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������%DFNJURXQG�DQG�KLVWRU\�RI�WKH�SURMHFW

'XULQJ�WKH�ODVW�WZR�GHFDGHV��XVH�RI�FKDUJHG�SDUWLFOH�DFFHOHUDWRUV�KDV
FRQVLGHUDEO\�GHYHORSHG��7KHUH�DUH�QRZ�DSSUR[LPDWHO\�����DFFHOHUDWRUV��QRW

LQFOXGLQJ�PHGLFDO�OLQHDU�DFFHOHUDWRUV��RSHUDWLQJ�LQ�WKH����VWDWHV�RI�WKH
(XURSHDQ�8QLRQ��7KH�UHDVRQV�IRU�UHFHQW�GHYHORSPHQWV�DUH�HVVHQWLDOO\�LQ�WKH
ELRPHGLFDO�ZRUOG��D�PRUH�H[WHQVLYH�XVH�RI�KLJK�HQHUJ\�SURWRQV�DQG�QHXWURQV

LQ�UDGLRWKHUDS\��WKH�SURGXFWLRQ�RI�QHZ�UDGLRQXFOLGHV�DGDSWHG�WR�WKH
LQFUHDVLQJ�XVH�RI�GLDJQRVWLF�DQG�WKHUDSHXWLF�QXFOHDU�PHGLFLQH�DQG�WKH�IXUWKHU

JDLQ�LQ�XVH�RI�SRVLWURQ�LPDJLQJ�

For biological protection, electrostatic, linear or circular accelerators are housed in thick-walled
concrete buildings. During the operation of the accelerators, the concrete walls become slightly
radioactive over time due to the activation of traces of rare earth’s and metals present in the
cement or reinforcement bars. Other activation mechanisms give rise to a light activation of the
metallic parts of the accelerator itself. When considering the dismantling of such accelerators,
considerable amounts of low level solid radioactive waste (several thousands of m3 of concrete,
plus several hundred tons of metal) have to be taken into account. The specific activation levels
in these materials may exceed the exemption limits and the proposed limits for unrestricted
clearance by a factor of 50 to 100.

To decrease future dismantling costs, which might easily represent up to 4 times the purchase
costs, it is important to clearly quantify the extent of this activation and to identify possible
countermeasures to be taken during the construction phase of the accelerators. The in-depth
study of machine and shielding activation will also allow better evaluation of the possible
radiological burden put on workers and the public as a consequence of the dismantling and
disposal options taken.

It is in this frame that in 1996 the European Commission made a call for tenders on the subject of
(YDOXDWLRQ� RI� WKH� UDGLRDFWLYH� DQG� HFRQRPLF� FRQVHTXHQFHV� RI� GHFRPPLVVLRQLQJ� SDUWLFOH
DFFHOHUDWRUV.
As a result of a selection procedure a contract was convened on May 28, 1997 between DG XI
and the Vrije Universiteit Brussel (VUB) (Be), as main contractor. Subcontractors were
NIRAS/ONDRAF (Be), MAN Gutesoffnungshütte AG (now DSD-GHH) (Ge) and CEA, Saclay
(F). Additional support was obtained from JRC-IRMM, Geel (Be) and SCK•CEN, Mol (Be).
The steering committee of the project was extended with the active collaboration of Ion Beam
Applications (Be), Canberra Europe (Be) and Belgoprocess (Be), having particular experiences
and developments in some of the sub-fields to be studied.
Mr. P. Vankerckhoven, DG XI, did the supervision of the project.
The project manager was Prof. Dr. A. Hermanne. Collaborators to the project and redaction of
the report were: G. Eggermont (SCK•CEN) president of the steering committee, M. Sonck, N.
Buls and H. Mol (VUB), M. Schrauben and I. Verstraeten (NIRAS), F. Meier (MAN), J.M.
Salomé, L. Peeters and W. Vansuetendael (IRMM), J-Cl. Zerbib, L. Bourgois and J. Delacroix
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(CEA), H. Aït, E. Malambu, C. Bellefontaine and F. Vermeersch (SCK•CEN), D.
Vandeplassche (IBA) and D. Meert (Canberra Europe).
The steering committee, consisting of all main actors, was a key element in the project
management. The committee met 5 times (one restricted meeting) to approve the organisation of
the project approach, to discuss the results, interim reports and program of the project and to
guide both the analytic work and the formulation of conclusions in the final report. Meetings
were combined with technical visits to the accelerators studied and accepted without remark.
The first interim report was submitted to DG XI on December 15, 1997.
The second interim report was submitted on June 26, 1997 and modified after discussion in the
steering committee, taking comments into account. Only slight modifications were made to the
project management time scheme of 18 months (included as technical annexe to the contract).

