch 11mSv und des Wirmeaustauschers weitere
11mSyv beitragen. Die Gesamtbelastung fiir das Reaktorpersonal wiirde 24mSv betragen, da es
keine weiteren grosseren Strahlenbelastungen zu erwarten gibt.

Wihrend des Abbaus sind weitere Messungen der Aktivitit des Betonschildes notwendig, da
die Stahlbewehrung der Betonschildstruktur und der hohere Neutronenfluf in der Umgebung
der horizontalen Bestrahlungsrohren in diesem Model nicht beriicksichtigt sind. Man kann in
diesem Fall auch auf die Erfahrungen des Abbaus des Betonschildes des Forschungsreaktors
ASTRA zuriickgreifen.



Abstract

This dissertation researches the possibilities of minimizing the radioactive exposure for the
reactor staff engaged in dismantling the concrete shield of a typical TRIGA Mark II research
reactor. Concrete samples were taken from the reactor shield of the Vienna TRIGA Mark II
research reactor and were irradiated to determine long-lived activation products. Data is also
available from the TRIGA research reactor dismantling in Hannover.

As dismantling of the concrete shield progresses from the outer layers to the inner surface, the
radiation exposure for the personnel in the reactor hall grows. The dose from the last 10cm of
the concrete shield is approximated with a computer program. A cylindrical slice of the inner
shield is modelled and its dose to the vicinity is computed with numerical methods. Estimates
of radioactive exposures are made for the dismantling and handling of the reactor shield and
reactor components.

The obtained results show that radionuclides mainly responsible for long-lived activity in
heavy concrete based on barite are:

Ba-133, half-life 10,7 years
Eu-152, half-life 13,33 years
Co-60, half-life 5,27 years

Dismantling the inner layers of the reactor shield with large blocks would result in an
effective whole body dose dose of approximately 0,8mSv with about a 30% margin of error.
Dismantling the graphite reflector would result in an additional exposure of 1mSv, steel and
aluminium components would add another 11mSv and the heat exchanger 11mSv. The total
exposure to the staff would be about 24mSv.

During dismantling, active measurement of the dismantled concrete is necessary, since steel
reinforcements and higher fluxes in the vicinity of the horizontal experimental channels were
not taken into account in the model. Also, experience from dismantling the concrete shield of
the ASTRA research reactor should be taken into account.
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1. Introduction

Decommissioning and dismantling of nuclear research reactors after their service life raises
concern about residual radioactivity present in the reactor shield material. In a small pool type
research reactor, like the TRIGA, after defuelling and reactor core structure removal, the most
important remaining activated part is the biological shield of the reactor. Several studies of
radioactivity in the concrete shields of accelerator facilities have appeared in open literature,
but there is little information available for research reactors. [Zagar 2001]

This work intends to estimate radioactive exposure for the reactor staff engaged in
dismantling the concrete shield of a typical TRIGA Mark II research reactor. As work
progresses from the outer concrete layers to the inside, radioactive risks for those present in
the reactor hall also increase. The radioactive exposure is modelled with a computer program,
which could help protect the reactor staff in accordance with the ALARA principle.

Activation of the biological shield material depends on the concrete properties and the neutron
flux in the shield. A model of the activity of the concrete is established in order to calculate
the exposure during dismantling. Results from previous works are integrated for this purpose.
A model of a layer-by-layer dismantling of the irradiated concrete is made and the exposure
for the reactor staff is calculated.

Appropriate standards and separate measuring procedures should be established to decide
whether the removed materials could be regarded as inactive or contaminated below clearance
values. Appropriate procedures for the removal of materials and working instructions for
radiation protection and operating sequences should be developed.

Work on estimating the concrete activities at different depths in the reactor shield was already
done for the TRIGA research reactors in Vienna and Ljubljana. A lot of data is also available
from the TRIGA research reactor dismantling in Hannover.



2. Theory

2.1. Fission neutron energy spectra

The energy spectrum of fission neutrons is well known from literature. [Knief 1981],
[Lamarsh 1977] The spectrum for the nuclear fuel U-235 has a characteristic shape shown in
the figure below. It is described with the following approximation:

2(E)=0,453¢"F 5inh~/2,29E , E in MeV

T Y(E)E =1

Y(E) [1/MeV]

|

0.300 /\\\ x(E) = 0.453 e~ 1036 inh /7720E A
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Figure 1: Spectra of fission neutrons

In a TRIGA research reactor, neutrons travel from the core to the concrete shield and through
[Villa 2005]

- the reflector made of graphite in an aluminium container, width 30,5cm, and

- alayer of water, width 45,7cm.

Fast neutrons have a small absorption cross section in graphite and water and are therefore
only slowed down. During an elastic collision with the hydrogen nucleus, neutrons loose on
average 50% of their energy. [Lamarsh 1977]

The macroscopic cross section for the removal of neutrons in the nucleus mixture of the
concrete shield is given with:

Ly = ZNiGRi

The flux distribution of neutrons behind a plane shield with thickness “d”, which shields a
point source of neutrons S in water at a distance “r”” from the shield, is experimentally well
determined with the following equation: [Lamarsh 1977, p.453]:

CIJ(r) = SG(r)e_ZRd



€C 99

Here ®(r) is the neutron flux in [n/cm? s] and G(r) is the number of neutrons at distance “r”,
which are emitted by a point source with a yield of 1 neutron per second. The function G(r)
is also known as the point water kernel. If the macroscopic removal cross section in water is

denoted with X, the point water kernel is:

B [ie—E r

Amr®

G(r)

The flux is measured behind the shield with a macroscopic removal cross section X,. The

€e_9)

shield is at the distance “r” in a medium with the macroscopic removal cross section X . In

the described experiment, this medium is water. Measured macroscopic removal cross
sections are: [Lamarsh 1977, p.454].

Xy [cm'l]

carbon 0,065
iron 0,168
zirconium 0,101
lead 0,118
uranium 0,174
concrete

(mass portion of water 6%) 0,089

Table 1: Macroscopic removal cross sections

Exact methods of neutron spectra calculations in the shield are done with multi-group
diffusion equations or with Monte-Carlo methods. [Lamarsh 1977] Removal cross sections
for barite concrete could not be found in literature.

The radial dependence of the neutron flux in the reactor body can be estimated with the
solution of the diffusion equation in homogeneous matter with spherical symmetry and a point
source: [Zagar 2002], [Lamarsh 1977, p.160]

—r/L
o(r)=¢ A, =3D =2
47nDr X,

S is the number of neutrons emitted from the point source in a unit of time, 4_ is the transport
mean free path of the medium, D is the diffusion coefficient, and X, the macroscopic

absorption cross section for neutrons. L is called the diffusion length. More exact calculations
are based upon stochastic methods (Monte-Carlo), where histories of individual neutrons are
tracked, or the transport equation (the Boltzmann equation). The diffusion equation with
which the above estimate is made is an approximation of the transport equation.
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Monte Carlo calculations of the neutron flux in the specimen rack for a typical fuel assembly
at the research reactor TRIGA in Ljubljana are presented in the following table: [Jeraj 2001]

Specimen rack
[n/cm’s]
Total flux 20MeV
P = j #(E)dE 222101
0eV
Fast flux 20MeV
P = j ¢(E)dE 0.26.10"2
100keV
Resonance flux 100keV
= [9(E)NE 0,44-10"
0,5e¢V
Thermal flux 0.5¢V
P = j ¢(E)dE 1.52.10"2
0eV

Table 2: Calculated neutron fluxes

The statistical error of this calculations is 0,5%. A comparison with the measured flux gives
ratios between calculated and measured fluxes that are between 0,95 for fast neutrons and
1,15 for resonance neutrons. [Jeraj 2001]

2.2. Reactions with neutrons

Nuclear reactions with neutrons can be separated into: elastic scattering, inelastic scattering
and nuclear reactions that lead to the transmutation of the nucleus. During elastic scattering,
the kinetic energy of the nucleus and the neutron changes. During inelastic scattering, the
nucleus goes into an excited state, which quickly decays into the ground state, releasing a
gamma ray during the process.

During nuclear reactions, an isotope of the same element, or even a nucleus of a different
element is produced. The most probable reaction with neutrons of low energies is the neutron
capture. During this process a gamma ray is emitted. An example is: Co-59(n,y)Co-60 . There
are also other reactions, like (n,p) and (n,at), that sometimes occur even at thermal energies

and are more probable with fast neutrons. Fast neutrons can also interact with reactions like
(n,2n), (n,3n), (n,2p), (n,np) and others. [ENDFPLOT 2006]

During reactions with a compound nucleus, the cross sections have maximums at particular
neutron energies. These maximums are called resonances. The incident neutron and the target
nucleus are more likely to combine and form a compund nucleus if the energy of the neutron
is such, that the compound nucleus is formed in one of its excited states. In resonance
reactions it is necessary to form a compound nucleus before the interaction can proceed.
[Lamarsh 1977]

It is convenient to divide the neutron capture cross section into three regions. In the low-

energy region the cross section varies with 1/ JE , where E is the neutron energy. Above this
1/v region, there is a region of resonances, which is well described by the Breit-Wigner
formula. Above the resonance region, which ends at about 1keV in the heavy nuclei and at
increasingly higher energies in lighter nuclei, the neutron capture cross section drops rapidly
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and smoothly to very small values. [Lamarsh 1977] Figure 2 shows the example with gold,
which is often used to calibrate spectrometers.

1000
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Figure 2: Cross section for neutron capture on Au-197

The most interesting cross sections in the concrete shield are those for the Ba-138 isotope,
which is the most recurrent isotope in the TRIGA research reactor heavy concrete shield.
[ENDFPLOT 2006] The total cross section is plotted in black and the elastic cross section is
plotted in red.
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Figure 3: Cross sections of Ba-138
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2.3. Decay of activated nuclei

The physical process that is observed in a neutron irradiated sample is the radioactive decay
of activated nuclei. They decay in one of the following ways: [Lamarsh 1977], [Knief 1981]

— o decay. This decay is rare and occurs only in heavy nuclei. An o particle tunnels through
the potential barrier of the Coulomb - and nuclear force potential walls.

— P—decay. One of the neutrons in the nucleus decays into a proton, an electron and an
electron antineutrino. The difference between the binding energies of the excited and ground
state nucleus is shared between the electron and the electron antineutrino. The probability
curve for the kinetic energy of the electron has a maximum at 2/3 of the difference of the
binding energies.

— P+ decay. One of the protons in the nucleus decays into a neutron, a positron and an
electron neutrino. The probability distribution for kinetic energies of the products is analogous
to the B— decay.

The decay is always accompanied by a 7yray, since the resulting nucleus is in excited state,
which has to decay. The energies of characteristic Y rays and their decay probabilities are
tabulated in various libraries and computer programs for Yy spectrum identification.

2.4. Gamma ray shielding

Materials for gamma ray shielding contain nuclei with high atomic numbers and high
densities. Gamma rays interact with matter in three different ways: [Lamarsh 1977]

- In the photoelectric effect the incident gamma ray interacts with an entire atom and one of
the electrons in the atom is ejected from it. The cross section for the photoelectric effect

depends on the element: ¢, o< Z", where n is a function of gamma ray energy and almost
linearly rises from 4,0 for X rays to 4,6 for gamma rays with 3MeV. The energy
dependence of the photoelectric cross section drops almost linearly on the logarithmic

energy scale and has peaks for the ejection of an Auger electron. X rays and Auger
electrons are emitted during the photoelectric effect.

- The Compton effect is elastic scattering of a photon on an electron in which both energy
and momentum are conserved. The probability for Compton scattering drops with energy,
generally as 1/E. The dependence from the scattering element is given with the number of
the electrons in the atom: o, «<Z . From a practical standpoint, the photon does not

disappear in the interaction as it does in the photoelectric effect and in pair production.
The photon is free to interact again.

- The probability for pair production almost linearly increases in the logarithmic scale from
the 1,02MeV threshold up. The dependence from the matter is given with o, o< AR

Annihilation radiation accompanies pair production.
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Attenuation of gamma rays is presented in figure 4. For a monoenergetic gamma ray the mass

attenuation coefficient % is defined by:

1 %
IO

where “I” is the intensity of the incidence ray at depth x. For a mixture of elements:

Vo= Zu(5)

The mass absorption coefficient ,ue% is defined by:

E_ A

E,
where E is the absorbed dose at depth “x”. The incidence ray with energy E, scatters through
matter and causes secondary radiation. For a mixture of elements, an equation similar to the
mass attenuation coefficient case is used. [NIST 2006]
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Figure 4: Gamma ray attenuation and absorption coefficients in lead

In practical applications of gamma ray shielding, the following elements are commonly used:
lead (Z=82 p=11,35g/cm’), steel (Z=26 p=788g/cm’) and wolfram (Z=74
p=1934g/cm’). Depleted uranium (Z=92 p =19,1g/cm’) is used when space has high

value, but it is an expensive solution. When there is enough space available for shielding,
concrete and water are also used. [Porforio 1978]
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Figure 5 shows a comparison of gamma ray attenuation properties for different materials.
[NIST 2006] When shielding personnel and equipment, the mass absorption coefficient
plotted with a dashed line, has to be taken into account. It has to be stressed, that % is

plotted and not # . The absorption coefficients # for different materials are presented as a
quotient with their densities.
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Figure 5: Gamma ray attenuation coefficients for frequently used materials
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2.5. Neutron flux distribution

The reactor geometry is approximately a cylindrical core, an annular graphite reflector, an
annular region of water, a cylindrical aluminium reactor tank, and a thick radiological shield
made of concrete.

For a critical homogeneous reactor, the one group diffusion equation in cylindrical
coordinates with thermal neutrons can be assumed. It can also be assumed that there is no

reflector. Using [Lamarsh 1977] for the derivation of the neutron flux distribution on the
pages below, the one group diffusion equation is:

DAY -X 6 =—s
The source of neutrons is fission, which is described by:

s = nZaF¢ = 7ﬂ2a¢ = k2a¢
The diffusion equation can be written as:

AP+B*¢p=0
where:

The Laplace operator in cylindrical coordinates is:

ARk
or’  r?

2
+af

el S

In its radial part, the diffusion equation is then a Bessel differential equation with m=0:

The general solution of this differential equation in radial coordinates is the first order Bessel
function with m=0. Because m is zero, there is no dependence from the polar coordinates. The

polar part becomes a constant:
cos(me)
sin(me)

The general solution can be written in the form:

3 J,(Br)| | sin(Bz)
Hr.p.2)= {YO (Br)Hcos(Bz)}
The border conditions are:

1.) ¢(r 2 0)is never infinite.
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2.) For a reactor without a reflector it can be estimated ¢(r = R) = 0. The extrapolated length

at which the neutron flux indeed becomes small is given by the diffusion theory as d=2,13 D.
D is the diffusion constant of a homogeneous reactor and is smaller than 1cm.

3.) At the upper and lower edge of the cylinder it can be approximated:
h h
& 2) o 2)

4.) The problem is symmetrical. Therefore in the center of the reactor:

o _,
dz

Since the Bessel function Y, at r = 0 is infinite, it follows from the first border condition that
the constant in front of it is zero.

From the second border condition it follows:
AJ,(BR)=0
The first zero of the first order Bessel function is:
BR =2,405
The general solution for the radial part is therefore:

2,405r

P(r) = AJ( R

)

For the vertical part the solution is:
#(z) = C cos(Bz) + Dsin(Bz)

Since the neutron flux on the upper and lower edge of the reactor core should be zero,

0=Ccos(xB %)
the vertical solution is:

o(z) = Ccos(%)

The general solution for the distribution of the thermal flux in a homogene cylindrical reactor
is therefore:

2’405r)cos(%)

@(r,z) = const.- J ,(

The constant can be obtained with the normalization of the flux to the total power of the
reactor:
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P=E,[%, gav

Er is the energy released for an U-235 fission and is about 200MeV.

2,405r

Yrdr

— 0 [ =

R
P=const.-E X . 27| J,( cos(z)dz
R=F 0 h
0

SRR

A well known property of Bessel functions can be used:
j Jo (X)) xdx= xJ,(x)
0

Therefore:
R 2h

P =const.- E, Y . 27RJ, (2,405 —
RS X )2,405 z

and the constant is

0,369P

const = < 2
E.X,Rh
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2.6. Range of neutrons in the reactor core

The data shown in this chapter is derived from an exercise in the practical course on reactor
instrumentation at the TRIGA research reactor in Vienna. The reactor worked at 1W power
and a fission chamber was used to measure the neutron flux on the edge of the reactor pool.
One measurement lasted 10 seconds. This data is used only to demonstrate the vertical cosine
shape of the neutron flux along the edge of the reactor pool.

Range of neutrons in the reactor core
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Figure 6: Fission chamber response to depth in TRIGA reactor pool

It can be seen that the neutron flux indeed has an approximately cosine shape and follows an
exponential curve outside the reactor core.

It can be assumed that the neutron flux shape is the same at full power. The measured data for
saturated activities of shield isotopes, as described in chapter 5.2, was obtained in the radial
channel of the reactor, which is positioned about the center of the reactor core. Layers of
concrete that lie above and below the core center are therefore presumably less activated.

The shape of the neutron flux shows that the core height is approximately 60cm, and this
height is used in the numerical model of the concrete shield dose rate in chapter 8.
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2.7. Dose limits
The absorbed dose is defined as the absorbed energy per unit of mass and is denoted by D:

AE

D=—-
Am

The unit of the absorbed dose is the Gray. It is equivalent to an absorbed dose of 1 Joule/kg.

The absorbed dose rate is the rate at which the absorbed dose is received. It is denoted D and
measured in Gray/sec, Gray/hr and so on.