������2EMHFWLYHV�DQG�DFKLHYHPHQWV

The objectives of this project can be summarised in 4 main points:

- Inventory of the decommissioning problem of accelerators in the EU.
- Characterisation of the activation of 3 reference accelerators and their shielding.
- Estimation of dismantling techniques, costs and potential waste volumes.
- Recommendations for prevention.

The creation of an inventory and database was prepared in parallel to a questionnaire to gather
and process information on the technical and decommissioning aspects of the EU particle
accelerator park. An electronic version of the questionnaire was published on the Internet, which
enabled a fast processing of the submitted answers. In total 226 accelerators facilities (medical
linear accelerators not included) were contacted (with several reminders). 91 positive replies
were received.

The selection of three representative cases was made based on the preliminary classification of
accelerators taking into account the nature of the source term, the different types of beam load or
use and the size of the installations.

Drilling campaigns and collections of metal samples were performed in August-September 1997
at the JRC-IRMM 200MeV-linac GELINA and the VUB-43MeV cyclotron. Availability of a
time window for sampling and direct good relation with machine management and the radiation
protection office (RPO) was crucial.
An extensive drilling campaign at the CEA-SATURNE 6 GeV synchrotron site started in
February 1998.
Measurements of concrete and metallic samples, taken from IRMM and VUB started in
September 1997 and were finished at the end of May 1998. Measurements of the samples, taken
from the French synchrotron shielding and its infrastructure started in February 1998 and
finished in September 1998.

Canberra Europe, participating in the steering committee meetings, has developed an in situ
measurement set-up, which was used for comparative evaluations on the activated concrete
shielding of IRMM and VUB.
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0HDVXUHPHQWV�KDYH�DOVR�EHHQ�SHUIRUPHG�RQ�D�GLVPDQWOHG�KHDG�RI�D����0H9
OLQHDU�HOHFWURQ�DFFHOHUDWRU�XVHG�IRU�UDGLRWKHUDS\��0LQRU�TXDQWLWLHV�RI

VRPHWLPHV�KLJK�VSHFLILF�DFWLYLWLHV�ZHUH�GHWHFWHG�

A three-dimensional activation mapping of an irradiation room of the VUB was performed,
based on fitting a mathematical model to the measurements. Additional methods have been used
for calculating and mapping the activation levels in the IRMM target and accelerator hall from
the available drill cores. The information about the activated VUB, IRMM and SATURNE
concrete shielding was transferred to NIRAS/ONDRAF for waste volume and cost evaluation.
Decommissioning scenarios (including the French “zoning” approach) and clearance criteria
have been defined after discussions in the steering committee.

A report by MAN-GHH on volume reduction and dismantling techniques, applied to the VUB
cyclotron, is included. Detailed information of the preferable dismantling technique (tools,
working hours, …) applied on the VUB cyclotron were provided and communicated to NIRAS
to calculate and evaluate the dismantling cost, applying five scenarios.

To understand more about the neutron flux distribution in accelerator halls and the thermalisation
process in the concrete shielding, experiments based on foil activation were set up at the IRMM
facility in addition to neutron transport and activation calculations performed by SCK•CEN.