The biological effect of radiation is not directly proportional to the energy deposited in an
organism. Biological effects depend not only on the energy deposited per mass, but also on
the way it is released along the path of the radiation. The biological effect of a-particles is
much greater than the effect of y-rays, which ionize less. Radiation induced changes do not
only depend on energy absorption. The word quality is used in biological tissue to describe
how energy is released along the track. Different types of radiation induce different biological
effects for the same absorbed dose. This is described with relative biological effectiveness or
RBE. If the radiation is 100 keV +y-rays, the RBE is taken to be unity. The experiment is
repeated with another form of radiation, the biological effect is observed and the RBE set. A
more round-off RBE value is introduced as the quality factor Q. [Lamarsh 1977]

Type of radiation Q
x-rays and y-rays 1

B-rays En.x<0,03MeV 1

B-rays E.>0,03MeV 1,7
Naturally occurring o-particles 10
Heavy recoil nuclei 20
Neutrons:

- thermal to 1keV 2

- 10keV 2,5
- 100keV 7,5
- 500keV 11
- IMeV 11
- 2,5MeV 9

- SMeV 8

- TMeV 7

- 10MeV 6,5
- 14MeV 7,5
- 20MeV 8

- Energy not specified 10

Table 3: Quality factors for various types of radiation [Lamarsh 1977]

The dose equivalent is defined as the product of the absorbed dose and the quality factor. It is
described with the symbol H.

H=D-Q
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The unit of dose equivalent is the Sievert, abbreviated Sv. If for some radiation the quality
factor is 1, then an absorbed dose of 1 Gray of this radiation gives a dose equivalent of 1
Sievert.

The rate at which the dose equivalent is received, is called dose equivalent rate, or often only

dose rate. The unit is Sv/hr or mSv/hr. It is denoted by H and is determined from the absorbed
dose rate with the following equation: [Lamarsh 1977]

H=D-Q

Often the collective dose of the equivalent dose received by a group of persons is used. In this
case all the equivalent doses of the collective are summed up and the result is presented in the
units man-Sv.

At TRIGA Hannover the following dose rate limits for the dismantling crew were used:
[Hampel 2005]

- daily 0.2mSv

-weekly  0.5mSv

- monthly 2.0mSv.

According to German regulations 20mSyv is the yearly limit for the total dose for a working
person and 1mSv per year without radon for the general public. 50mSv per year of total dose
is allowed if the dose over 5 consecutive years is below 100mSv. In Germany the lifetime
limit is 400mSv. In the United States the yearly dose limit is much higher, namely 50mSv. In
Germany workers younger than 18 years are not allowed to receive a dose higher than 1mSyv.
The same is forbidden for pregnant women. This dose can be increased for people aged
between 16 and 18 years for training purposes. Included occupancy groups are not only the
reactor staff, but also mine workers that come in contact with radon and aircrews that are
subject to cosmic radiation. Higher doses are only permitted if lives are saved. In Germany in
2005, there were only 10 cases that exceeded 20mSv. Also, some organs like skin and
extremities, can receive higher doses, up to 500mSv. [Dose Limits 2006]

First regulations in Germany were introduced in 1960 with the goal to protect the general
public and staff from radioactivity. The current legislation is derived from the Euroatom
legislative guideline 96/29/EURATOM from August 2002. Criteria like cancer mortality are
included. [Dose Limits 2006]
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2.8. Dose rate constants

The equivalent dose from a gamma rays emitting isotope can be determined by the following
equation:

Here, H is the equivalent dose, I',, is the dose rate constant in [mSv m?/h GBq], A is the
activity of the gamma ray emitting object, and »r« is the distance from the point source. The
model in chapter 8.3 considers the inner layers of the shield as a 10cm thick cylinder layer,
divided into small volumes approximated with point sources.

According to the shield activation analysis described in chapter 5, the dose rate constants
needed are listed in table 4. They were provided in literature [Tschurlovits, Leitner, Daverda
1992] and by the ASTRA decommissioning team:

I, [mSv m*/h GBq]
Co-60 0,3078
Ba-133 0,2735
Eu-152 0,1729

Table 4: Dose rate constants for activated isotopes in reactor shield
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3. Research reactors
3.1. TRIGA research reactors

Research reactors are used for training, isotope production and research. One of the most
widely used research reactor is the TRIGA research reactor from General Atomics. They were
build with powers of up to 14 000 kW, like for example in Romania. There are 65 TRIGA
reactors in 24 countries. [Nuclear News 2003]

The patent for the TRIGA research reactor was issued in May 1958. The idea was to design a
reactor that was inherently safe. This is given with the big negative reactive coefficient of the
U-Zr-H fuel. The reactor remains safe even if procedures are not complied with. The
moderation is mostly done with hydrogen, which is in the fuel and not in the water coolant.
The TRIGA Mark II reactor differs from version Mark L. It is in a pool inside a concrete
shield. There are four horizontal irradiation channels in the shield. The TRIGA Mark III has a
movable reactor core. [Nuclear News 2003]

3.2. Research reactor TRIGA Mark II in Vienna

The TRIGA Mark Il in Vienna was built between 1959 and 1962. The first criticality occurred
on March 7, 1962. The reactor has a maximum thermal power of 250kW. The reactor can
work in pulse mode with peaks of up to 250MW. The reactor shield is built with normal and
barite concrete with outer dimensions of: 6,55m height, 6,19m width and 8,76m length on its
longest axis. The reactor pool has a diameter of 1,98m and a depth of 6,40m. The shield
contains several experimental channels, which are aluminium tubes with 20cm of diameter.
The smallest width of the biological shield is 206cm in the horizontal direction and 91cm of
normal concrete in vertical direction at the bottom of the pool.

The reactor core contains 80 fuel elements with 3.75cm diameter and 72.24cm length, which
are arranged in a lattice. At maximum power 250kW, the fuel temperature in the center is
about 200°C. The core is cooled with a primary and secondary cooling system connected to
the Danube channel. Because of the low reactor power, the burnup of the fuel is small and
most of the fuel elements loaded in 1962 are still in the core. More at [http://www.ati.ac.at].
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3.3. Similarities of the TRIGA Mark II in Vienna and Ljubljana

The research reactor in Vienna was first critical in 1962, while in Ljubljana, the first criticality
was on May 31, 1966. [IJS 2008] Both reactors operate at thermal powers of 250kW. While
the TRIGA reactor in Vienna was equipped for pulsed operation of up to 250MW from the
very start of the operations, the TRIGA reactor Ljubljana was upgraded for pulsed operation
of up to 2000MW in 1991. [Pregl 1992]

The geometry of both TRIGA research reactors is very similar. There is a small difference in
the width of the shielding concrete at its smallest diameter, which is 206cm in Vienna and
230cm in Ljubljana. [Pregl 1992] The geometry is typical for all TRIGA Mark II reactors
built by General Atomics.

This work also includes a lot of data from the TRIGA research reactor in Hannover, which is
currently being decommissioned. The TRIGA in Hannover is a Mark I type reactor with a
thermal output of 250kW. It first went critical on January 31, 1973 and was shut down on
December 18, 1996. Decommissioning started on May 8, 2006. [Bundesamt fiir
Strahlenschutz 2008]
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Figure 7: Horizontal cross section trough TRIGA Mark II research reactor in Ljubljana,
Slovenia at core mid-plane [Lesar, Zagar, Ravnik 2003]
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In both TRIGA reactors, in Vienna and Ljubljana, heavy concrete with the aggregate barite
was used for the reactor shield. Since the concrete for biological shielding was made of
natural material of local origin there was a possibility of significant difference in concrete
compositions. Barite gives good attenuation properties for gamma rays, but the long-lived
radioactive nuclide Ba-133 is activated during irradiation by neutrons. Important trace
elements, such as cobalt and europium, appear in small concentrations and can vary
depending on the origin of natural material. [Lesar, Zagar, Ravnik 2003]

Research has shown [Lesar, Zagar, Ravnik 2003] that the TRIGA reactors in Vienna and
Ljubljana have a very similar chemical composition of the concrete used for shielding. The
chemical analysis shows:

weight % | Ljubljana Vienna (averaged)
Ba 48,1 47,8

(0] 32,4 32,1

S 11,4 11,3

Ca 4,2 4.4

Si 1,0 3,6

Mg 0,7 0,3

C 0,6 not measured
Fe 0,6 not measured
H 0,6 not measured
Al 04 not measured

Table 5: Chemical analysis of TRIGA concrete shielding

Elements like silicon and magnesium do not produce long-term activation products and are
therefore not important when conducting dismantling studies. Neutron activation analysis also
gives data on trace elements that have a measurable effect on the long-term activation
products. Both concretes contain trace elements like europium and cobalt, which can be
detected by irradiating the concrete shields with neutrons. More details about the neutron
activation analysis of both reactors are presented in chapter 5.4.

There are also differences between the research reactors in some technical equipment. Due to
technical difficulties, the rotary specimen rack in Vienna was taken out of the reactor pool and
stored as radioactive waste at Seibersdorf, Austria. On the other hand, the rotary specimen
rack is successfully used at the TRIGA in Ljubljana.

Archived photographies of building the concrete shield exist for the construction of the
TRIGA Mark II reactor in Ljubljana, which was done in the 1960s. [IJS 2008] Steel
reinforcements used for building the radiological shield are easily visible. Activated iron can
be expected while decommissioning the shield. Also photographies from building the Vienna
TRIGA Mark II reactor exist and were provided by the Atominstitute in Vienna.
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4. Decommissioning

Decommissioning consists of radiation protection and dismantling technologies that are
organized around the radioactive waste. Steps and dose rates must be listed. Doses must be
estimated for the public as well as for the reactor crew. IAEA actively involves itself in the
defining of the decommissioning of research reactors, which includes decontamination and
dismantling. Some waste that is not too radioactive and stays below prescribed levels can be
recycled for further usage. [Aker 2005]

Stage of decommissioning No. in weeks
Preparation

Components of the reactor pool 8
Cooling system

Reactor tank concrete shield and horizontal tubes 13
Pneumatic transfer system 6

Final steps 4
Radiological measurements for the release of the 13

reactor site

Total time in weeks 52

Table 6: Decommissioning at TRIGA research reactor Hannover [Hampel 2005]

The following measures should be executed for radiation protection during decommissioning:
- shields,

- ventilation,

- remote control technologies,

- protection tents,

- decontamination,

- overhead foils,

- protection clothes, and

- packages for radioactive waste.

[Hampel 2005]

Measurement results and calculations of the activity designed the concept for the dismantling
of the TRIGA research reactor in Hannover. The concept for dismantling the reactor
components is based on manual tools. A lot of components were taken apart under water.
Cutting of activated parts was minimized. The reflector was lifted from the reactor pool into a
prepared waste container. The aluminium reactor pool was cut into parts and removed from
the reactor shield. To avoid contamination the cutting of the reactor shield and the horizontal
tubes was done in a tent with ventilation and filters. [Hampel 2005]

The required publications for the decommissioning project are:
- a safety report,
- an environmental review, and
- an environmental impact assessment (EIA).
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4.1. Financial costs of decommissioning

The decommissioning of the TRIGA Mark II research reactor in Vienna has an estimated cost
of about 6.720.000€, which includes:

- planning, equipment and realization: 3.000.000€,

- waste storage: 2.500.000€,

- project management: 320.000€,

- project expertise: 500.000€, and

- other: 400.000€.
[Bock 2006]

Other sources [Juenger-Graef 2004] give an estimate of 11,5 to 12,0 million Euros for the
decommissioning of the TRIGA reactor in Heidelberg, Germany:

- engineering: 500.000€,

- shipping the fuel to the United States: 4.800.000€,

- taking apart the reactor: 3.500.000€,

- inspection: 1.500.000€, and

- waste storage: 1.500.000 €.

Another source [Gelfort 2007] gives an estimate of 10 million Euros for the decommissioning
of each of the 6 German TRIGA research reactors.

In the United States the AFRRI TRIGA research reactor site is planned to be decontaminated
for public use. In 1990 the cost was estimated at 3.200.000$. There is an additional cost of
600,000$ for the fuel transport. The total cost is therefore 3.800.000$. The Mark type of the
reactor cannot be found in literature. [AFRRI 1989]

Also in the United States, the dismantling of the TRIGA research reactor in Cornell was
estimated to cost 4.000.000$ in 1999. This estimate is based on another TRIGA research
reactor at the University of Illinois. The Mark type of the reactor can also not be found in
literature. [Cornell 2005]

The swiss research reactor Saphir has an estimated decommissioning cost of 4,50 million Sfr.
Another 2,05 million Sfr are needed to decommission the supporting laboratories. [ETH
2003] Other sources from the research reactor ASTRA (Mile Djuricic) give an estimated cost
of 4,34 million Euros for the decommissioning of the Saphir research reactor in Switzerland.

The same source also gives the decommissioning cost of the ASTRA research reactor in
Seibersdorf, Austria of 13,1 million Euros and lists costs for two more German research
reactors that are being dismantled:

- The SMW pool type research reactor Merlin or FZJ-1 (Forschungszentrum Jiilich) in
Germany that was operating from 1962 to 1985 had a decommissioning cost of 25 million
Euros. [FZJ 2007]

- The RFR (Rosendorfer Research Reactor) research reactor in Rossendorf in the former East
Germany near Dresden has an estimated decommissioning cost of 35 million Euros. The
SMW reactor operated from 1957 to 1992 and the originally Soviet fuel elements were
shipped to temporary storage in Ahaus in Germany in 2005. [Rossendorf 2007]
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4.2. Research reactors presently under decommissioning

Many research reactors in the world are from the 1950s and 1960s. Therefore, there are a lot
of research reactors that could be decommissioned. Below is a list of research reactors
compiled by the IAEA. [Laraia 2004]

Number
Status

Operating 290
Shutdown 125
Decommissioned 398
Under construction 10
Planned 10

Unknown 1
Total 834

Power
below 1kW 296
[1IkW, IMW] 243
[IMW, SMW] 88
[SMVW, 10MW] 52
Over 1I0MW 127
Unknown 28
Total 834
Age

Below 40 years 208
Over 40 years 76

Unknown 6
Total 290

Table 7: List of research reactors [Laraia 2004]

76 of all research reactors still operating are over 40 years old. Experience shows that
upgrades may prolong reactor life. If the reactor is to be decommissioned, [AEA recommends
three strategies: “Immediate Dismantling”, “Safe Enclosure” and “Entombment”. [Laraia
2004]

The clearance and release criteria for the use of materials, buildings and sites take special
considerations. Various levels are used. Often the ALARA principle is used. If there is no
plan to use the site further, the choice is many times “Safe Enclosure”.

The following TRIGA reactors have been shut down and are or were in the process of

decommissioning. Status is as of August 2005. It is not possible to determine the Mark type of
all TRIGA reactors due to lack of information in the literature.
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Place

Decommissoning status

Hannover, Germany
250kW TRIGA
Mark 1

Medical University of Hannover

1973: Start of operations. The TRIGA research reactor was used for
producing radiopharmaceuticals and activation analysis.

1996: Reactor went out of operation.

1999: Fuel returned to the USA. [Hampel 1999]

The facility is now dismantled. [Hampel 2005]

Heidelberg, Germany
250kW

TRIGA HD I

250kW

TRIGA HD II

German Cancer Research Center (DKFZ)

The TRIGA HD 1 was operating between 1966 and 1977 in a
temporary building. In 1978 it was moved into a permanent
building and renamed to TRIGA HD II. In 1980 all the equipment
of the TRIGA HD I was dismantled and only the tank and the
concrete shield remained in “Secure Enclosure”. [FMENCNS 2003]
The TRIGA HD II was operating until 1999. [Juenger-Graef 2004]

Neuherberg, Bavaria,

1972: First criticality.

Germany 1982: Shutdown.

1000kW Status: Safe Containment.

TRIGA Mark 11T Final status: not yet decided. [FMENCNS 2003]

FRF-2 Frankfurt 1977: Start of operations.

TRIGA 1983: Shutdown. [Chichester 1998]

KRR-T'and KRR-2 Construction of the TRIGA Mark II research reactor started in 1959
Korea and the reactor began operating in 1962. The original power of
250kW 100kW was raised to 250kW in 1969. In 1995, the Korea Atomic
TRIGA Mark II Energy Research Institute announced its decision to shut down the
2000kW TRIGA II and III reactors.[NTI 2005]

TRIGA Mark III

Billingham, UK ICI (Imperial Chemical Industries) refinery [Wikipedia 2005]
250kW 1971: Installed.

TRIGA Mark I 1988: Shutdown.

The Triga Mark I operated at 250kW. It started to operate in 1971
and finished its operation in 1996. The site was delicensed. British
Nuclear Group Project Services was contracted to dismantle the
site, including the building, laboratories and offices. [BNG 2005]

Cornell University
500kW
TRIGA Mark 11

1962 First criticality.
Cornell University closed the TRIGA reactor in 2002.
[Schumer 2003]

General Atomics,
San Diego, CA
250kW

TRIGA Mark F
250kW

TRIGA Mark I
1000kW

TRIGA Mark 111

1958: First criticality TRIGA Mark L.

1960: First criticality TRIGA Mark F.

1966: First criticality TRIGA Mark III

All 3 reactors are now shutdown. [Aker 2005] Fuel is still on site.

In 1975 the TRIGA Mark III reactor is closed. [Weaver 1999],
[DOE 2005] Decommissioning is stopped, waiting for return of the
fuel. It was calculated that the total dose to the reactor crew for the
decommissioning will be about 0,2 man-Sv. [NRC 1999]

ATUTR, Arkansas
250kW TRIGA

1989: First criticality.
The reactor is currently shut down. [Aker 2005]
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No articles about the decommissioning can be found on the internet.

BRR UC Berkeley 1966: First criticality. [Aker 2005]
1000kW 1991: Shutdown. [DOE 1991]
TRIGA Mark 11 No articles about the decommissioning can be found on the internet.
DOREF, Virginia 1961: First criticality.
250kW The reactor is currently shut down. [Aker 2005]
TRIGA Mark F DOREF stands for Diamond Ordnance Radiation Facility. [DOE
2005]
No articles about the decommissioning can be found on the internet.
Westinghouse, 1977: First criticality.