IBA has contributed with proposals for the improvement of the design of cyclotrons to prevent
activation.
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&KDSWHU�����&/$66,),&$7,21�$1'�6(/(&7,21�2)�$�6(7�2)
5(35(6(17$7,9(�$&&(/(5$7256

Assessment of the consequences of future dismantling of accelerators asks for a study of the
radiological state during the operational life. As barely any documented information is available
on activation of concrete shielding and metal parts of the infrastructure, it was necessary to
experimentally gather reliable data on these subjects.
The large number of accelerators, possibly generating important amounts of radioactive waste at
decommissioning, in the European Community (nearly 250 excluding medical linear
accelerators) and their variety makes that detailed analysis of the activation situation can only be
performed through a number of case studies. The terms of reference of the EU project hence
asked for an argued choice of at least 3 accelerator complexes to be studied which would be
representative for the whole of the accelerator park in the 15 member states. Detailed in-situ
investigations of the activation of shielding material and of the structural parts of the machine
itself and its surrounding technical infrastructure were carried out for these three selected cases.
The results allow generalisation of the conclusions.

�������6HOHFWLRQ�FULWHULD

Our selection of three accelerator facilities is based on three criteria: importance of the source
term, accessibility for experimental study and representability in its category (type of accelerator
and scale of the facility).

��������$FFHOHUDWRU�W\SHV

The aim of this EU-project was to study the possible activation around charged particle
accelerators in the installations where appreciable amounts of activated waste can arise at
decommissioning.
Only charged particle accelerators (electrons, positive or negative light ions, positive heavy ions)
delivering beams with energies higher than a few MeV per nucleon and beam power of at least
100 W are able to induce activation. At lower energies no nuclear reaction can take place. When
beam power is low, even at higher energy, the generation of activation products is negligible.
The types of accelerators which have to be considered here are hence limited: electrostatic
Cockroft-Walton, Van de Graaff or tandem accelerators; proton or electron linacs; compact and
separated sector cyclotrons for positive and negative ions; high energy proton, heavy ion or
electron synchrotrons and storage rings.
The main physical and technical characteristics of these accelerators that influence activation of
machine and environment are summarised here.

While in a Cockroft-Walton machine a DC potential difference is created by voltage-multiplying
rectifier circuits, in the Van de Graaff electrostatic accelerators a moving belt between two
electrodes distant of a few meters continuously transports electric charges. The discharge tube is
encased in a large pressure vessel filled with several atmospheres of nitrogen or with a mixture
of other gases, which inhibit breakdown. In the modern Van de Graaff machines a cylindrical
volume of nearly uniform field gradient is obtained by a large number of coaxial metal hoop
electrodes maintained at successively graded potentials. Positive ions are injected and are
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accelerated up to approximately 10 MeV in the electric field created between the electrodes.
Tandems consist of coupled Van de Graaff accelerators where positive ions are first passed
though a gas channel where they pick up electrons and are accelerated to a positive high-voltage
terminal. The energetic negative particles then pass a stripper system, become positively charged
and are once more accelerated through a second discharge tube to ground potential. The over all
gain in energy can hence reach twice the potential difference applied. Three and four stage
versions of these constructions exist.
Interactions of the beam (typically 2 to 10 MeV protons or deuterons, some heavy ion beams)
with machine parts is limited to energy loss in the exit vacuum foil and to losses due to inherent
defocusing of the beam.