Hanford, Washington
Neutron rad. facility
1000kW

TRIGA Mark I

1989: Shutdown. [Aker 2005] [Mudd 1999] [DOE 1997]

In December 1995 the fuel elements were moved to dry storage.
[Hanford Reach 1997]

Columbia University
250kW
TRIGA Mark IT

1977: Decommissioned. [Aker 2005]

NRC licensed the TRIGA Mark II, but the City of New York did
not authorize the operation. Therefore, Columbia University did not
procure fuel. The license was terminated in 1985. [DOE 2005]

Northrop, California
1000kW
TRIGA Mark F

1963: First criticality. [Aker 2005]
1986: Closed. [Weaver 1999]

Michigan State Univ.
250kW
TRIGA Mark I

19609: First criticality.
1989: Decommissioned. [Aker 2005]

The core of this research reactor operated in the University of
[llinois from 1960 until it was shipped to Michigan in 1968. [DOE
2005]

University Illionis

1960: First criticality TRIGA Mark I. (100kW)
1969: First criticality TRIGA Mark II. (1500kW)

TRIGA Mark I Both reactors are shutdown. [Aker 2005]

TRIGA Mark II
The TRIGA Mark I was shutdown in 1998. The decommissioning
plan is “Safe Storage” until at least 2009 because from this date on
DOE can accept fuel. Afterwards decommissioning will continue.
[EPA 1999]

Diamond Labs, | 1961: First criticality.

Maryland, (US Army)
250kW

The reactor is decommissioned. [Mudd 1999]

TRIGA Mark F

University Texas, | 1963: First criticality. [Aker 2005] [Mudd 1999]

Austin 1993: License terminated. [DOE 2005]

250kW

TRIGA Mark 1

AFRRI, 1962: First criticality.

Betsheda, MD, USA | 1989: A report gives a cost analysis for decommissioning the
TRIGA Mark F Armed Forces Radiobiology Research Institute (AFRRI) TRIGA
1000 kW research reactor facility. [AFRRI 1989]

New Delhi This TRIGA Mark II was operating at the New Delhi World
250kW Agricultural Fair in 1960. Chevron USA Corporation dismantled it.
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TRIGA Mark IT [DOE 2005]

Puerto Rico This reactor was operating at the Puerto Rico Nuclear Center from
2000kW 1960 to 1976. [DOE 2005]

TRIGA

Kinshasa, DR Congo
S0kW
TRIGA

The TRIGA research reactor operated at the USA government’s
exhibit in Geneva in 1958. The University of Lovanium in the
former Belgian Congo, now Democratic Republic of Congo, made
arrangements to acquire the actual TRIGA that operated in Geneva.
It was then shipped from Geneva to Leopoldville (now Kinshasa).
[Nuclear News 2003]

Figure 10: TRIGA reactor in operation at the Second Geneva
Conference 1958

TRICO I, University of Kinshasa, Democratic Republic of Congo
1959: Began operations. [Mudd 1999]
1970: Shutdown. [Wikipedia 2005]

In 1967 a Triga Mark Il reactor was shipped to the Regional Center
for Nuclear Studies. The first S0OkW TRIGA Mark I reactor was
shut down in 1970 and replaced with the 1 MW TRICO II research
reactor in 1972. The government of Zaire stopped funding the
reactor in 1988 and it reportedly ceased operations in 1992. In 2001
the TRIGA Mark I is used to store spent fuel, and the TRIGA-Mark
I is operating. [Global Security 2005]

Dal at, Vietnam
250kW
TRIGA Mark II

1963: Provided by the USA.
1975: Shutdown. [Wikipedia 2005]
Reopened with Russian fuel and operating since.

Table 8: Decommissioned TRIGA research reactors
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4.3. Decommissioning concrete shields of research reactors -
Examples

In Heidelberg, Germany, there is a cyclotron and laboratories on the site of the TRIGA
research reactor. Therefore the method of dismantling was prepared with as little vibration as
possible. A hydraulic split method for taking apart the biological shield was chosen. The
upper part of the concrete shield is not activated. It will be released by passing a radiation
measurement system. The activated concrete around the core in a depth of about 20cm will be
forwarded to the longterm storage. On the border between active and inactive concrete,
measurements are carefully made. [Juenger-Graef 2004]

At the TRIGA research reactor in Hannover, Germany, in order to determine the activation,
samples were taken from the reactor components and the activation and dose rates were
determined. A model describes the Co-60 activation in the reactor tank in Hannover. [Hampel
2005]
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Figure 11: Co-60 activation in the reactor tank and the biological shield [Hampel 2005]
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Figure 12: right: Ba-133 activation in the symmetric region of the biological shield with
boundary for dismantling
Figure 13: left: Ba-133 activation product in the top layer of heavy concrete near the radial

beam tube [Hampel 2005]
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Material Nuclide Portion [%]
Baryte Concrete H-3 15

Fe-55 2

Co-60 2

Ba-133 64

Eu-152 16

Eu-154 1

Table 9: Nuclide vectors for barite concrete [Hampel 2005]

At TRIGA Ljubljana, Slovenia, it is estimated that the volume of activated concrete is
approximately 150m’. [Veseli¢ 2004] For the TRIGA research reactor a decommissioning
plan has not been developed yet. The Ministry of Science and Technology is responsible for
financing the decommissioning of the research reactor. [IRRT 2005]

The Japan Power Demonstration Reactor (JPDR) decommissioning program was running
from 1981 to 1996. After the development of decommissioning technologies during 1981 to
1986, the dismantling of the JPDR was executed to verify the technologies for use in
dismantling commercial reactors. The low level radioactive waste from demolishing the

concrete shield was disposed into a near surface burial place as a safety demonstration test.
[NEA 1998]

4.4. ASTRA reactor in Seibersdorf, Austria

A group of 8 reactor crew members along with a radiation protection group handled the
decommissioning. The fuel was transferred to the USA in 2001. Dismantling of the primary
and secondary cooling and the removal of the concrete shield gave 1600tons of low-level
radioactive waste. The inactive parts of the concrete shield contain 400m’of reinforced barite
concrete with a mass of 1400tons. To dismantle the concrete, wire cutting technology was
chosen. The concrete shield was cut into blocks of 7 and 9 tons, which are limited by the 10
tons crane capacity. There were also 10 tons of graphite waste from the thermal column and
the reflector. A building next to the reactor was built for clearance measurements and
procedures. The process started in 2004. [Meyer, Steger, 2006]

During decommissioning of the ASTRA research reactor, solid radioactive waste was handled
with a high force compactor. 100 litre steel drums were put in a channel. They were
compressed with 12 MN of force. The produced pellets were put into 200 litre drums and
stored. A reduction factor of 2 to 10 was obtained. If waste couldn’t be mixed with cement,
100 litre drums were centred in 200 litre drums and loaded with mortar. Incineration was also
used. The ash was compacted with a reduction factor of 20. [Austrian National Report 2003]

The cutting of the activated blocks started in 2005. With neutron flux measurements during
the operations of the reactor and activation analysis of the barite concrete samples the
approximated activation depth was 1 m, with 60 to 70 tons of concrete. Samples from the
concrete shield were analyzed with gamma and alpha spectrometry. There was a lot of H-3 in
the concrete. [Meyer, Steger, 2006]
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Ba-133 Co-60 Eu-152 Eu-154 H-3 Fe-55

% 15,9 0,9 1,5 0,1 73,6 9,1

Table 10: Nuclide vector of the biological shield of the ASTRA research reactor
[Meyer, Steger, 2006]

Samples were taken from the outter parts of the concrete shield. They have a diameter of 5 cm
and a length of two meters. The concentration of Ba-133 was determined and the horizontal
decrease in activity was measured. The activity at the inner side surface has a normal
distribution across height with a maximum at the core center. 26.5 tons of concrete were
classified as radioactive waste. This concrete was cut into blocks and then cut again to smaller
pieces. It was then filled into 670 200 liter barrels. [Meyer, Steger, 2006]

All activated parts of the ASTRA research reactor are now removed. Blocks below the
clearance level were stored as inactive waste. Blocks with activitities above the clearance
level were moved into the interim storage facility. During the decommissioning, ventilation
and filtration systems were used. The decommissioning was finished in 2005. The
transformation into a storage facility will be finished in 2008. Decommissioning is financed
by the Austrian state. [Austria 2003]

Radiation protection procedures during dismantling the ASTRA research reactor are typical
for research reactors and could be implemented for dismantling TRIGA research reactors.
Also, equipment from ASTRA dismantling could be used for dismantling the TRIGA research
reactor in Vienna.

Decommissioning crew was trained in radiation protection. Great emphasis was given on
possible body contamination. Each crew member carried two dosimeters. Also, in-body
measurements were made with a whole body counter. All waste was checked with alpha and
beta dosimeters. [Steger 2005]

Regulations demand that all materials are checked for activity and presence of radioactive
sources before they can be transferred into public areas. For materials that show no
radioactive activity the release for recycling or final disposal is done with a release certificate.
The release from the reactor hall included materials like concrete, steel, graphite, paraffin,
cables, pipes, electronics, furniture and flooring. [Steger 2005]
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5. Activation of the biological shield
5.1. Choice of shielding materials

Thermal neutrons are very well attenuated with a few millimetres of boron, a material with a
high absorption coefficient. Boron carbide, dispersed in aluminium is commercially available
under the name Boral. Also, a few millimetres of cadmium are a good shielding for thermal
neutrons, but cadmium has a low melting point of 321°C and radiates gamma rays after
neutron capture.

The best element for shielding fast neutrons is hydrogen. Materials commonly used for
shielding, like concrete, contain a high portion of hydrogen. Other materials can also help
shielding neutrons with inelastic scattering. In places where space has high value, like in
devices for space flight, lithium hydride is used. [Porforio 1978]

Elements that shield from neutrons and gamma rays are mixed together into a homogeneous
shield. As an aggregate for heavy concrete, iron is often mixed into concrete to obtain better
gamma ray attenuation. In some approaches, alternate layers of attenuation materials are used,
like water-iron, iron-concrete, etc. The layers alternately attenuate neutrons and gamma rays,
and this helps to economize on space. [Porforio 1978]

During the construction of the TRIGA research reactor in Ljubljana and Vienna, barite was
used as the aggregate for the heavy concrete biological shield.

Mass portion Volume in 1 m’ of fresh
concrete
Aggregate — barite sand 88% 0,760 m’
Concrete 7% 0,080 m’
Water 5% 0,160 m’

Table 11: Concrete composition in the TRIGA shield in Ljubljana [Zagar 2002]

Barium has the atomic number Z=56 and a density of 3,5 1-10° kg/m3. Barite’s chemical
composition is BaSO,. It is composed of 65,70% mass percents of BaO and 34,30% mass
percents of SOs. It has an orthorhombic structure and a density of 4,48-10° kg/m’. Figure 14
shows a 5x6 cm yellow crystal [WebMineral 2006] and a white barite crystal [UND 2006].

Figure 14: Barite crystals
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Barite is a suitable choice due to its low cost and good attenuation properties. The attenuation
properties of barite concrete are presented in chapter 2.4. The biological shield of TRIGA
research reactors also serves as a support for the reactor platform and instrumentation.

5.2. Concrete shield material activation

A method for experimental determination of long-term activation of reactor concrete shielding
based on activation analysis of the concrete samples in the reactor shield was developed for
the TRIGA Mark II research reactor at Jozef Stefan Institute (JSI) in Ljubljana. [Zagar 2001]
The method was later performed for a second TRIGA reactor at the Atominstitut der
Osterreichischen Universititen in Vienna, Austria. [Lesar 2003], [Lesar, Zagar, Ravnik 2003]
The goal was to present activation measurements of radiological shield samples from the
research reactor TRIGA in Vienna, Austria, and to compare them with measurements made
on similar samples from research reactor TRIGA in Ljubljana, Slovenia.

In both cases (TRIGA Ljubljana and TRIGA Vienna), samples have been taken from the outer
(not irradiated) side of the reactor body. The sampling locations have been selected in such a
way, that integrity and shielding functions of the shield were not affected. In Vienna samples
were taken from three different locations on the platform above the thermal column door. At
JSI three samples were taken from the side of the reactor above the horizontal channel number
4. All samples were irradiated only at JSI in Ljubljana.

Figure 15: The concrete shield from Vienna, Austria (density is 3,35kg/m’)

To determine the neutron flux inside this reactor concrete body a special concrete sample
holder for irradiation has been developed. The sample holder was designed to fit in the
horizontal irradiation channel number 4 of the research reactor TRIGA Mark II in Ljubljana.
The outside dimensions of the sample holder are identical to the channel beam plug. The
sample holder has a lid and can be filled with various samples. Inside the holder are several
concrete cylinders made of normal concrete which act as a neutron moderator.
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However, different diffusion behaviour is expected if the concrete samples were embedded in
barite concrete. Therefore, in chapter 5.4 the diffussion length that was calculated for the
ASTRA reactor is used, since the concrete compositions of the ASTRA and the TRIGA
reactor are very similar.

Figure 16: A sample is placed for irradiation into a normal concrete holder

Samples can be placed between those concrete cylinders and irradiated at different concrete
depths. [Zagar 2001] Concrete depths varied between Ocm and 60cm. In the first holder
(depth Ocm) the sample is on the inner surface of the shield, at the same depth as the surface
of the water tank. The samples were irradiated for 100 hours. After a decay time of a few
months, the activities of different isotopes in the irradiated barite concrete were measured.

The main steps of the experiment were:
- drilling the samples from the research reactor radiological shield body,
- crushing the samples and filling plastic containers with the crushed samples,
- activating the samples in the reactor,
- waiting for the short-lived radio nuclides to decay, and
- measuring the long-lived isotopes with a gamma spectrometer.

The samples were crushed to grains and density or geometric effects were not taken into
account. These are sources of error when determining the activity density of the samples.
However, the first purpose of the experiment was to compare the concrete shields from
TRIGA Ljubljana and TRIGA Vienna. Samples were prepared in the same way to allow
direct comparision of the material composition.

Chemical sample composition was determined with a combination of different analytical

methods and is presented in Table 12. Three different sampling locations in Vienna were
compared and marked with W1 (middle), W2 (left side) and W3 (right side). [Lesar 2003]
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TRIGA Vienna |[W1 w2 W3
Wt % Wt % Wt % C.[b]

Ba 46,6 46,9 49,5 1,2
47,1 47,6 48,9

0] 31,2 31,6 33,3 0,00027
31,7 32,1 32,9

S 11,0 11,1 11,7 0,520
11,1 11,3 11,6

Ca 4.4 4,7 4,2 0,43
4.4 4,7 4,1

Si 3,8 3,8 34 0,16
3,7 3,5 3,5

Mg 0,2 0,3 0,2 0,063
0,2 0,3 0,2

Table 12: Chemical analysis of the TRIGA Vienna concrete shield

It was determined that long-term activation of concrete shielding depends mainly on trace
elements and isotopes or impurities in concrete composition. The dominant long-lived isotope
determining the volume and mass of heavy concrete waste in both investigated TRIGA
reactors is Ba-133. Even with heavy concrete aggregate originating from two different
countries, the activity differences after a few years of cooling are small. The most important
result of this research is therefore the following: the conclusions about the shield activity and
the volume of long-lived radioactive wastes from the shield that have been obtained for the
research reactor TRIGA at the JoZef Stefan Institute in Ljubljana are transferable to other
reactors of the same type if their specific operating histories are taken into account. However,
the activity of steel reinforcements in the concrete was not taken into account in this study.

[Lesar, Zagar, Ravnik 2003]
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5.3. Sample activation

The irradiated sample spectrum and the areas of interesting photo peaks were measured using
a GeHP (high purity germanium) gamma spectrometer cooled with liquid nitrogen. From
measured peak areas (in number of counts per second) the activity of long-lived isotopes was
determined using the equations below. They were calculated for each peak decay energy.
[Lesar 2003], [Lesar, Zagar, Ravnik 2003]

The activity measurements of the samples took several hours, usually 24 hours. It is therefore
necessary to consider that during the measurements the activity of the sample is decaying. The
following notation is used:

A, ... sample activity immediately after irradiation

t, ... time of sample cool down before the measurement is started

A .... decay constant

From the activity of the sample 4, the activity A, immediately after irradiation can be

obtained by:
Airr = Ale/udk

A, can be expressed with the measured activity A and the time of measurement A¢ (usually 1
day) with the fact that the decay is going on during the measurement:

All=e™)=A At 4, = A

And therefore:
cps At

irr: . X AA e
eff X yieldxm 1—e™™

Here cps is the measured area for each photo peak in “counts per second”, m is the mass of
the irradiated sample, A is the decay constant for the given isotope and eff is the efficiency of
the spectrometer according to the equation fitted to the calibration curve. The yield is the
statistic probability of the observed gamma decay, Ar is the time of the spectrometer
measurement and f«is the time of the sample cool down after irradiation.
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Figure 17: Activation and cooling of the samples

The measurements data was imported into a database, normalized with the above equation
using the sample mass, the decay time after activation and the known yield of various energy
decays. Calculated activities of various radioactive nuclides are then compared for different
cooling times after activation. The results of measurements are presented in chapter 5.4. The
tables give the average values of the activity of various gamma ray energies for given long-
lived isotopes. [Lesar 2003], [Lesar, Zagar, Ravnik 2003]

5.4. Activation results

A comparison between the three different sample positions from Vienna (for Ocm, Scm and
10cm from the inner wall) was made. A comparison with data from Ljubljana is presented for
one and five years cooling time in Table 14. [Lesar 2003], [Lesar, Zagar, Ravnik 2003]

Beside the activation in the horizontal channel, a comparison between different sampling
locations in Vienna was made with neutron irradiation for 3 hours in the rotary specimen rack
where all samples were exposed to the same neutron flux. The irradiation facility of the rotary
specimen rack is located around the core inside the reactor pool.