In electron linear accelerators (linacs) low energy electrons generated by a classical continuous
or pulsed electron gun (tens of kilovolts) are transmitted to an accelerator tube structure. In a
rather small tube (a few tens of centimetres diameter) resonant radio frequency (RF) cavities are
placed with an internal beam lumen of some millimetres to a few centimetres.
Two different configurations are in use today. In the WUDYHOOLQJ� ZDYH� DFFHOHUDWRU microwave
power is supplied to the input of the accelerator section and travels to the other end, remaining at
all times in phase with the moving electron bunches. The accelerator interior is partitioned into
accelerating cavities dimensioned in such a way that the phase velocity of the microwave field
equals the electron velocity. Another configuration is the VWDQGLQJ�ZDYH� DFFHOHUDWRU in which
additional side cavities provide a 180° phase shift between accelerating cavities. This type has
the advantage of being less sensitive to temperature or dimensional variations and achieves the
same beam energy in a shorter length. Microwave power for low energies is generally developed
by magnetrons, but all higher-energy accelerators use klystrons. The nominal frequency of 3000
MHz (wavelength 10 cm in free space at 2998 MHz) is typically used. Peak RF power generated
per unit is 2-5 MW (magnetrons) and 20-40 MW (klystrons).
External quadrupole magnets placed along the accelerating tube guarantee sufficient focusing for
the intense electron bunches so that natural divergence and electrostatic Coulomb repulsion are
overcome. Only limited scraping of the high-energy beam (10 MeV to hundreds of MeV) by the
cavities exists while some beam loss can occur at the exit collimator surrounding the exit
vacuum foil.
Proton linear accelerators operate on the same general principle.

In cyclotrons the charged particles are injected in a strong vertical magnetic field (1-2 T). The
volume of the vacuum chamber inserted between the massive pole shoes of the electromagnet is
often several cubic meters and the diameters of the poles can reach several meters. The charged
particles describe quasi-circular orbits in absence of any other forces. Acceleration is obtained by
the insertion of sector circular hollow copper electrodes with open sides (called Dee’s) driven to
high voltages (20-50 kV) by RF signals mostly obtained from resonant circuits (10-50 MHz).
The charged particles (positive light or heavy ions or negative light ions) obtained from internal
or external sources describe a spiral orbit in the combined alternating electric and magnetic field.
The shape of the electrical centre of the machines usually only allows injection during a fraction
of the RF cycle resulting in an inherently micro-pulsed beam (repetition rate is equal to the RF
frequency with bunch widths of 1/20 to 1/50 of the RF period). An overall negative magnetic
field gradient is necessary to assure vertical focalisation of the beam and to overcome phase
shifts (due to relativistic effects) between particle angular frequency and the imposed RF
accelerating field. This field gradient is obtained by mechanically shaping the pole shoes and/or
addition of concentric circular correction coils (isochronous cyclotrons). Beam losses on the Dee
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surfaces can never be avoided totally and will cause internal activation and generation of
neutrons. The desired energy is determined by a formula depending on rest mass, radius of the
last orbit and value of magnetic field or radio frequency, ranging from 15 MeV to 300 MeV for
protons. These high-energy particles have either to interact with a target placed in the vacuum
chamber (internal target) or to be extracted from the high magnetic field and brought on a
straight trajectory in the low earth field. Two very different methods are used for positive ions
and for negatively charged particles (essentially H-- machines, a few D-- accelerators). The very
weak bond of the electrons to the H--ions can easily be broken by the interaction with very thin
C-foils (stripper foils). The then positively charged high energy particles are naturally extracted
from the magnetic field with minimal loss (more than 99.5% of the beam power is extracted).
For positive ions a combination of electrostatic deflectors and magnetic channels is used to
overcome the effects of the strong bending field and the instabilities of the fringe field. As a real
mechanical separation between the acceleration domain and extraction domain is necessary
(obtained by a copper septum), precise tuning of the accelerator for maximal extraction
efficiency and minimal beam loss on the septum is a must. Only in the machines where sufficient
separation between the last orbits is achieved (so that single turn extraction is observed)
extraction ratios of higher than 95% can be reached. In most cases about 20 to 50% of the
particles are lost in the extraction process resulting in very high local activation by threshold
charged particle reactions accompanied by generation of intense high energy neutron fluxes.
Some compact cyclotrons (as well as linacs or electrostatic accelerators) are used as injectors for
higher energy machines (synchrotrons or separate sector cyclotrons).
Most accelerators used for commercial or semi-commercial production of large batches of
radionuclides for scintigraphy are compact cyclotrons. They rely in increasing proportion on the
negative ion technology. High beam loads on target characterise the installations involved in
these mass productions. Long irradiations (for commercial operation nearly continuous) at high
currents (100-300 µA and recently up to 1mA) are needed for GBq-batch productions.

Synchrotrons are used to produce multi-GeV proton or electron beams used for studies in
fundamental particle physics or as sources of intense X-ray beams (synchrotron radiation).
Synchrotrons are mostly post-accelerators using low emmittance, monochromatic charged
particle beams originating from lower energy injectors.
The accelerators consist of a toroidal vacuum tube with diameters of several tens to hundreds of
meters. A lattice of localised accelerating RF cavities and focusing/bending magnetic structures
are installed around the ring, keeping the particles on a polygonal, nearly circular orbit. Both the
frequency of the RF-field and the magnitude of the bending magnetic fields are increased to keep
the radius of the orbit constant and assuring continuous acceleration. Each injected particle is
carried to its extraction after at least one complete turn. These machines have hence an inherent
maximal duty cycle corresponding to the accelerating time for each bunch. The exploitation duty
factor is often much lower and lies in the range of 1 to 100 Hz resulting in low average power.
The quality of the injected beams and the high constraint structure of the lattice make that beam
losses are nearly zero except at localised extraction points.
Storage rings are structurally identical to synchrotrons. The accelerating structures are only
needed to compensate energy losses of the beams (through radiation losses or degradation after
interaction with residual gases) injected in the ring from the synchrotrons. In principle no
activation occurs except at places where experiments in the ring take place (collision of stored
beams with stationary targets or beams circulating in the opposite direction).
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��������6RXUFH�WHUP

The basic mechanisms of activation around the different types of accelerators are rather well
understood. A clear distinction can be made between activation by charged particle interactions
giving rise to nuclear threshold reactions, and activation which originates from secondary fast
neutrons (threshold reactions) or moderated neutrons (essentially radiative capture). At very high
energy (above 100 MeV) neutron or charged particles spallation reactions can occur.
The range of charged particles, even at very high energies, is limited. The collimated beams are
kept in metal transport pipes until interaction occurs with targets or beam dumps. For this reason,
only the internal structures of the accelerators or target assemblies can be activated by the beam
particles. The level of activity and the half-life of the radionuclides generated by charged particle
reactions are generally in an order of magnitude (see results on metal activation in Chapter 4)
that no clearance can be considered. The volumes of such activated material are limited.
Important fluxes of secondary neutrons are produced by charged particle reactions induced
during the acceleration and transportation of the primary beam particles by unwanted, but
inevitable beam losses and of course when the beam hits targets or beam dumps. In the case of
electron linear accelerators, neutrons are produced in a two-step process. First the electrons are
slowed down in the target material, producing bremstrahlung which generates fast neutrons in
the same block of material by (γ,n) reactions in the giant photonuclear resonance region. If the
target is made of a fissile material like uranium an additional small contribution of neutrons from
(γ,fission) processes occurs.
In all cases the amount of neutrons produced depends on type and energy of the primary beam,
the interaction material and the beam power. From literature [Bu-77, Su-79] following order of
magnitudes for neutron production rates per 1 mC of beam load can be derived (see also section
5.3):

Φ = 6.5x109 n/cm2 for 30 MeV protons on a Cu target (typical for a medium energy
                                                                                                                          cyclotron)
Φ = 3.7x1010 n/cm2 for 100 MeV electrons hitting a solid U target (typical for a high
                                                                                                                      energy linac)