[Bq/g] 1 Year S Years
Z | Name Half life W1 W2 W3 W1 W2 W3
21 Sc-46 83,85 Days 3,93 3,42 3,78
24 Cr-51 27,7 Days 0,01 0,02 0,01
25 Mn-54 @ 312,2 Days 0,37 0,44 0,01 0,02

26 Fe-59 45,1 Days 0,17 0,13 0,15
27 Co-60 @ 5,272 Years 5,06 4,46 4,86 2,99 2,64 2,87
30 Zn-65 @ 243,8 Days 1,41 1,41 1,32 0,02 0,02 0,02
51 Sb-124 = 60,2 Days 0,11 0,11 0,07
55 Cs-134 | 2,062 Years 1,79 2,50 1,74 0,47 0,65 0,45
56 Ba-133 10,7 Years | 140,22| 140,58 142,28] 108,23] 108,51| 109,82
63 Eu-152 12,7 Years 7,76 7,56 8,02 6,34 6,07 6,45
63 Eu-154 8,5 Years 1,33 0,87 0,96 0,62
73 Ta-182 115 Days 0,14 0,15 0,17
Table 13: Comparison of three different sampling locations from Vienna. Samples were
irradiated for three hours in the rotary specimen rack at full power. Isotope activities are
presented in units of [Bq/g].

The neutron activation analysis shows that there is no significant difference among samples of
concrete taken from different places of the biological shield in Vienna.

The comparison of the data from Ljubljana and Vienna TRIGA research reactors’ radiological
shields gathered under similar experimental conditions shows that the barium concentrations
are approximately the same, whereas in the radiological shield in Vienna there is less long-
lived Co-60 and Eu-152 as in Ljubljana. This difference should give about a 10% lower
activity of the shield in Vienna 5 years after reactor shutdown if both reactors had a similar
operating history. [Lesar 2003], [Lesar, Zagar, Ravnik 2003]
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[Bq/g] 1 Year S Years

Z | Name Half life W | L) W LJ W LJ W LJ W LJ W LJ
10cm Scm Ocm 10cm Scm Ocm

21 Sc-46 83,85 days 2,18 4,38] 4,77 9,66] 9,28 22,94

24 Cr-51 27,7 days 0,01 0,03 0,02

25 Mn-54 312,2 days 0,67 1,18 2,06] 0,03 0,05 0,08

26 Fe-59 45,1 days 0,32] 0,18 0,77] 0,39/ 1,95

27 Co-60 5,272 years 11,68] 5,67 28,04] 11,17| 66,50, 6,901 3,35 16,58] 6,60 39,32

30 Zn-65 243,8|days 15,58] 1,78 2991] 3,21 65,38 0,25] 0,03 047] 0,05 1,03

51 Sb-124 60,2 days 1,704

55 Cs-134 = 2,062 years 1,65 1,77) 4,17 8,93 0,44] 0,46/ 1,09 2,33

56 Ba-133 10,7|years 186,95 77,29] 200,9 163,7] 366,2 407,1] 67,11| 59,66| 155,1 126,4] 282,7 314,2

58 Ce-141 32,38 days 0,011 0,01/ 0,02

63 Eu-152 12,7|years | 6,16 6,81] 11,51 15,25] 19,72/ 35,56} 4,95 5.47| 9,25 12,39] 15,86 28,59

63 Eu-154 8,5|years 3,94 2,85

73 Ta-182 115 days 0,84

Table 14: Comparison of three different depths (0, 5, and 10cm) while irradiating samples in
the horizontal channel for 100 hours. Results for Ljubljana (LJ) and Vienna (W) are shown.
[Lesar 2003], [Lesar, Zagar, Ravnik 2003]

The maximum activity that can be achieved by a radionuclide in the shield is the saturated
activity, which is reached after an irradiation of about 10 half-lives. The newly activated
isotopes are out weighted by the decay of isotopes of the same kind. The equilibrium equation
in a constant neutron flux ¢(E), or an isotope with density N(t), that is activated from a stable
nuclide with a constant density ny and a microscopic cross section o (E) is [Zagar 2002]:

act

dN (1)

=V [¢(E)o,, (E)n,dE—AN(t)
dt

thermic

Sflux

The solution of this equation is:

N@) = %(1 —e W [§(E)o,, (E)n,dE

thermic

flux

This equation describes the behaviour of the activity of the shield during continuous operation
of a research reactor, where the integral on the right side can be considered a constant. This
equation is, however, only true if the reactor was working continuously. If the reactor was
working only part of the time, there were periods where Ba-133 was only decaying and was
not produced. It can be approximated that because the activation part was turned on and off;, it
can be described with an average activation or a constant. This results in a saturated activity
that is smaller than the calculation when the reactor was operating continuously. In the case of
the TRIGA Vienna, the reactor operated between 1965 and 2004 on an average of 1110 hours
per year. A simple calculation gives that with this operating schedule, the reactor was
operating almost 12,7% of a year:

1110A

—=0,127=C
365,24x24h
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The above equations can therefore be rewritten with the correction factor C. The correction
factor describes the reactor, as if it would operate continuously with a smaller power. This is a
reasonable approximation.

(E)n,dE

act

1.
Niy=—(-e ey j¢(E)a

thermic

Sflux

After a very long period of time in a reactor that was working continuously (C=1), the
saturated activity is therefore:

A.=N(E)A=V [¢§E)o,, (En,dE

thermic
flux

A_ can be put back into the previous equation and at full power (C=1) any sample irradiation
time t can be used to obtain the saturated activity of a nuclide. By replacing N(t;)A with the

calculated activity of the sample directly after the irradiation Aj., the saturated activity is
obtained with the following equation [Gilmore 1996]:

This equation can be corrected with the factor C that takes into account that the reactor was
not working continuously:

_ irr
A - C 1 _ e_/ltirr

As is known from the experiments, the most active isotope in the shield is Ba-133 with a half-
life of 10,7 years or, divided by In(2), a decay time of 15,4 years. Generally the activity
development function looks like this:

Activity of Ba-133 in the shield
100%
> 90% —
:‘E 80(%) //
S 70% -
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Figure 18: Activity development of Ba-133 in the shield
In the case of irradiated TRIGA shield samples, the irradiation time in the irradiation tube t;;

was 100h. Using this equation, corrected saturated activities for all nuclides can be calculated
from measured sample activity.
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It is important to take into account that the measured neutron flux in the front of the horizontal
irradiation channel is 10" [n/s sz] and that the calculated neutron flux on the inner layers of
the concrete shielded with water is 5-10 [n/s sz] according to TORT and MNCP code
calculations [Zagar 2002] and literature [Bozi¢ 2003]. When the horizontal irradiation channel
is not used, it is shielded with a polyethylen filter and the measured neutron flux is 10% [n/s
sz]_ [Zagar 2002] Therefore the saturation activities of the concrete in the vicinity of the
horizontal channel are up to a factor of 2 bigger like those on the inner layers of the water
shielded concrete.

Saturated activities were calculated for three different concrete depths (Ocm, Scm and 10cm).
The saturated activities one year after shutdown of the TRIGA reactor in Vienna were
calculated and are presented in table 15. In these calculations short-lived isotopes are omitted,
since they do not contribute to the shield activity during decommissioning.

Isotope Half life 10cm Scm Ocm
Co-60 5.2721 years 0 2.4 4,7
Ba-133 10.7 years| 74,8 172,7 314,8
[Eu-152 12,7 years 6,3 11,8 20,2

Table 15: Corrected saturated activities of isotopes after 1 year at different depths of the
concrete in units of [Bq/g]

The values in table 15 were calculated with the equation

A
A, = Cl—e—”j’”’”

The data of irradiated samples' activities 1 year after irradiation are given in table 14. The
irradiation time was 100 hours or 0,011408 years. These saturated activities were then
reduced by a factor of 200, since this is the ratio of the neutron fluxes for the horizontal
channel and the water shielded most inner layers of the concrete shield. The ratio gives the
estimate for circumstances in the most inner layer of the concrete shield next to the aluminium
tank in the reactor pool. Normal concrete was used as shielding material during the
measurements, but the measured value at Ocm remains relevant for calculations of saturated
activity on the most inner layer of the reactor shield, since the neutrons have not yet
penetrated any normal concrete. The value at Ocm above is in fact not exactly valid because
inside the beam tube, there is no water like in the reactor tank, and the change of neutron
spectrum is different.

Due to TRIGA research reactor operation times of several decades before the final shutdown
and half-lives of about a decade for the long-lived isotopes, the saturated activities are a good
approximation of activities after shutdown. These values are further corrected in chapter 6.1.
The major activity inventory is in the long-lived Ba-133 and Eu-152 with half-lives of about
10 years. It can be estimated that a waiting period of 10 years would minimize the radiation
exposure risks from the shield for about 50%.

In a more precise calculation, it should be taken into consideration that the reactor shield
contains several voids, like the thermal column and the irradiation tubes. In these voids the
concrete shield has not attenuated the neutron flux, and the activities of the void surfaces are
generally higher.
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5.5. Approximation of the irradiation depth

An exponential function is approximated on the Ocm, 5cm and 10cm sample depth data. The
following model was set up:
A

= A, exp(—AAX)

Scm Ocm

The attenuation coefficient can be derived by:
1 A
A - _ ln Scm
AX \ A,
From the measurements where concrete samples were placed at different depths into the

concrete wall, the following attenuation coefficients for different isotopes can be calculated
from this model:

10cm — 5cm 5cm — Ocm
Co-60 13,56 1/m
Ba-133 16,75 1/m 12,00 1/m
Eu-152 12,50 1/m 10,76 1/m

Table 16: Attenuation coefficients for sample location and isotopes

The average attenuation coefficient is 13,1 1/m. The error for the attenuation coefficient for
Ba-133 between the 0-5cm layer and the 5-10cm is too large to handle different isotopes
separately. Therefore, it is assumed that the attenuation coefficient for the neutron flux is
uniform over the whole spectrum. The width of the irradiated concrete shield that has an
activity lower than 1Bq/g, defined by Austrian radiation protection law for Ba-133 as an
unconditional clearance level, can be calculated now. For Ba-133 30Bq/g is the limited
clearance level and 100Bq/g is the permitted clearance level.

1[Bg/ g]=A4,,, exp(~AAX)

Ocm
The summed saturated activity of the isotopes Ba-133, Eu-152 and Co-60 on the inner wall of
the concrete shield is 323 + 20 + 6 Bq/g. The data is taken from the calculations of the
saturated activity after 50 years of irradiation immediately after reactor shutdown calculated
in chapter 6.1. Therefore, the activated portion of the concrete shield that must be handled as

radioactive waste is:
AX =—iln M =0,46m
A\ 349[Bg/g]

The width of activated concrete shield after reactor shutdown calculated in this way is 46cm.
Since normal concrete was used as the sample holder for different depths of the samples, the
method gave a diffusion length of 7,7cm. It was decided not to use this value due to the
different behavior of normal concrete compared to barite concrete. Measurements at the
ASTRA research reactor gave a diffusion length of 11,0cm for the barite concrete according
to communication with the decommissioning team at the ASTRA research reactor and it was
decided that this will be the used value. With the above equation for the depth of the activated
portion of the shield the longer diffusion length of 11cm gives a value of 64,5cm.
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6. Waste volumes

6.1 Calculating the total waste volume

For the waste volume determination, levels of allowed radioactivity in waste material are
needed. Different general limits are proposed worldwide. The first one is a general level of
10Bqg/g. The second is a more strict or conservative level of 1Bg/g. Even very strict criteria of
0,1Bg/g can be found for unconditional clearance levels for landfill disposal. [Lesar, Zagar,
Ravnik 2003]

1Bq/g was arbitrarily selected as the uniform criteria or clearance level for all isotopes for the
waste volume estimate. Calculated depths at which the saturated activity of a certain isotope
falls below this criteria level can be calculated. It can be seen that the depth where activity of
Ba-133 is higher than criteria level of 1Bq/g is the deepest in almost all cases. Only after more
than 50 years of cooling, Eu-152 starts to determine the activated depth due to its longer half-
life time. [Lesar, Zagar, Ravnik 2003]

From the maximum depth of activated concrete of 64,5cm, a simple and conservative estimate
of the waste volume can be calculated assuming spherical symmetry of activation around the
reactor core. The estimate can be done with a spherical model intersected by a cylinder that
represents the reactor tank. The sphere is centered in the reactor core center. The volume of
the cylinder occupied with water is subtracted and the remaining volume is the volume of the
activated concrete. Estimated volume of the waste is then simply = sphere — cylinder —
spherical sector (above the cut of the sphere). [Lesar, Zagar, Ravnik 2003] A density of
3.35kg/m’ for compact heavy concrete is used for estimating the mass of waste volumes.

The volume of the outer layer is a sphere subtracted by a cylinder that represents the inner 20
cm layer next to the reactor core with a height of h=1m, and a cylinder that reaches to the top
of the sphere and to the bottom of the reactor basin. The reactor core has a distance of
H=0,5m from the bottom of the tank. The irradiation depth is 0,645m and is denoted by x.

1% =g7£(R+x)3 —7(R+d)* =R »)h—mR*(R+x+H)=

= %ﬂ'(lm +0,645m)* — 2((1+0,2m)* —1m*)\lm — zwlm* (Im +0,645m +0,5m) =

=10,5m’

The total volume of irradiated concrete is without the second term, and 11,9m3 of activated
heavy concrete activated into a depth of 64,5cm is calculated in this way. The mass of this
conrete is about 39,9tons.

Estimated masses and volumes for Ljubljana are slightly higher due to a higher measured Ba-
133 activity in the Ljubljana samples. It can be concluded that the estimated volumes and
masses of waste materials from both reactors are equal within the accuracy of this simple
method of estimation. [Lesar, Zagar, Ravnik 2003]

The development of the irradiated concrete during reactor operation can be calculated from
the development of the saturated activity during reactor operation. Only long-lived isotopes
contribute to the activity while the reactor is being decommissioned, therefore only those
isotopes will be considered. It is also taken into account that the reactor will be operating for
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50 years before the activity of the inner wall is determined. Therefore the saturated activities
are somewhat different from the measured activities after 50 years of operation. The
following equation can be used to determine the saturated activities.

A

1

=

The values in the rightmost columns are the data from chapter 5.4, the saturated activity at
Ocm depth 1 year after reactor shutdown.

Decay constant A [Bg/g] A_ [Bg/g] A_[Bg/g]
50 years Oy decay ly decay]

Co-60 0,1314] 1/year 5.4 5,4 4.8
Ba-133 0,0648| 1/year] 3227 335,8 314,8
Eu-152 0,0546( 1/year 19,9 21,2 20,2

Table 17: Saturated activities of main radionuclides

The development of the saturated activity on the inner wall of the reactor shield can be plotted
using the equation for the development of the saturated activity:

A=) (1-e*)A,
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Figure 19: Activity of the inner layer of the reactor shield

Now, the irradiation depth, where the activity does not exceed 1Bq/g can be calculated.

AX = _Lh{MJ
A A
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irradiation depth [m]
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Figure 20: Irradiation depth, where the activity reaches 1Bq/g

The activated volume is then calculated using the equation below, where a cylinder is
subtracted from a sphere. Here H is the height of the reactor core from the bottom of the
basin, while on the upper side the reactor pool cuts the sphere at its top.

V=g7r(R+h)3 —7R*(H+R+h)

Volume in m3

0 10 20 30 40 50 60
years

Figure 21: Volume of the irradiated concrete

These figures were calculated for the research reactor operating only 12,7% of the time, as in
the case of the TRIGA research reactor in Vienna.
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6.2. Categorizing the concrete waste volumes

For the purposes of waste characterization, the concrete can be divided in three categories:
- high active waste (more than 100Bg/g ),
- active waste (10-100Bg/g ), and
- low active waste (1-10Bq/g ).

The total activity density on the inner most layer of the concrete shield was measured to be
about 349 Bg/g. The different depths for the categorisation of the concrete waste can be
calculated by the following equation, where the diffusion length of 11cm for heavy concrete is

taken:
AX =Lt A
A | 349Bq/ g

The borders between the different waste categories calculated this way are:
- x1=13,8cm depth for 100Bg/g
- x2=39,1cm depth for 10Bq/g
- x3=64,5cm depth for 1Bq/g.

The volume of the high-activated concrete can be approximated with a cylinder slice, which is
13,8cm wide. The same notations are used as in chapter 6.1:

V. =2(R+x,)* —=R*)h = 7((1+0,138m)> —1m>)lm = 0,93m’

The mass of this high-activated concrete is 3,2tons, which can be divided into approximately
21 blocks weighing 150kg that should fit into a waste drum.

The volume of activated concrete with an activity density above 10 Bqg/g and below 100 Bq/g

can be calculated as a sphere subtracted with the volume of the high-activated concrete and
the volume of the reactor pool:

vV, =§7£(R+x2)3 —T((R+x,)° =R )h—aR*(R+x,+H) =
= %ﬂ(lm +0,391m)° — 2 ((1+0,138m)*> —1m*)lm — wlm* Am+0,391m +0,5m) =
=4 41m*

The mass of this medium activated concrete is 14,8tons, which can be diveded into
approximately 99 blocks weighing 150kg.

The volume of low-activated concrete with activity density above 1Bqg/g and below 10Bg/g

can be calculated as a sphere subtracted with the volume of the high-activated concrete,
medium activated concrete and the volume of the reactor pool:
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V3=§7£(R+x3)3—%7£(R+x2)3—ﬂRZ(R+x3+H)+nR2(R+x2+H):
4 3 4 3 2

=§7r(1m+0,649m) —Eﬁ(lm+0,39lm) — lm*(0,649m —0,319m) =

=6,48m’

The mass of this low activated concrete is 21,8tons, which can be divided into approximately
145 blocks weighing 150kg.

The total mass of the activated concrete is the sum of all three masses, which is 39,8tons. This
corresponds to the mass calculated in the previous chapter. 1cm of concrete layer at this depth
corresponds to an additional waste mass of approximately 1ton.
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7. Simple model
7.1. Model of volume slices

To obtain the irradiation from a volume slice dV from the inner layers of the reactor shield,
the following activity distribution in the shield can be defined:

PA(r,2) = PA,.,, eXp(—=Ar) cos(%)

It can be assumed that the activity in the vertical direction follows the neutron flux irradiation.
The radial exponential part was determined by experiments.