The neutron fluxes are more or less homogeneously distributed in the irradiation rooms and
cause deep activation of the external machine parts, the infrastructure and the biological
shielding. Activation levels are low but some long-lived radionuclides are induced in important
volumes of shielding and structural materials. The exact energy distribution in these neutron
beams and the influence of multiple scattering, reflection, moderation (by structural elements)
and finally penetration and thermalisation in the shielding material is still not very well known.
The source term determining the amount of radiation damage and activation around different
types of accelerators can differ by orders of magnitude due to the following factors: available
energy, the total charge of particles involved in nuclear reactions, surrounding infrastructures, …
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������6HOHFWLRQ�RI�FDVHV�DQG�DYDLODELOLW\�

Based on the above mentioned considerations on type of accelerators and their potential for
inducing activation in the structural materials and shielding, the charged particle accelerators are
grouped in four categories (Table 2.1).

&ODVV����/RZ�HQHUJ\�DFFHOHUDWRUV�
It was shown in recent preliminary measurements around a medical linac (20 MeV electrons, 18
MeV photons - 2 years of operation) that activation of the shielding for this type of accelerators
is low. Considering the cross sections and neutron fluxes involved, this result can be explained
on physical grounds. Direct activation in the target and collimator area of these machines can be
important. The total amount of radioactive waste can however be considerable due to the high
number of accelerators concerned (estimated average of 1 accelerator for 3x105 inhabitants in the
EU). Metallic samples, taken from an activated head of a 20 MeV dismantled accelerator, have
been analysed (see section 4.5).
Discussions with representatives of the main manufacturers have been arranged concerning the
policy of recuperation of activated machine parts.
A non-exhaustive list of medical linacs is available and contains more than 1000 accelerators in
the EU.

class Description

1 Low energy (2-30 MeV) linear (mostly electron) and electrostatic accelerators,
grouping essentially the radiotherapy linacs (estimated 1200 machines in the
EU, were not addressed in the questionnaire, direct contact with manufacturers
was established) and a score of Van de Graaff, tandem accelerators or similar
machines.

2 Medium energy (10-100 MeV) proton, H- or multiple particle (including heavy
ions) cyclotrons and linacs, mainly used for physics research (also injectors),
radionuclide production and some radiotherapy units.
As confirmed by the results of the questionnaire this class represents about
60% of the accelerator park in the EU.

3 High energy (100-300 MeV) proton cyclotrons or synchrocyclotrons and linear
high energy accelerators (used for basic physics research, frequently as
spallation neutron sources generating hence high neutron fluxes and
activation).
About 6% of the accelerator park.

4 Very high energy synchrotrons and storage rings up to several GeV, used in
high energy physics.

7DEOH������Classes of accelerators.
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Also for the low energy electrostatic accelerators the energy delivered is far below the threshold
for the large majority of nuclear reactions. A direct consequence is that the possible secondary
neutron fluxes generated at targets (except for the 14 MeV neutron generators) are inexistent or
very low and no distributed activation of the shielding is expected.
No systematic investigations will be carried out for accelerators in this class.

&ODVV����0HGLXP�HQHUJ\�DFFHOHUDWRUV���������0H9�
Some information and experience existed about the activation of the�98%�F\FORWURQ�at the�9ULMH
8QLYHUVLWHLW�%UXVVHO��%HOJLXP� (variable energy; multi-particle; Emax,proton�

= 43 MeV; Imax,proton�
≈

100 µA). This machine is representative for its class and the utilisation of the different irradiation
rooms includes physics experiments and semi-commercial isotope production, yielding a wide
range of activation.
Access was guaranteed and detailed data on its beam history was established.
A full investigation of activation in four irradiation rooms, the cyclotron vault and extensive
sampling of metal parts of the infrastructure was performed.