In this cylindrical coordinate system, an integral over a volume element of the shield is made

to obtain the activity density of the cylindrical slices of the shield:
1 r2§ Pig
— PA,.,, eXp(=Ar)cos(—) 2z (r+R) dr dz
pv [ I] h
2

1
o l PA(r,z) dV =

1
 pah((r, +R)} —(r, + R)?)

r2
2ph,, 2 [exp=Ar) (r+R) dr
ﬂ' rl
From tables of integrals:

jexp(ax) x dx= Xp (an) (ax—1)
a

and therefore:

2 2h r2 r2
pLV J’ PA(r,z) dV = e fg;;-m_(r +R)2)( j exp(—Ar) R dr + j exp(—Ar) r dr)
_ 2PAgn 2h — R(exp(=Ar) —exp(-An)) | (exp(-Ar)-(= Ar, ~1)—exp(-An) (= Ar ~1)),
prh((r, +R)* —(r, + R)*) A A

If the activities of the different activated isotopes in the innermost layer are known, the
following values for the average activities in the different layers are calculated:

- in the layer where the concrete is highly active, above 100Bq/g, that reaches from Ocm
to 13,8cm, the average activities of the activated isotopes are: 120,9Bq/g for Ba-133,
7,7Bg/g for Eu-152 and 2,0Bq/g for Co-60,

- in the layer where the concrete is medium active, below 100Bg/g and above 10Bq/g
that reaches from the depth of 13,8cm to the depth of 39,1cm, the average activities of
the activated isotopes are: 23,5Bq/g for Ba-133, 1,5Bq/g for Eu-152 and 0,4Bg/g for
Co-60, and

- in the layer where the concrete is low active, below 10Bg/g and above 1Bq/g, that
reaches from the depth of 39,1cm to the depth of 64,5cm, the average activities of the
activated isotopes are: 2,5Bq/g for Ba-133, 0,16Bq/g for Eu-152 and 0,04Bq/g for Co-
60.
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7.2. Dose from the high active portion of the concrete shield

This simple model only takes into account the last 13,8cm of the reactor shield, where
concrete activity is over 100Bg/g, which still stands in the reactor hall while the shield is
being dismantled. The shield can be approximated with a cylindrical slice that gives a dose
rate to the environment. As calculated in chapter 6.2, the mass of this slice is 3,2tons. The
average activity of activated isotopes was calculated in the previous chapter. From those two
values the activity inventory of the high-activated concrete is calculated. In a very simple
model, it can be assumed that the point source is in the middle of the shield and 1,5m away
from the irradiated site.

Isotope | Activity I, [mSv m>/h GBq] gotnA
inventory r’
Ba-133 3,9-10° Bq 0,2735 47,5 uSv/h
Eu-152 2,5-10" Bq 0,1729 2,0 uSv/h
Co-60 6,4-10° Bq 0,3078 0,9 uSv/h
Sum: 50,4 uSv/h

Table 18: Equivalent dose from the bare inner layers of the concrete shield 1,5m away

The average equivalent dose in this conservative estimate is therefore about 50,4uSv/h. In the
reactor control room, that is about Sm away, the radiation is about (6,5/1.5)°=18,7 times
smaller and should be about 2,7uSv/h. An approximation taking into account the self-

shielding effect of the barite concrete is given in chapter 8.3 with a numerical model.
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7.3. Surface density model of the high active portion of concrete

According to the literature [Sauter], there are precalculated models for equivalent dose rates at
specific points for various geometrical objects with given surface activity density. They are
presented below. The absorption and scattering for photons with not too low energies in
distances of a few meters, are neglected in air. Absorption and scattering in the objects
themselves are also neglected and the given equations are the upper boundary for the dose
rates in the given points. In all objects an uniform distribution of the surface activity is
assumed. It is also assumed, that there is only one radionuclide. In the case of multiple
radionuclides a sum must be made. The models are also used to determine surface activities of
objects if the equivalent dose rates are measured.

The model for a point source, where the equivalent dose rate is measured at a distance “d”
from the source and Ay is intensity of the source in Bq is:

H=459- 10—92%2 Epu,[Sv/h]
i J

The model for a line source, where the measuring point lies in a perpendicular distance “d” to
an end of the line and forms an angle ¢ with the connecting line to the other end of the source
line, where A is the line density in Bg/cm, is:

H= 4,59-10_92%c0s @Y Epi;[Sv/h]
i J

The model for a circle with the measuring point in the middle of the circle, where A; is the
line density in Bg/cm, is:

H=289-10" Zi;z Epig[Sv/h]
i

The model for a cylindrical surface distribution and a measuring point that lies on the axis in
the middle of one of the sides of the cylinder is given with:

H=289-10")" A, (arctanﬁ)z Eppt;[Sv/h]
i rj

- his the height of the cylindrical surface,

- ris the diameter,

- A, is the surface density in Bg/cm?,

- Eis the energy of the photon in MeV,

- p is the probability for the emission of the photon, and

- M is the mass absorption coefficient in air in cm?’/g.
In the case of the bare reactor shield this model can be used as an approximation. The sum
goes over all activated isotopes i and energies j with their probabilities and mass absorption
coefficients for air tabelated in chapter 8.1. h is the height of the active portion which is 60cm,
r is the inner radius of the reactor pool which is 99cm. The surface activity of the high-
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activated concrete can be approximated with the total activity of the high-activated concrete,

as calculated in chapter 7.2, divided by the surface of the active portion of the reactor pool.

2.Ba-133 — 270h = 2.7-99¢m - 60cm

A

3,9-10° Bg

=105-10° 22

2
cm

The same equation is also calculated for Eu-152 and Co-60. The results of the equivalent
doses from the surface distribution are calculated for all three isotopes in the table below and

the sum is 0,23uSv/h.

A, (arctan g)z Epi

E [eV] p | Hglem’/gl| A [Bg/cm?] J
Ba-133 356,017 10,6205 0,02915 10500 36,8407
80,997 10,341 0,02403 10500 3,7971
302,853 10,1833 0,02874 10500 9,1276
383,851 (0,0894 0,02937 10500 5,7661
276,398 10,07164 |0,02825 10500 3,2003
79,623 10,0262 0,02419 10500 0,2887
53,161 10,02199 (0,03764 10500 0,2517
160,613 10,00645 10,02533 10500 0,1501
223,234 10,0045 0,02718 10500 0,1562
Eu-152 (121,78 10,2838 0,02399 670 0,3027
344,28 10,2658 0,02906 670 0,9708
1408 0,2085 0,02591 670 2,7768
064,13 |0,1449 0,02806 670 1,4310
1112,1 10,1356 0,02734 670 1,5051
778,91 10,1296 0,02889 670 1,0646
1085,9 10,09918 (0,02747 670 1,0800
2447 0,07507 ]0,02761 670 0,1852
867,39 |0,04212 |0,02851 670 0,3802
443,98 10,02801 |0,02956 670 0,1342
411,11 |0,02233  0,02951 670 0,0989
1089,7 10,0171 0,02745 670 0,1867
1299,1 10,01626 |0,02643 670 0,2038
1212,9 10,01397 (0,02684 670 0,1660
Co-60 |1332,5 10,9998 0,02627 172 3,2799
1173,2 10,999 0,02704 172 2,9700
sum 76,3146
times 2,89E-09
Sv/h 2,20549E-07

Table 19: Calculation of the equivalent dose rate for a cylindrical surface
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8. Dose calculation

8.1. Attenuation of gamma rays in the concrete shield

Only a small number of isotopes contribute to the saturated activity of the concrete shield. For
each of them probable decay lines with their photon energies have to be known to determine
the mass absorption coefficients for gamma ray energy attenuation in the barite concrete
shield. The dose rate constants for various isotopes tabelated for air are dependent on the
different gamma ray energies with the following equation: [Tschurlovits 1992]

1 Ny /
F'=— E(-g. 1 Men,air,i
4ﬂ_lzpl l( gl) p

Here p; is the probability for the decay, E; is the gamma ray energy, g; is the fraction of the
energy converted to bremsstrahlung in air, and H e”"""""/p is the mass absorption coefficient for

the gamma ray energies denoted by the index i. The exact definition of the fraction of the
energy converted to bremsstrahlung is rather complicated and can be found in literature [NIST
2006].

Radiation penetrates through barite concrete and changes its spectrum due to different mass
absorption coefficients for different gamma ray energies. The radiation with the changed
spectrum travels through the air before it irradiates an object. The changed spectrum changes
the dose rate constants that have to be used to determine the equivalent doses. It can be
assumed, that the probabilities of gamma rays can be determined with using the mass
absorption coefficients in barite concrete and probabilities I; of each of the gamma ray

energies:
A0 ™
barietconcrete i

The correction factor for the modified dose rate constant for a volume slice from which a
gamma ray has to travel a path x through the barite concrete is given with the following

factor:
I' exp(— ﬂen ) . E 1_ ) -1 ﬂen,air,/
Zi: I p( ( p bariteconcrete i pd) I( gl) p
1E 1 — 0. -1 ﬂen,ait/
Zi: i ( gl ) p

pi=1le

modified — * tabelated

For the purposes of approximating the modified dose rate constants, it can be assumed that the
factors g are zero.

The mass absorption coefficients of materials are different for different gamma ray energies

as already shown in chapter 2.4. The gamma ray mass attenuation and absorption coefficients
for barite concrete and dry air are tabelated in literature. [NIST 2006]
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Energy "E I"( p barite concrete "E Ien '; p bar. oncrete "E I"( p dry air "F I':-'n !{ "O dry air
[MeV] [sz/ g] [sz/ g] [sz/ g] [sz/ g]
0,05 6,671 3,206 0,2080 0,04098
0,06 4,143 2,266 0,1875 0,03041
0,08 1,968 1,211 0,1662 0,02407
0,10 1,122 0,7138 0,1541 0,02325
0,15 0,4423 0,2659 0,1356 0,02496
0,20 0,2568 0,1369 0,1233 0,02672
0,30 0,1460 0,06408 0,1067 0,02872
0,40 0,1104 0,04471 0,09549 0,02949
0,50 0,09309 0,03718 0,08712 0,02966
0,60 0,08245 0,03340 0,08055 0,02953
0,80 0,06936 0,02954 0,07074 0,02882
1,00 0,06112 0,02736 0,06358 0,02789
1,25 0,05404 0,02542 0,05687 0,02666
1,50 0,04915 0,02402 0,05175 0,02547
2,00 0,04296 0,02226 0,04447 0,02345
3,00 0,03676 0,02079 0,03581 0,02057
4,00 0,03388 0,02043 0,03079 0,01870
5,00 0,03240 0,02049 0,02751 0,01740
6,00 0,03162 0,02074 0,02522 0,01647
8,00 0,03116 0,02142 0,02225 0,01525
10,00 0,03138 0,02213 0,02045 0,01450
15,00 0,03282 0,02356 0,01810 0,01353
20,00 0,03439 0,02438 0,01705 0,01311

Table 20: Mass attenuation and absorption coefficents for barite concrete and dry air

[NIST 2006]
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Figure 22: Mass attenuation and absorption coefficents for barite concrete and dry air

[NIST 2006]

The gamma rays energies and their intensities are taken from the database JEF-PC2. For each
gamma energy, the mass absorption coefficient in barite concrete and dry air can be

determined with a linear approximation.
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Ba-133:

Energy [keV] Intensity Hen '; p barite concrete Hen '; p dry air
[em®/g] [em®/g]
356,017 0,6205 0,05323 0,02915
80,997 0,341 1,186 0,02403
302,853 0,1833 0,06353 0,02874
383,851 0,0894 0,04784 0,02937
276,398 0,07164 0,08127 0,02825
79,623 0,0262 1,231 0,02419
53,161 0,02199 2,909 0,03764
160,613 0,00645 0,2385 0,02533
223,234 0,0045 0,1200 0,02718

Table 21: Ba-133 gamma spectrum, intensities and approximated mass absorption coefficients

Eu-152

Energy [keV] Intensity (> 0,01 ) Hen f P\ arite concrete Hen f P dry air
[em®/g] [cm’/g]

121,78 0,2838 0,5187 0,02399

344,28 0,2658 0,05550 0,02906

1408 0,2085 0,02454 0,02591

964,13 0,1449 0,02775 0,02806

1112,1 0,1356 0,02649 0,02734

778,91 0,1296 0,02995 0,02889

1085,9 0,09918 0,02669 0,02747

2447 0,07507 0,1043 0,02761

867,39 0,04212 0,02881 0,02851

443,98 0,02801 0,04140 0,02956

411,11 0,02233 0,04387 0,02951

1089,7 0,0171 0,02666 0,02745

1299,1 0,01626 0,02515 0,02643

12129 0,01397 0,02571 0,02684

Table 22: Eu-152 gamma spectrum, intensities and approximated mass absorption coefficients

Co-60

Energy [keV] Intensity (> 0,001 ) Hen /Pt conoree Hen /P 4y i
[em®/g] [em®/g]

13325 0,9998 0,02496 0,02627

1173,2 0,999 0,02602 0,02704

Table 23: Co-60 gamma spectrum, intensities and approximated mass absorption coefficients
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8.2. Irradiation of an object outside the shield

If there is only a thin layer of the reactor shield still to be dismantled — no attenuation through
outer layers — the equivalent dose rate at an object outside the shield can be obtained with:

i :J‘F-A(r,(pz,z)pdv

[
Here [ is the distance between the irradiated object and the volume slice of the reactor shield
dV. A(r,p,z)is the activity density of the volume slice in [Bg/g] and I' is the dose rate

constant of the observed isotope. The distance [ is a variable of the slice position dV with
coordinates r, ¢ and z.

Vv

H:J-F-A(r,qo,z)pdv
1 l(r,¢,Z)2

When the irradiated object is at a distance denoted with “a” from the most inner layer of the
shield, then geometry is determined with figure 23:

= Cos
R+r 14

=sin@

R+r

Figure 23: Geometry of the distance from the volume slice to the irradiated object
Here R is the inner circumference of the reactor shield and r is the distance of the volume

slice from the most inner layer of the shield. The distance of the volume slice from the
irradiated object can be written with:

I?=h*+@+R-0a)
or:
I?=(R+r)*sin’ @+ (a+R—(R+r)cosp)’
I?=(R+r)*+(R+a)’—2(R+r)(R+a)cos@

In three dimensions the vertical component z is introduced. It defines the height of the volume
slice:
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L," =2 +(R+r)*+(R+a)’ —2(R+r)(R+a)cos@

It has to be taken into account, that the concrete shield absorbs gamma rays. The distance “d”
between the observed volume slice and the surface of the shield has to be calculated. On this
path the spectrum of the radiation changes due to the mass absorption coefficient. The
calculations are presented in the previous chapter. The modified dose rate constant has to be
used and the distance to the object is now [ —d , deducted with the path inside the shield.

H :J‘Fmodzjﬁed -A(r,@,2)pdV
(I-d)’

14

When the volume slice is on the side of the shield, that is closer to the irradiated object, the
two dimensional geometry of the problem looks like this:

Figure 24: Two dimensional geometry for the path of the gamma ray inside the shield d
The angle 7y is determined from figure 24 with:

a+R—(R+r)cosp
[

cosy=

When introducing the z component for the three-dimensional problem, this equation rewrites
to:
a+R—(R+r)cosg

cosy =
NIP+72

The angle o in the two dimensional graph can now be obtained with:

a=x-p-y

This is a problem of a triangle with an unknown side “d”, which has two known sides and a
known angle. The problem is described in mathematical handbooks. [BronStejn 1980] If two
sides “a” and “b” and a corresponding angle A of a triangle are known, the other two angles
can be calculated with:

bsin A

a

sin B = C=n-A-B
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The third unknown side “c”, in our case the ray path through the shield “d” is determined
with:
bsin A

)

) asin(zr — A—arcsin
asinC ( (
c= =

sin A sin A

With the triangle notation in the figure 24 this rewrites to:

(R+ D)sin(p+ }/—arcsin((R +r)sin(z —y — )
d= R+D

sSin(Z —y—¢)

)

To get the three-dimensional problem the z component is introduced as the height of the
volume slice. It is quite straightforward. The following ratio has to stay the same:

d_dy
[,
and so:
dyp :d%TD

Now the case has to be considered, where the volume slice is on the backside of the shield and
the ray travels the empty space d, filled with air. This path is between the paths in the
concrete d; and ds;. Again a two dimensional problem is the starting point.

Figure 25: Geometry for the ray traveling over two layers of concrete

By definition: d =d, +d, +d,. Angle o is known from previous derivations and for the side

dj; this is a triangle problem of two known sides R and R+r and a known angle . The solution
is again:

bsin A

)

asin(zr — A—arcsin(

c= -
sin A
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Now A=q, a=R, b=R+r and c=ds. For the other triangle, the problem is similar and now sides
are denoted with c=d;, a=R and b=R+D and the angle A=n-$ has to be derived. It has to be
taken into account that the arcsine has two possible solutions and that in our cases the bigger
solution for the angle B has to be taken.

Angle [ can be derived from the triangle with the sides c=I-d, a=R+D, b=a+R and the known
angle A=y. From the mathematical handbook [Bronstejn 1980], the unknown angle B= can
be derived with:

bsin A

a

sin B =

5= mm(mj

R+D

Now the three dimensional problem can be considered. The path of the ray in the air can be
derived from the ratio:

In a similar way the three-dimensional path of the ray inside the concrete is:

d

concrete __ “3D

d+d, 1
With these equations, a numerical integration of the dose equivalent over the whole

cylindrical slice of the shield is possible, using:

Lo ified * A-exp(-rd) Cos(@)pdv
j I 2 :

1% air

This integration sums over all three long-lived isotopes: Ba-133, Eu-152 and Co-60, where A
is the respective activity density on the most inner layer of the reactor shield.
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8.3. Numerical Integration

Now a numerical integration of the integral from the previous paragraph can be made. It is
calculated for the 13,8cm width of the inner shield layers as well as for a 39,1cm width, when
the irradiated concrete with over 10Bg/g is still standing. The program code is placed into
chapter 11 as an appendix.

Previous approximations in chapter 7.2 gave the average equivalent dose of approximately
50,4uSv/h. The main differences of both approximations are:
- the distance is not an uniform 1,5m from the middle of the pool, but is calculated for
each volume slice, and
- absorptions for gamma rays paths in the concrete are calculated for each volume slice.

The numerical model gives an equivalent dose of 2,73uSv for the last 13,8cm width of the
concrete shield. For the last 39,1cm of the shield an equivalent dose of 0,25uSv/h is
calculated.

These equivalent dose rates are received by a worker standing 0,5m in front of the inner layer
of the reactor shield, immidieatly after reactor shutdown if short-lived isotopes were not
present. This is parameter “a” used in chapter 8.2. In the case of the 39,1cm calculation, “a” is
set to 1m because the worker does not stand a few centimetres next to the reactor shield, but

approximately 0,5m in front of the reactor shield.

8.4. Equivalent dose inside the shield

To quantify the recommendation, that the shield should be taken down from the outside rather
than from the inside, a numerical approximation is also made for the equivalent dose inside
the shield. The equivalent dose is higher in the inside of the shield than on the outside because
of the self-shielding effect of the concrete, that has a higher activity on the inside. For the
attenuation of gamma rays in the concrete shield, the equations from chapter 8.1 are used, and
again the next basic equation for the equivalent dose can be used:

H= J‘ Fmodzjﬁed A(r,@,z)pdV
4 (I-d)*

For calculating the dose equivalent in the middle of the reactor pool, the length 1 is dependent

only from the height z and the path in the concrete “d” has to be deducted again. I' is the

modified dose rate constant calculated in chapter 8.1. The whole equation is independent of

the angle ¢ because it is a symmetric problem.

The program for calculating the equivalent dose outside the shield can be reused and is
therefore a replica of the program described in the previous chapter. It is also given in the
appendix.

The result is, that standing in the middle of the empty reactor pool gives an equivalent dose of
26,1uSv/h for a 13,8cm concrete layer and 26,9uSv/h for a 64,5cm concrete layer. This is an
order of magnitude bigger than the 2,73uSv/h calculated for standing on the outside of the last
13,8cm of the reactor shield in the previous chapter. Therefore, the recommendation that the
dismantling of the shield should rather take place from the outside than from the inside, holds.
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9. Dismantling the research reactor components

In Vienna the following activity inventories of the TRIGA research reactor components are

estimated and are listed in the activated components inventory: [Bock 2006]

m [kg] V [m’] A [Bq]
Steel 3556,4 0,44 2,35-10"
Aluminium 3932,9 1,46 6,39-10'"!
Concrete 10900 4,5 8,25-10"°
Graphite 51254 2,7 3,41-10"°
Contaminated parts
- Steel 2072,7 0,26 2,76-10°
- Aluminium 365.5 0,14 9,410’
Smaller parts with small activity 2000 7.4 3,58:10’
Sum 27960 16,0 2,43.10"

Table 24: Activated components in TRIGA Vienna [Bock 2006]

The following components with steel, aluminium and graphite content are expected to be

activated:
mlkg] |V[m’] |A[Bq]

Reflector 1,0 1,2.10*  |5,70-10"
Gridplate 4,8 6,0-10% | 1,17-10"
Fuel elements containers 0,6 75107 431-10
Horizontal channel skin 13 1,6 107 8,50- 10°
Steel shielding plates 3400 0,42 2,78-10°
Horizontal channel parts 65 8,1-10° | 105

Sum 35394 | 0,436 1,24-10"

Table 25: Steel components activity in Vienna [Bock 2006]

m [kg] V [m’] A [Bq]
Reactor tank
- next to the core 88 0,033 5,60-10°
- other parts 602 0,22 63
Core support 120 0,044 3,35-10"
Reflector 170 0,063 2,76-10"!
Gridplate 11 4,1-107 8,5-10"
Neutron source holder 1,5 5,610 7,65-10°
Graphite element 1,6 2,6:107 8,00-10°
Control rod 12 6,3-10°° 9,25-10°
Fuel rod storage 33 0,012 7,40-10°
I-Container Holders 33 0,012 2,4-10°
Pneumatic post
- in the core 2,0 74-10* 9,85-10°
- outside the core 1,6 6,0-10"* 2,6-10*
Central irradiation tube
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- in the core 1,1 4,110 1,21-10"
- outside the core 5.5 2,0-10° -
Irradiation tube components 45 0,017 150
Thermal column

- in the pool 150 0,056 3,68-10°
- outside the pool 300 0,11 1,68-10°
sum 3862,9 1,24 4,44-10"

Table 26: Aluminium components activated in Vienna [Bock 2006]

m [kg] V [m’] A [Bq]
Reflector 600 0,32 3,35-10"°
Graphite elements 4,9 2,6 107 5,30- 108
Sum 604,9 0,323 3,4-10"

Table 27: Graphite activated in Vienna [Bock 2006]

m [kg] V [m’] A [Bq]

Primary cooling system 335 0,124 8,26x10’
tubes, aluminium

Heat exchanger, steel 2000 0,249 2,62x10°
Ion exchanger, steel 65,4 8,13x10°° 1,27x10’
Monitor container, 20,9 7,75%107 6,98x10°
aluminium

Primary filter container, steel | 7,3 9,05x10™ 1,56x10°
Sum 2428.6 0,389 3,65%x10°

Table 28: Other activated elements in Vienna [Bock 2006]

Before dismantling the research reactor, samples were taken from the different components at
TRIGA Hannover in year 2000. The aim of the samples was to establish the radiological
circumstances of the research reactor facility in details, especially the radioactivity of the
activated components in the reactor pool and the concrete shield around the core. [Hampel
2001]
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Components Material Place where Nuclide Specific activity
sample was in By'g
taken
Graphite Graphite Drill sample and  [H-3 20,000 + 4,000
blind element pieces from the | C-14 5,200 + 700
entire length of | Co-60 2,500 + 400
the element Eu-152 7.000 + 1,200
Bas 1,200 + 200
Graphite All100F Drill sample from | Mn-54 40+ 2
blind element the bottom part | Fe-55 105,600 + & 500
{1908 Co-6i T ARD + 150
Ni-63 1,100 + 100
L 130 £ 13
Eu-152 213415
Top grid plate AlMp3 FI8 Shavings from Co-60 B.100 + 1,300
the outer area Zn-65 =40
Cs 134 < 10
Eu-152 190 + 40
Central AlMp3 F18 Drill sample from | Mn-54 Q00 + 30
radiation beam the core area Fe-55 179,000 + 14,000
tube [ 1998)** Co-60 60,180 = 1,180
Zn-65 3,480 + 80
Eu-152 B0+ 17
Steel serew Stainless steel Fastening screw [ Mn-54 < 40,000
1.4541 from the top grid | Fe-55 3.100,000 £ 400,000
plate Co-60 11,000,000 + 1,000,000
Ni63 800,000 + 300,000
Reinforcement Steel St 37 10 em fromthe  |Fe-55 280012
rons outside wall of Co-60 260 + 40
the tank on a Mi6ad 3403
level with the top | Mn-54 O8] +0.26
orid plate

Table 29: Specific activity of reactor components [Hampel 2001]

i

Component Material Place where Element Mass of element trace/
sample was total mass
taken mg / kg

Graphite Graphite Drill sample and | Fe 1,290 + 90

blind clement pieces from the Co 1.37 +0.1
entire length of | Eu 1.79 +0.13
the element

Top grid plate AlMg3 FI8 Shavings from Co 22402
the outer area Zn SO0 £ 80

Sr 3.6+ 0.4
Eu < 0.05
Steel screw Stainless steel Fastening screw | Mn 17,000 + 1,700
1.4541 from the top grnd | Fe 760,000 £+ 80.000
plate Co D, 700 = 300
N1 116,000 + 12,000

Table 30: Results of chemical trace analysis [Hampel 2001]
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Component

Material

Place where
sample was
taken

Element

total mass

i
F ko
mg . ]\!.,

Mass of element trace/

Reactor shield

Baryt concrete

On the outside
wall of the tank
on a level with
the bottom grid
plate. next to the
radiation beam
tube

42,000 £ 4,000
4,000 + 400
1.5+0.2
5.1+£0.5
450,000 £ 40,000
380 £ 40

Reactor shield

Baryt concrete

At a 90° angle to
the left of the
radiation beam
tube, 30 em in
front of the
outside wall of
the tank on a
level withthe
middle of the core

42,060 £ 5,000
4,000 + 400
[.4+0.1
4014
480,000 £ 50,000
400 £ 40

Remforcement
Irons

10 cm from the
outside wall of
the tank on a
level with the top
orid plate

Mn
Fe
Co
NI

8,500 £+ 200
180,000 = 100,000
160+ 20

FO0E 30

Table 31: Results of chemical trace elements in the barite concrete [Hampel 2001]

66



9.1. Dose rates during dismantling of components

The measurements and the definition of the activity inventory of the research reactor in
Hannover determined the concept of decommissioning the TRIGA research reactor with
manual tools. Components should be taken apart under water. The contact with the
components has been minimized, like with the reflector, which has been attached by its
shackles and lifted from the reactor pool into a special waste container. [Hampel 2005]

Since a decommissioning plan was established for the dismantling of the TRIGA research
reactor at the Medical University of Hannover, it could be suitable to model the dismantling
of the TRIGA research reactor in Vienna along the same guidelines. The only difference
between the research reactors is that the rotary specimen rack in Vienna is already
decommissioned. However, different activity inventories are given in different research
papers for both reactors in Hannover [Hampel 2005] and Vienna [Bock 2006].

The equivalent doses during dismantling of various reactor components can be calculated by
using the activity inventory calculated by the team in Vienna. [Bock 2006] The main activated
isotopes in steel components are presented in table 32. The dose rate constant for Ni-63 is
considered to be zero, since it does not emit gamma rays and is a pure beta ray emitter.

Isotope tin Proportion | Proportion | Proportion [, [mSv m”/ h GBq]
after 1 year | after 10 years

Cr51 | 278d 0,241 3107 7-10" -

Mn-54 312,5d 0,0209 0,009 7-10° 0,2973

Fe-55 2,6 a 0,0476 0,036 0,003 0,1747

Co-58 71,3d 0,128 0,004 5.10" 0,2753

Co-60 5,263 a 0,545 0,478 0,146 0,3078

Ni-63 92 a 0,0121 0,012 0,011 0,0000

Sum 1,00

Table 32: Activated isotopes in steel components [Bock 2006] and dose rate constants
[Tschurlovits, Leitner, Daverda 1992]

In table 33 equivalent doses for the steel components are calculated. It is assumed that cutting
components into pieces with a maximum handling weight of 20kg takes 10 minutes per piece,
dismantling takes 30 minutes per piece and putting the pieces into a barrel takes 10 minutes
per piece. When calculating the equivalent dose, a distance of 0,5m is used. When calculating
the equivalent dose for a component, the activity inventory proportions from table 32 were
taken.

m [kg] | A [Bq] Handling | 5_ LZ'A 0= FLZ'A
r r
1 year 10 years

Reflector 1,0 5,70-10'" | 40min 360mSv/h | 105mSv/h
Gridplate 4,8 1,17-10" | 40min 7,4Sv/h 2,2Sv/h
Fuel elements containers | 0,6 431 10’ 40min 0,03mSv/h | 8uSv/h
Horizontal channel skin 13 8.50- 10° 40min 5,4mSv/h 1,6mSv/h
Steel plates 3400 | 2,78-10° 3500min | 0,2uSv/h 0,05uSv/h
Horizontal channel parts | 65 105 110min 10*uSv/h 10*uSv/h

Table 33: Handling times and equivalent doses from steel components
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It is obvious that the reflector and the gridplate, due to the high equivalent doses, cannot be
handled by hand. They should be directly lifted into a special waste cask. If they were handled
by remote control Sm away, the equivalent dose would drop by a factor of hundred and even
then the gridplate would give an equivalent dose of 74mSv/h. Therefore the gridplate should
be placed into a waste cask behind shielding and the same technique should be used for the
reflector. The dose rate for such a procedure should be low. Other steel components can be
handled by hand and should give an equivalent dose of about 5SmSv 1 year after reactor
shutdown and 1,5mSv 10 years after reactor shutdown. The results differ from those given in
the literature. [Hampel 2005] For the isotope inventory of the aluminium components the

following data is available. [Bock 2006]

Isotope | ti» Proportion | Proportion | Proportion | T, [mSv m”/ h GBq]
after 1 after 10
year years
Mn-54 |[312,5d | 0,007 0,003 2.10° 0,2973
Fe-55 2,6 a 0,493 0,378 0,035 0,1747
Zn-65 |[243,8d |0,500 0,177 1,510 0,1981
Sum 1,00

Table 34: Activated isotopes in aluminium components [Bock 2006] and dose rate constants
[Tschurlovits, Leitner, Daverda 1992]

For the aluminium components the same handling and cutting times are expected as for the
steel components. The distance from the body to the object is again approximated to be 0,5m.
The activities and masses are taken from the literature. [Bock 2006]

m (kg) A (Bq) Handling - T, -A - T,-A
H= 2 H= 2
1 year 10 years
Reactor tank
- next to the core 88 5,60-10° 130min 0,2uSv/h 2-10°mSv/h
- other parts 602 63 650min 3.10°mSv/h 2.10°mSv/h
Core socle 120 3,35-10'"° 150min 14mSv/h 0,8mSv/h
Reflector 170 2,76 10" 210min 115mSv/h 6,6mSv/h
Grid plate 11 8,5-10" 40min 35mSv/h 2mSv/h
Neutron source holder 1,5 7,65- 10° 40min 3,ImSv/h 0,2mSv/h
Graphite element 1,6 8,00- 10° 40min 3,3mSv/h 0,2mSv/h
Control rod 1,2 9,25- 10° 40min 3,8mSv/h 0,22mSv/h
Fuel rod containers 33 7,40-106 70min 3uSv/h 0,2uSv/h
I-Container Holders 33 2,4-10° 70min 1mSv/h 60uSv/h
Pneumatic post
- in the core 2,0 9,85- 10° 40min 4mSv/h 0,24mSv/h
- outside the core 1,6 2,6-10* 40min 10°mSv/h 6-10'mSv/h
Central irradiation tube
- in the core
- outside the core 1,1 1,21-10" 40min 5mSv/h 0,3mSv/h
5,5 - 40min
Irradiation tube 45 150 90min 6-10°mSv/h | 410 mSv/h
components
Thermal column
- in the pool 150 3,68-10° 190min 0,15mSv/h 9uSv/h
- outside the pool 300 1,68:10° 330min 7.10"mSv/h 4-10°mSv/h

Table 35: Handling times and equivalent doses from aluminium components
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It is obvious that the following aluminium components should be handled by remote control
behind shielding:

- the reflector,

- the core socle, and

- the grid plate.
They should be lifted directly into a waste casket, which would give a low dose. Only if the
dismantling takes place 10 years after reactor shutdown, these components could be handled
by hand and would give an equivalent dose of 28mSv. But the remote control techniques
would even then be necessary for the steel part of the grid plate. This is due to the high Co-60
content and its longevity.

Other aluminium components can be handled by hand. They would give an approximate dose
of 15mSv 1 year after reactor shutdown. 10 years after reactor shutdown the dose from these
components would be below 1mSv.

Isotope proportion content of graphite components can be calculated from the activity
densities in the research article from Hannover. [Hampel 2001] The dose rate constants were
given in literature [Tschurlovits, Leitner, Daverda 1992] and by the research time at the
ASTRA dismantling project.

Isotope | Bg/g Half-life | Proportion | Proportion | Proportion | T, [mSv m> /
after 1 after 10 h GBq]
year years
H-3 29.000 +- 4.000 | 12,33y 0,645 0,610 0,370 0,000
beta-emitter
C-14 5.200 +- 700 5730y 0,115 0,115 0,115 0,000
beta-emitter
Co-60 2.500 +- 400 527y 0,055 0,050 0,015 0,3078
Eu-152 | 7.000 +- 1.200 | 13,32y 0,155 0,150 0,095 0,1729
Eu-154 | 1.200 +- 200 8,60y 0,030 0,030 0,015 0,1781

Table 36: Activity inventory in graphite

According to the activity density data in Hannover [Hampel 2001], the activity of the 600kg
of graphite in the reflector would be 2,7-10'° Bq, which is close to the activity of 3,4-10'° Bq
[Bock 2006] given in table 27. It is reasonable to use the more conservative — the bigger —
estimate. The same handling times for possible graphite reflector blocks can be approximated
as for other components. According to the literature [Bock 2006], the components containing
graphite are:

m [kg] A [Bq] Handling gt A gt A
r2 r2
1 year 10 years
Reflector 600 3,35-10'° | 630min 6,1mSv/h 3,ImSv/h
Graphite element 4,9 5,30- 10% 40min 0,1mSv/h 0,05mSv/h

Table 37: Graphite content of the reactor

The calculated equivalent dose of 6,1mSv/h is close to the 9,5mSv/h given by [Hampel 2001]
for the surface of the graphite reflector. Taking the approximated handling times and the
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calculated value gives an equivalent dose of 65mSv for handling the graphite reflector and
33mSyv 10 years after reactor shutdown.

There are some additional reactor components that need to be dismantled. [Bock 2006] The
equivalent dose from these components can be calculated with the same method as for the
components above:

m [kg] | A [Bq] Handling | , _L, A gotuA
r’ r
1 year 10 years

Primary cooling system | 335 8,26-107 370min 35uSv/h 2uSv/h
tubes, aluminium
Heat exchanger, steel 2000 2,62 108 2000min 0,17mSv/h 0,05mSv/h
Ion exchanger, steel 65.4 1,27-10 110min 8uSv/h 2,5uSv/h
Monitor container, 20,9 6,98-10° 40min 3uSv/h 0,2uSv/h
aluminium
Primary filter 7,3 1,56-10° 40min 1uSv/h 0,3uSv/h
container, steel

The additional equivalent doses from auxilary components of the reactor are 11mSv for the
heat exchanger and 0,2mSv for the primary cooling system tubes. 10 years after reactor
shutdown the equivalent doses are 3mSv and 0,01mSv respectively.