&ODVV����+LJK�HQHUJ\�DFFHOHUDWRUV����������0H9�
The 200 MeV electron accelerator of the ,QVWLWXWH�IRU�5HIHUHQFH�0HDVXUHPHQWV�DQG�0DWHULDOV
�,500��DW�WKH�-RLQW�5HVHDUFK�&HQWUH�DW�*HHO��%HOJLXP� was chosen. The very high neutron
production rates around this machine used for neutron time of flight experiments, with a high
beam load, will probably yield the upper limit of activation to be expected. Detailed information
on beam history and low variability in shielding and exploitation conditions together with the
proximity of the site to Brussels has strongly influenced this choice. Excellent collaboration with
the management, the physicists and the radiation protection officers of IRMM allowed a
successful drilling campaign with optimisation of radiation protection and nuclear waste
management, in collaboration with SCK•CEN (Mol).

&ODVV����+LJK�HQHUJ\�DFFHOHUDWRUV��XS�WR�VHYHUDO�*H9�
The complexity of the installations and the difficulty to have access to the facilities for an
extensive investigation campaign limit the possibility of a real choice for a representative case in
this class. Due to good professional contacts with the RPO of the Centre d’Etude Atomique
(CEA) and the coincidence of our investigation with the start of a decommissioning study, the
large 6 GeV SURWRQ V\QFKURWURQ�6$7851(�RI�&156�&($�was chosen as representative in
this class.
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&KDSWHU�����7+(�$&&(/(5$725�'$7$%$6(

������,QWURGXFWLRQ���$GGUHVV�OLVW

7R�IXOO\�HVWLPDWH�WKH�HFRQRPLFDO�DQG�UDGLRORJLFDO�FRQVHTXHQFHV�RI
GHFRPPLVVLRQLQJ�WKH�(8�SDUWLFOH�DFFHOHUDWRU�SDUN�LW�LV�QHFHVVDU\�WR�KDYH�D
FRUUHFW�LGHD�RI�WKH�WRWDO�QXPEHU�RI�DFFHOHUDWRUV�SUHVHQW�LQ�WKH�(8��WKHLU

RSHUDWLRQDO�VWDWXV��WKHLU�PDLQ�XVHV�DQG�WKH�FRUUHVSRQGLQJ�EHDP�ORDGV�DQG
EHDP�HQHUJLHV�

In addition to these basic data, information on the shielding and the metal infrastructure of the
installation will allow a more detailed view on the radiological situation of the accelerator and its
environment.
As the information needed is rather detailed, the institutes themselves were contacted. The
necessary addresses were gathered in an extensive survey of the available literature (including
the Internet (sites and databases), mailing lists of international conferences and national &
regional licensing authorities) and client lists of accelerator producers. Based on these data a
preliminary address list was composed containing 226 installations.

After sending several reminders, a total of 91 accelerator facilities supplied (part of) the
information needed. The complete list of these installations with their addresses, contact persons
and some basic information on their accelerators are provided in Annex 1.1.

������7KH�4XHVWLRQQDLUH

To gather all the representative information on the status of the different accelerators and their
infrastructure and shielding, a questionnaire was composed, containing 49 questions which can
be categorised in the following 5 topics:

7RSLF 'HVFULSWLRQ

1 General Information Deals with general data on the institute, the operator,
the reporter, the RPO and the accelerator

2 Accelerator Data Asks for more details on the characteristics of the
accelerator

3 Irradiation and
Activation Data

Probes more in detail to the risks of activation of the
infrastructure or shielding using information on the
beam history, history of the shielding and composition
of the shielding and infrastructure

4 End of Life of Accelerator
and Decommissioning

Checks to what extent the institutes and the national
regulations are aware of the consequences of
decommissioning a particle accelerator