It is interesting that in Hannover different equivalent doses were calculated for the high
emitting reflector and grid plate, than in Vienna. This is probably due to the different
measured activities of components in Hannover. [Hampel 2005] The equivalent doses can be
calculated with the data from Hannover as well. Again 0,5m is taken as the handling distance
for calculating the equivalent dose. The isotope proportions are taken from the data in Vienna.
[Bock 2006]

Component | Material |Total Handling = L;A 1= Fﬁiz'A
activity 1 yea; 10 yezrlrs
[Bql

Upper grid | AIMg3F18| 2.,0-108 40min 85uSv/h 5uSv/h

plate

Lower grid | AIMg3F18 | 4.2-108 40min 0,18mSv/h 10uSv/h

plate

Central AIMg3F18 | 3,6-10° 40min 0,15mSv/h 10uSv/h

irradiation

tube

Instrumentat | AIMg3F18 | 1,0-108 40min 0,05mSv/h 3uSv/h

ion tubes

Reactor tank | AIMg3F18 | 1,1-10® 800min 0,05mSv/h 3uSv/h

with radial

beam tube

Steel Stainless 3,4-10° 60min 22mSv/h | 0,65mSv/h

components | steel
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(screws etc.)
Graphite Graphite, 3,3-10° 40min 0,6mSv/h 0,3mSv/h
elements Al
Control rods | B4C, Al 4,6:10° 40min 0,2mSv/h 12uSv/h
Filter Al, Pb,| 1,4-10° 40min 0,6mSv/h 35uSv/h
equipment | graphite
Graphite Graphite, 1,6-10" 900min 3mSv/h 1,5mSv/h
reflector Al

Table 38: Calculated specific and total activities of the components in Hannover, Germany

[Hampel 2005]

According to the equivalent dose calculations calculated with the data from Hannover, the
reactor tank would give a dose of 1mSv, the various aluminium components 2mSyv, the steel
components 3mSv, and the graphite reflector 45SmSv. After 10 years, these doses would fall to
0,05mSv for the reactor tank, 0,2mSv for the aluminium components, 0,7mSv for the steel
components, and 25mSv for the graphite reflector.

These numbers are substantially different than the calculations obtained for the activity
inventories in Vienna. The values are different due to the different estimated total activities of
components in research papers for both reactors. [Hampel 2005], [Bock 2006]

The dose rates in the table below were estimated in Hannover. [Hampel 2005] These dose
rates can be compared to the dose rates calculated for Vienna and Hannover activity
inventories in this chapter.

Material Dose rate [mSv/h]
At the surface At a distance of 1m
Empty reactor pool, Im over 0,005 0,0028
bottom
Lower grid plate 6,0 0,08
Graphite reflector 9,5 0,9
Rotary specimen rack 200 0,41
Central irradiation tube 0,6 0,003
Table 39: Dose rates at the surface and at a distance of 1m for some components
[Hampel 2005]

If these calculated dose rates at the surface in Hannover are taken as a basis for calculating the
dose and assuming the same handling times as before (reactor pool 800min, graphite reflector
900min), the following results are obtained: 0,07mSv for the reactor pool, 4mSv for the lower
grid plate, 0,4mSv for the central irradiation tube, and 100mSyv for the the graphite reflector.
A linear approximation for the 0,5m distance between the dose rate at the surface and at a
distance of Im can be taken. The result for the graphite reflector is a dose rate of
approximately SmSv/h and a total dose of 55mSyv if it were cut into blocks.
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9.2. Total dose rates for dismantling

The published estimated total dose for the reactor crew in Hannover is 115mSv. [Hampel
2005] 95% of this value belongs to the 9 persons working in dismantling, radiation protection
and handling the radioactive waste.

The total equivalent doses calculated in chapter 9.1 with the different data from Vienna and
Hannover are presented in table 40:

Hannover data Vienna data

Reflector aluminium and steel below 10mSv 650mSv
components remote control needed
Graphite reflector 55mSv 65mSv
Grid plate 4mSv 5Sv

remote control needed
Core socle no data 35mSv
Other aluminium components 4mSv 15mSv
Other steel components 3mSv 30mSv
Heat exchanger no data 11mSv

Table 40: Comparision of calculations with the Hannover and Vienna data

In Hannover samples from the reactor components were taken and their activity inventory
determined. Therefore the data from Hannover can be used as a more realistic basis for
calculating the actual equivalent doses during dismantling. The data for the heat exchanger is
taken from the data in Vienna.
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9.3. Manpower needed to dismantle the reactor shield

The dismantling of the reactor shield can be divided into separate steps: cutting the concrete,
removing the concrete, and disposing it into containers for storage. It can be assumed that
150kg of concrete can be handled at a time and that 2 workers are standing each 60 minutes
on the outside of the reactor shield for these work steps.

21 blocks of the high-activated concrete have to be moved. In this case the dose rate can be
approximated with the dose from the 13,8cm layer of the reactor shield with 2,8uSv/h
calculated in chapter 8.3. 42 working hours give an equivalent dose of 0,12mSv. There are
100 blocks of medium-activated concrete and the dose rate for standing in front of the last
13,8cm of the reactor shield is again 2,8uSv/h. The total 200 working hours would result in an
equivalent does of 0,56mSv. The layer with the low-activated concrete is cut when the
medium-activated concrete and the high-activated part of the shield are still standing. The
dose rate calculated in chapter 8.3 for this case was 0,25uSv/h. For these 145 remaining
blocks 290 working hours are needed. Therefore an equivalent dose of 0,08mSv is expected
for the workers in this step.

The effective whole body dose from high-, medium- and low-activated concrete is the sum of
the doses calculated in the previous paragraph and is 0,76mSv. Of course, these values are
estimates and should be measured during dismantling. This technique was used for
decommissioning the ASTRA research reactor in Seibersdorf. [Steger 2005]
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9.4.

Needed manpower and exposure rates for dismantling a

TRIGA Mark II reactor

From the previous observations the following table for the total man-Sv exposure during the
dismantling is obtained:

Component: Man-Sv:
Reflector 55mSv
Steel and aluminium 11mSv
components

Heat exchanger 11mSv
Concrete shield 0,8mSv

Table 41: Total exposure rates for dismantling steps

The total man-Sv exposure for the personnel dismantling the reactor is about 88mSv. To stay
below the 20mSv yearly limit, a staff of approximately 5 people would be needed to
dismantle the reactor in one year. The majority of exposure comes from dismantling the
graphite reflector.

The recommendations for minimizing the exposure rate for the staff are:

The reflector should be attached by its shackles and lifted from the reactor tank into a
special waste cask without any cutting, as done at TRIGA Hannover. The operation
should take about half an hour to complete. As calculated in Hannover, the worker
controlling the exact lowering into the special waste cask would obtain a radiation
exposure of 0,9mSv/h for standing 1m in front of the reflector. The total exposure rate
should therefore be around 1mSyv.

The dismantling should rather be made radial than axial. In the radial approach, layers
of concrete protect the reactor staff from radiation from the other side of the reactor
pool. A worker standing on top of the dismantled reactor shield is exposed to layers
from the other side of the reactor pool, while in a radial approach there are layers of
the shield that lay between the worker and the high-activated part of the shield. The
protection of the shield should be used during dismantling whenever this is possible.
Calculations of equivalent doses outside and inside the reactor shield have been done
in Chapter 8.3 and 8.4. On the outside the dose is 2,8uSv/h and on the inside it is
27uSv/h.

If standard 100litre drums are used, as in the case of Seibersdorf, large blocks of the
concrete shield should be cut. They should fit directly into the drums. A size of
approximately 50litre or 150kg for each block is estimated. About 300 containers are
then necessary for the 40tons of the irradiated reactor shield. Cutting by saw and
lifting by crane takes about 60min per block for each of the 2 workers standing in
front of the bare shield, resulting in approximately 600 working hours.

If data about the activity inventory is correct [Bock 2006], the core support and the
grid plate cannot be handled by hand. They should be lifted directly into the waste
casket by remote control. These operations should be done behind shielding to protect
the dismantling crew. Remote control techniques behind shielding would be necessary
even 10 years after reactor shutdown due to high longlived Co-60 content in the steel
components of the grid plate.
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Total activity calculations for the reflector, the grid plate and the core support in the official
Vienna dismantling papers [Bock 2006] need to be verified against those in Hannover.
[Hampel 2005] In Hannover the calculated activities are much lower and they allow the
dismantling of these critical components without remote control techniques and shielding.

Reactor shield | 150kg 150kg 150kg
blocks blocks blocks
high medium low
>100Bq/g | 10-100Bq/g | 1-10Bg/g

Total mass 3,2tons 14,8tons 21,8tons

Units 21 100 145

Standing in 120min 120min 120min

front per unit

Standing in 2,8uSv/h | 2,8uSv/h 0,25uSv/h

front

Total/unit 5,6uSv 5,6uSv 0,5uSv

All units (time) | 42 hours 200 hours 290 hours

All units 0,12mSv | 0,56mSv 0,08mSv

(exposure)

Table 42: Calculations of the block approach for the reactor shield

It can be seen that the total exposure obtained by the staff, when the estimate of 60 minutes
for each of the two workers is taken, can be expected to be about 0,76mSv or conservatively
0,8mSv. Using the recommendations, the exposure rates are reduced to:

Component: Man-Sv:
Reflector 1mSv
Steel and aluminium 11mSv
components

Heat exchanger 11mSv
Concrete shield 0,8mSv

Table 43: Exposure rates for dismantling with recommendations

mSv

o N A OO 0 O
L

T T T

Reflector Steel and Heat exchanger  Concrete shield
aluminium
components

Figure 26: Exposure rates for dismantling with recommendations

The dismantling personnel would obtain a total exposure of about 24mSv. Considering the
yearly maximum exposure rate of 20mSv, the dismantling would require a team of 2 people to
handle the dismantling in one year. This number has to be compared with the 6 member crew
given in the official TRIGA Vienna decommissioning plan. [Bock 2006] The total published
exposure rate given in Hannover is 115mSv. [Hampel 2005]
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9.5. Delayed dismantling

Since the largest activity inventory of the reactor shield is in the long-lived Ba-133 and Eu-
152 with half-lives of 10,7 and 13,3 years, a waiting period of 10 years would reduce the
radiation exposure risks for about 50%. A waiting period after shutdown is therefore
advisable. Generally, taking into account only the long-lived isotopes, the total exposure to
the staff decays with the half-live of about 10 years:
A=A2

This equation and the half-life of Ba-133 as the dominant isotope can be used for calculating
the activity 10 years after reactor shutdown, resulting in an estimate for the delayed concrete
shield dismantling of 0,37mSv.

The exposure rate immediately after reactor shutdown is not presented, since there is a
considerable contribution of short-lived isotopes. The most active are Ba-131 with a half-life
of 11,8 days and a measured activity immediately after sample irradiation of 80.000Bg/g and
I-124 with a half-life of 4,17 days and a measured activity immediately after sample
irradiation of 300.000Bqg/g. The values for the saturated activity can be calculated from the
already presented equation:

The sample irradiation time was 100 hours and the constant C is known to be 0,127. These
saturated activities are then reduced by a factor of 200 because this is the ratio of neutron
fluxes between the horizontal irradiation channel and the water shielded inner layers of the
concrete. The calculations give a saturated activity of 250Bq/g for Ba-131 and 400Bq/g for I-
124. Immediately after shutdown, this triples the 350Bq/g saturated activity of the long-lived
Ba-133. Therefore, a waiting time of about 1 year was assumed when normalizing the
measurement results in Chapter 5.

The equivalent dose decays of components 10 years after reactor shutdown were calculated in
chapter 9.1. The main isotope in steel is Co-60 with a 54,5% activity proportion and a half-life
of 5,27 years. The main isotopes in aluminium are Fe-55 with a 49,3% activity proportion and
a half-life of 2,6 years and Zn-65 with a 50,0% activity proportion and a half-life of 243,8
days. The most important gamma ray emitter in graphite is Eu-152 with a half-life of 13,32
years. 10 years after reactor shutdown the aluminium and steel components equivalent doses
reduce from 12mSv to 4mSyv, the heat exchanger equivalent dose from 12mSv to 3mSv, and
the graphite reflector equivalent dose from 1mSv to 0,5mSv. The total equivalent dose for
dismantling 10 years after reactor shutdown reduces to 8mSv.

Component: Man-Sv:
Reflector 0,5mSv
Steel and aluminium 4mSv
components

Heat exchanger 3mSv
Concrete shield 0,4mSv

Table 44: Equivalent doses 10 years after reactor shutdown
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9.6. Other considerations during the dismantling of the reactor

It is known from pictures of the TRIGA reactor shield construction, that steel reinforcements
were used to support the concrete structure. Activated Co-60 can be expected, because Co-59
is usually used as a compound of steel. There is concern that the long-lived Co-60 would
importantly elevate the radiological exposure to the reactor staff dismantling the biological
shield. No model of this problem has been presented in this work. The decommissioning team
of the ASTRA research reactor knew the problem. When the concrete reinforcements were
cut, measurements with gamma-spectrometry were made. [Meyer, Steger 2006] Co-60 was
indeed found, but the overall activity was small enough to be neglected in comparison with
the activity of the inner layers of concrete, also due to the fact that the steel reinforcements
were buried deep enough into the concrete. No data is available about how far from the inner
surface the steel reinforcements are in the TRIGA research reactor shield.

During the decommissioning of the ASTRA research reactor, it was also found that the
activity of the concrete in the horizontal experimental channels is considerably higher than in
the concrete not close to the channels, but at the same depth from the reactor pool. This is due
to the high neutron fluxes used in the horizontal experimental channels. In the ASTRA
research reactor, in the vicinity of the experimental channels, a concrete diameter of 60cm
was cut out and treated as radioactive waste, which could not be cleared. [Meyer, Steger
2006] The activity in the ASTRA horizontal channels was determined by sample
measurements. There is no model for the neutron fluxes in the horizontal channels and
activation of the concrete, neither for ASTRA nor for the TRIGA research reactor. It can be
expected that in the case of dismantling the TRIGA research reactor, concrete sample
measurements will show an extra volume of concrete, which has to be treated as radioactive
waste.

In the case of the ASTRA reactor, one of the reasons for choosing diamond-wire cutting was
that work could be done with the operators most of the time in considerable distance to the
source of radiation. Also, the carefully selected areas to be cut were located in the zones of
zero or very low activation. Therefore a considerable amount of sludge could be cleared as
non-active waste and danger of spreading contamination was minimized. Another precaution
was the succession of the cuts, using the shielding capacity of already dissected blocks in site
as long as possible.

The equivalent dose for the person cutting the shield from February 2004 to November 2005
was 0.98mSv, with a natural background of 1.6mSv already considered. There are no papers
released directly in connection with radiation protection and dismantling of the shield in the
case of the ASTRA reactor. These values were not transferred to describe the TRIGA
concrete shield dismantling exposures. However, the value of 0,98mSv is very close to the
calculated 0,8mSv in chapter 9.3.
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10. Conclusion

Decommissioning of nuclear installations after their service life and their dismantling are
connected with a large amount of radioactive equipment and structures. The concrete reactor
shield contributes significant amounts of waste while decommissioning a research reactor. To
reduce the volume of the waste and to successfully plan the dismantling of the concrete
shield, activation of the structures should be known in advance. Technology for
decontamination and decommissioning should be developed through the decommissioning of
TRIGA Mark research reactors.

The results obtained show, that radionuclides mainly responsible for long-lived activity in
heavy concrete based on barite are Ba-133, Eu-152 and Co-60 with half-life times of 10,7
years, 13,3 years and 5,27 years respectively. Dismantling and handling blocks of low-,
medium- and high- activated concrete would result in an approximate dose of 0,8mSv.
Therefore the dismantling of the shield is not a major radiation problem. To achieve this low
exposure it is recommended to cut the reactor shield in as large blocks as possible. Also a plan
how this blocks will geometrically fit into drums for disposal should be made, before chain
cutting is applied.

The reflector should be lifted directly into a waste cask by remote control as done in
Hannover, to avoid approximately 55mSv of dose for cutting the 600kg of graphite. This
would require ImSv of exposure. Steel and aluminium components give an equivalent dose of
11mSv and the heat exchanger a dose of 11mSv. The total exposure to the staff would be
about 24mSv. The values for the reactor components were calculated 1 year after reactor
shutdown. A waiting time of at least one year is recommended for dismantling the
components, so that the short-lived isotopes can decay. This is especially important in
aluminium components, where isotopes Zn-65 with a half-life of 243,8 days and Fe-55 with a
half-life of 2,6 years form almost 100% of the radionuclide inventory in aluminium. Because
of this half-lifes, waiting times even longer than 1 year could be recommended.

If data about the activity inventory are correct [Bock 2006], the reflector, the core socle and
the grid plate cannot be handled by hand. Remote control techniques would be necessary even
10 years after reactor shutdown due to high longlived Co-60 content in the steel components.
Total activity data for the reflector, the grid plate and the core socle in the official Vienna
dismantling papers [Bock 2006] need to be verified against those in Hannover [Hampel 2005]
where measured activities were much lower.

The activity inventories of the reactor shield and the graphite, decay about 50% for each
decade. Steel and aluminium components decay even faster. The total exposure for
dismantling the reactor components could be lowered to about 8mSyv, if a waiting period of 10
years after reactor shutdown is acceptable.

In the vicinity of the voids in the concrete shield, like the thermal column and the irradiation

tubes, the neutron flux was not attenuated by the concrete shield. The activities of these void
surfaces are generally higher and should be measured during decommissioning of the shield.
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11. Appendix — Programs

This program is used for estimating the equivalent dose from the bare inner layers of the
reactor shield and is written in the programming language Pascal. The results are described in
chapter 8.3.

program integral (input, output) ;
uses crt;

var 12d4,13d,DD,RR,r,z,a,lambda, fi, gamma, alpha,beta,pi, h,ro, c,exponent:real;
var d,d3d,dl,d2,d3,1_air,d_concrete:real;
var Int,I,r_step,z_step,fi_step,Vol:real;

var gam_mod, gam_mod_bal33, gam_mod_eul52, gam _mod_co60:real;
var gam_bal33,gam_eulb52,gam_co60:real;
var act_bal33,act_eulb52,act_co60:real;

var bal33_mac_conc,bal33_mac_air,bal33_int,bal33_en:array [1l..9] of real;
var eulb2_mac_conc,eul52_mac_air,eul52_int,eul52_en:array [1l..14] of real;
var co60_mac_conc,co60_mac_air,co60_int,co60_en:array [1l..2] of real;

var nomin,denomin:real;
var j:integer;

function arcsin(x:real) :real;

begin

if 1-x*x>0 then arcsin:=arctan(x/sqrt(l-x*x)) else arcsin:=pi/2;
end;

function arccos(x:real) :real;

begin

if 1-x*x>0 then arccos:=arctan(sqgrt(l-x*x)/x) else arccos:=0;
end;

begin

gam_bal33:=0.2735;gam_eul52:=0.1729;gam_co60:=0.3078;
act_bal33:=335.8;act_eulb2:=21.2;act_co60:=5.4;

bal33_en[1]:=356.017;bal33_1int[1]:=0.6205;
bal33_mac_conc[1]:=0.05323;bal33_mac_air[1]:=0.02915;
bal33_en[2]:=80.997;ball33_int[2]:=0.341;
bal33_mac_conc[2]:=1.186;bal33_mac_air[2]:=0.02403;
bal33_en([3]:=302.853;bal33_1int[3]:=0.1833;
bal33_mac_conc[3]:=0.06353;bal33_mac_air[3]:=0.02874;
bal33_en[4]:=383.851;bal33_1int[4]:=0.0894;
bal33_mac_conc[4]:=0.04784;bal33_mac_air[4]:=0.02937;
bal33_en[5]:=276.398;ball33_int[5]:=0.07164;
bal33_mac_conc[5]:=0.08127;bal33_mac_air[5]:=0.02825;
bal33_en[6]:=79.623;bal33_int[6]:=0.0262;
bal33_mac_conc[6]:=1.231;bal33_mac_air[6]:=0.02419;
bal33_en[7]:=53.161;bal33_int[7]:=0.02199;
bal33_mac_conc[7]:=2.909;bal33_mac_air[7]:=0.03764;
bal33_en[8]:=160.613;bal33_int[8]:=0.00645;
bal33_mac_conc[8]:=0.2385;bal33_mac_air[1]:=0.02533;
bal33_en[9]:=223.234;bal33_1int[9]:=0.0045;
bal33_mac_conc[9]:=0.1200;bal33_mac_air[9]:=0.02718;

eulb2_en([1]:=121.78;eul52_int[1]:=0.2838;
eulb52_mac_conc([1]:=0.5187;eul52_mac_air[1]:=0.02399;
eulb2_en[2]:=344.28;eulb2_int[2]:=0.2658;
eulb52_mac_conc([2]:=0.05550;eul52_mac_air[2]:=0.02906;
eulb2_en[3]:=1408;eul52_int[3]:=0.2085;
eulb52_mac_conc([3]:=0.02454;eul52_mac_air[3]:=0.02591;
eulb2_en[4]:=964.13;eulb2_int[4]:=0.1449;
eulb52_mac_conc[4]:=0.02775;eul52_mac_air[4]:=0.02806;
eulb52_en([5]:=1112.1;eul52_int[5]:=0.1356;
eulb2_mac_conc[5]:=0.02649;eul52_mac_air[5]:=0.02734;
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eulb2_en[6]:=778.91;eulb52_int[6]:=0.1296;
eulb2_mac_conc[6]:=0.02995;eul52_mac_air[6]:=0.02889;
eulb2_en[7]:=1085.9;eulb52_int[7]:=0.09918;
eulb2_mac_conc[7]:=0.02669;eul52_mac_air[7]:=0.02747;
eulb2_en[8]:=244.7;eul52_1int[8]:=0.07507;
eulb2_mac_conc([8]:=0.1043;eulb2_mac_air[8]:=0.02761;
eulb52_en[9]:=867.39;eulb52_int[9]:=0.04212;
eulb52_mac_conc[9]:=0.02881;eul52_mac_air[9]:=0.02851;
eulb52_en[10]:=443.98;eulb52_int[10]:=0.02801;
eulb52_mac_conc[10]:=0.04140;eul52_mac_air[10]:=0.02956;
eulb52_en[11]:=411.11;eul52_int[11]:=0.02233;
eulb2_mac_conc[11]:=0.04387;eul52_mac_air[11]:=0.02951;
eulb2_en[12]:=1089.7;eulb52_int[12]:=0.0171;
eulb2_mac_conc[12]:=0.02666;eul52_mac_air[12]:=0.02745;
eulb2_en[13]:=1299.1;eulb52_int[13]:=0.01626;
eulb2_mac_conc[13]:=0.02515;eul52_mac_air[13]:=0.02643;
eulb52_en[14]:=1212.9;eul52_int[14]:=0.01397;
eulb2_mac_conc[14]:=0.02571;eul52_mac_air[14]:=0.02684;

co60_en[1]:=1332.5;co060_int[1]:=0.9998;
co60_mac_conc[1]:=0.02496;co60_mac_air[1]:=0.02627;
co60_en[2]:=1173.2;co60_int[2]:=0.999;
co60_mac_conc[2]:=0.02602;co60_mac_air[2]:=0.02704;

a:=0.5;
ro:=3350;
lambda:=9;

RR:=1;
h:=0.6;
DD:=0.138;

pi:=3.14159;

r_step:=0.001;
z_step:=0.005;
fi_step:=(2*pi)/100;

I1:=0;
r:=r_step;
fi:=fi_step;
z:=0;

{z goes to h/2 only, at the end the result is doubled}
{fi goes to pi only, at the end the result is doubled}

while r<=DD do begin
while fi<=pi do begin
while z<=h/2 do begin

12d:=sqgrt ( (RR+r) * (RR+r) + (RR+a) * (RR+a) -2* (RR+r) * (RR+a) *cos (fi));
13d:=sqgrt (l2d*12d+z*z);

gamma :=arccos ( (a+RR- (RR+r) *cos (fi)) /12d);
alpha:=pi-gamma-£fi;

d:=(RR+DD) *sin(pi-alpha-arcsin( (RR+r) *sin(alpha)/ (RR+DD))) /sin(alpha);
d3d:=d*13d/12d;

if fi > pi/2 then
begin

beta:=pi-arcsin((a+RR) *sin(gamma)/ (RR+DD)) ;

{beta is an angle bigger then 90 degrees}
dl:=RR*sin(pi-(pi-beta)-(pi-arcsin((RR+DD) *sin(pi-beta)/RR)))/sin(pi-beta);
{B is also an angle bigger then 90 degrees}

d3:=RR*sin(pi-alpha-(pi-arcsin((RR+r)*sin(alpha)/RR)))/sin(alpha) ;
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1_air:=(13d/12d)*(12d-d1-d3);
d_concrete:=(13d/12d) * (d1+d3) ;

end

else

begin
1_air:=13d-d3d;
d_concrete:=d3d;

end;

if d_concrete<0 then d_concrete:=0;

nomin:=0;denomin:=0;
for j:=1 to 9 do

begin
exponent :=-bal33_mac_conc[j]* (ro/1000) * (d_concrete*100);
if exponent<-20 then exponent:=-20;

nomin:=nomin+bal33_int[]j] *exp (exponent) *bal33_en[]j]*bal33_mac_air[j];
denomin:=denomin+bal33_int[j]*bal33_en[j]l*bal33_mac_air[j];

end;

gam_mod_bal33:=gam_bal33*nomin/denomin;

nomin:=0;denomin:=0;
for j:=1 to 14 do

begin
exponent :=—eul52_mac_conc[j]*(ro/1000) * (d_concrete*100) ;
if exponent<-20 then exponent:=-20;

nomin:=nomin+eul52_int[]j] *exp (exponent) *eulb2_en[]j] *eulb52_mac_air[j];
denomin:=denomin+eul52_int [j]*eul52_en[j]*eul52_mac_air[j];

end;

gam_mod_eul52:=gam_eul52*nomin/denomin;

nomin:=0;denomin:=0;
for j:=1 to 2 do

begin
exponent :=—co60_mac_conc[j]*(ro/1000) * (d_concrete*100) ;
exponent<-20 then exponent:=-20;

nomin:=nomin+co60_int [j] *exp (exponent) *co60_en[j] *co60_mac_air[]j];
denomin:=denomin+co60_int [j]*co60_en[j]*co60_mac_air[j];

end;

gam_mod_co60:=gam_co60*nomin/denomin;

Vol:=r_step*z_step* (RR+r)*fi_step;

Int:=((gam_mod_bal33*act_bal33+gam_mod_eulb52*act_eul52+gam_mod_co60*act_co60)
*(1000/1000000000) *exp (-lambda*r) *cos (pi*z/h) *ro*Vol)/(1l_air*1_air);

I:=I+Int;
writeln(r,z,fi, I);

z:=z+z_step;
end;

z:=0;
fi:=fi+fi_step;
end;

fi:=fi_step;
r:=r+r_step;
end;

I:=1*2*%2;
{the result is quadroupled, due to z only halfway and fi only halfway}

writeln(I);
repeat until keypressed;
end.
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The program is reused for calculating the equivalent dose inside an empty reactor pool. The
results are presented in chapter 8.4 and the code is presented below. The important change is
indicated with a bold font.

program integral (input, output) ;
uses crt;

var 1,DD,RR,r, z,lambda, fi,pi, h,ro, c,exponent:real;
var 1_air,d_concrete:real;
var Int,I,r_step,z_step,fi_step,Vol:real;

var gam_mod, gam_mod_bal33,gam_mod_eul52, gam_mod_co60:real;
var gam_bal33,gam_eul52,gam_co60:real;
var act_bal33,act_eulb52,act_co60:real;

var bal33_mac_conc,bal33_mac_air,bal33_int,bal33_en:array [1..9] of real;
var eulb2_mac_conc,eul52_mac_air,eul52_int,eul52_en:array [1l..14] of real;
var co60_mac_conc,co60_mac_air,co60_int,co60_en:array [1l..2] of real;

var nomin,denomin:real;
var j:integer;

begin

gam_bal33:=0.2735;gam_eul52:=0.1729;gam_co60:=0.3078;
act_bal33:=335.8;act_eulb2:=21.2;act_co60:=5.4;

bal33_en[1]:=356.017;bal33_1int[1]:=0.6205;
bal33_mac_conc[1]:=0.05323;bal33_mac_air[1]:=0.02915;
bal33_en[2]:=80.997;ball33_int[2]:=0.341;
bal33_mac_conc[2]:=1.186;bal33_mac_air[2]:=0.02403;
bal33_en([3]:=302.853;bal33_1int[3]:=0.1833;
bal33_mac_conc[3]:=0.06353;bal33_mac_air[3]:=0.02874;
bal33_en[4]:=383.851;bal33_1int[4]:=0.0894;
bal33_mac_conc[4]:=0.04784;bal33_mac_air[4]:=0.02937;
bal33_en[5]:=276.398;ball33_int[5]:=0.07164;
bal33_mac_conc[5]:=0.08127;bal33_mac_air[5]:=0.02825;
bal33_en[6]:=79.623;ball33_int[6]:=0.0262;
bal33_mac_conc[6]:=1.231;bal33_mac_air[6]:=0.02419;
bal33_en[7]:=53.161;bal33_int[7]:=0.02199;
bal33_mac_conc[7]:=2.909;bal33_mac_air[7]:=0.03764;
bal33_en[8]:=160.613;ball33_int[8]:=0.00645;
bal33_mac_conc([8]:=0.2385;bal33_mac_air[1]:=0.02533;
bal33_en[9]:=223.234;bal33_1int[9]:=0.0045;
bal33_mac_conc[9]:=0.1200;bal33_mac_air[9]:=0.02718;

eulb2_en[1]:=121.78;eul52_int[1]:=0.2838;
eulb52_mac_conc([1]:=0.5187;eulb52_mac_air[1]:=0.02399;
eulb2_en[2]:=344.28;eulb2_int[2]:=0.2658;
eulb52_mac_conc([2]:=0.05550;eul52_mac_air[2]:=0.02906;
eulb2_en[3]:=1408;eul52_int[3]:=0.2085;
eulb52_mac_conc([3]:=0.02454;eul52_mac_air[3]:=0.02591;
eulb2_en[4]:=964.13;eulb2_int[4]:=0.1449;
eulb2_mac_conc[4]:=0.02775;eul52_mac_air[4]:=0.02806;
eulb52_en([5]:=1112.1;eul52_int[5]:=0.1356;
eulb2_mac_conc[5]:=0.02649;eul52_mac_air[5]:=0.02734;
eulb2_en[6]:=778.91;eulb52_int[6]:=0.1296;
eulb2_mac_conc[6]:=0.02995;eul52_mac_air[6]:=0.02889;
eulb2_en[7]:=1085.9;eulb52_int[7]:=0.09918;
eulb2_mac_conc[7]:=0.02669;eul52_mac_air[7]:=0.02747;
eulb2_en[8]:=244.7;eul52_1int[8]:=0.07507;
eulb2_mac_conc([8]:=0.1043;eulb2_mac_air[8]:=0.02761;
eulb52_en[9]:=867.39;eulb52_int[9]:=0.04212;
eulb52_mac_conc[9]:=0.02881;eul52_mac_air[9]:=0.02851;
eulb2_en[10]:=443.98;eulb52_int[10]:=0.02801;
eulb52_mac_conc[10]:=0.04140;eul52_mac_air[10]:=0.02956;
eulb52_en[11]:=411.11;eul52_int[11]:=0.02233;
eulb2_mac_conc[11]:=0.04387;eul52_mac_air[11]:=0.02951;
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eulb2_en[12]:=1089.7;eul52_int[12]:=0.0171;
eulb2_mac_conc[12]:=0.02666;eul52_mac_air[12]:=0.02745;
eulb2_en[13]:=1299.1;eulb52_int[13]:=0.01626;
eulb2_mac_conc[13]:=0.02515;eul52_mac_air[13]:=0.02643;
eulb52_en[14]:=1212.9;eul52_int[14]:=0.01397;
eulb2_mac_conc[14]:=0.02571;eul52_mac_air[14]:=0.02684;

co60_en[1]:=1332.5;co060_int[1]:=0.9998;
co60_mac_conc[1]:=0.02496;co60_mac_air[1]:=0.02627;
co60_en[2]:=1173.2;co60_int[2]:=0.999;
co60_mac_conc[2]:=0.02602;co60_mac_air[2]:=0.02704;

ro:=3350;
lambda:=9;

RR:=1;
h:=0.6;
DD:=0.645;

pi:=3.14159;

r_step:=0.001;
z_step:=0.005;
fi_step:=(2*pi)/100;

I1:=0;
r:=r_step;
fi:=fi_step;
z:=0;

{z goes to h/2 only, at the end the result is doubled}
{fi goes to pi only, at the end the result is doubled}

while r<=DD do begin
while fi<=pi do begin
while z<=h/2 do begin

1l:=sqrt ( (RR+r) * (RR+r) +z*z) ;
d_concrete:=r* (1/ (RR+r));
1l air:=1-d_concrete;

if d_concrete<0 then d_concrete:=0;

nomin:=0;denomin:=0;
for j:=1 to 9 do
begin

exponent :=-bal33_mac_conc[j]*(ro/1000) * (d_concrete*100) ;
if exponent<-20 then exponent:=-20;

nomin:=nomin+bal33_int[]j] *exp (exponent) *bal33_en[]j]*bal33_mac_air[j];
denomin:=denomin+bal33_int[j]*bal33_en[j]l*bal33_mac_air[j];

end;

gam_mod_bal33:=gam_bal33*nomin/denomin;

nomin:=0;denomin:=0;
for j:=1 to 14 do
begin

exponent :=—eul52_mac_conc[j]* (ro/1000) * (d_concrete*100) ;

if exponent<-20 then exponent:=-20;

nomin:=nomin+eul52_int[]j] *exp (exponent) *eulb2_en[]j] *eul52_mac_air[j];
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denomin:=denomin+eul52_int[j]*eul52_en[j]l*eul52_mac_air[j];
end;
gam_mod_eul52:=gam_eul52*nomin/denomin;

nomin:=0;denomin:=0;
for j:=1 to 2 do

begin
exponent :=—co60_mac_conc[j]*(ro/1000) * (d_concrete*100) ;
if exponent<-20 then exponent:=-20;

nomin:=nomin+co60_1int[j] *exp (exponent) *co60_en[j] *co60_mac_air[j];
denomin:=denomin+co60_int [j]*co60_en[j]*co60_mac_air[j];

end;

gam_mod_co60:=gam_co60*nomin/denomin;

Vol:=r_step*z_step* (RR+r)*fi_step;

Int:=((gam_mod_bal33*act_bal33+gam_mod_eulb52*act_eul52+gam_mod_co60*act_co60)
*(1000/1000000000) *exp (-lambda*r) *cos (pi*z/h) *ro*vVol)/(l_air*1_air);

I:=I+Int;

writeln(r,z,fi, I);

z:=z+z_step;
end;

z:=0;
fi:=fi+fi_step;
end;

fi:=fi_step;

r:=r+r_step;
end;

I:=1*2*%2;
{the result is quadroupled, due to z only halfway and fi only halfway}
writeln(I);

repeat until keypressed;
end.
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