5 Future Plans Contains information on the possible purchase of new
accelerators
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Topic 1 will provide administrative information while topic 2, 4 and 5 yield mainly general
information. Topic 3 on the other hand will provide rather detailed technical information, which
will allow an estimation of the nuclear waste if decommissioning of the installation would be
undertaken. This is typically the type of data any operator will have to gather when setting up a
decommissioning plan.
The complete list of questions as agreed by the members of the steering committee can be found
in Annex 1.2.
To obtain a better accessibility to our questionnaire a WWW-page was set-up (URL:
http://minf.vub.ac.be/~decommis/) containing, among general data on the project (including
information on meetings of the steering committee and the contacted institutes), a computerised
version of the questionnaire. This has allowed easier access to the questionnaire for those
institutes, which were not included in our original mailing list. The questionnaire on the WWW
could be completed online and after submitting the completed form, all supplied information was
sent back by email, enabling a faster analysis of the result.
The extensive mailing list of the EU-accelerator park was published (password protected) on the
Internet. It is only accessible for Steering Committee members and those who positively replied
to the questionnaire. A list of the facilities that have not yet answered the questionnaire was also
published. Both were frequently updated. This enabled the Steering Committee members to use
personal contacts to urge these facilities, to which several reminders were already sent, to answer
the questionnaire.
A brief list, containing only the names of the facilities, the machine type and city, was also
published on the Internet and accessible for everybody.
The site at the URL stated will be discontinued after March 1st 1999 and possibly transferred to a
database maintained by EC-DG XI.

������7KH�'DWDEDVH

%DVHG�RQ�WKH�DQVZHUV�UHFHLYHG�RQ�WKH�TXHVWLRQQDLUH��D�GDWDEDVH�ZDV�VHW�XS
IURP�ZKLFK�WKH�UDGLRORJLFDO�DQG�HFRQRPLFDO�H[WHQW�RI�GHFRPPLVVLRQLQJ�WKH

(XURSHDQ�DFFHOHUDWRUV�FDQ�EH�HVWLPDWHG��7KH�OD\RXW�IRU�WKH�GDWDEDVH�ZDV�EXLOW
LQ�0LFURVRIW�$FFHVV��FRQVLVWLQJ�RI���PDLQ�IUDPH��*HQHUDO�,QIR��OLQNHG�WR��

JHQHUDO�IUDPHV��$FFHOHUDWRU�'DWD��,UUDGLDWLRQ�'DWD��(QG�2I�/LIH�DQG�)XWXUH
3ODQV���7KHVH�VXEGLYLVLRQV�DUH�OLQNHG�ZLWK�VHYHUDO�VHFRQGDU\�IUDPHV

FRQWDLQLQJ�DGGLWLRQDO�GDWD�RU�GDWD�ZKLFK�LV�QRW�DSSOLFDEOH�LQ�DOO�FDVHV��H�J�
RQO\�LI�WKH�DFFHOHUDWRU�LV�XVHG�DV�LQMHFWRU��WKH�HQWU\�ILHOG�µLQMHFWRU�IRU�ZKLFK
LQVWDOODWLRQ¶�FDQ�EH�VXSSOLHG��7KLV�HQWU\�ILHOG�LV�WKHQ�LPSOHPHQWHG�LQ�WKH

VHFRQGDU\�IUDPH�µ,QMHFWRU¶��

All these data frames (Tables) are linked together by one single ‘code’ entry field which has
been added to all possible data entries in the questionnaire. The code for each accelerator is built
as follows: the first 3 characters of the city of location + 3 letters corresponding to the type of
accelerator (cyc, lin, vdg, oth) + a 2 digit ranking number. This code is hence useful in both
recognising the accelerator immediately and when running through the information contained in
the database.
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To fill in the vast amount of data necessary for each accelerator an MS-Access-form was created
containing all entries in the questionnaire and corresponding to the order in which the answers
are coded in the email received after submitting the Internet-questionnaire.
A number of entry fields have been considered vital and will have to be supplied before an entry
in the database is considered as valid. It concerns the fields dealing with institute name and
address and of course the code for the accelerator.

������$QDO\VLV�RI�UHVXOWV�±�4XHULHV�

During this study 226 infrastructures received a questionnaire at least once, while a total of 91
positive answers have been received.

Table 3.1 shows the number of facilities responding to the questionnaire for each country and the
response rate. From this table we conclude that countries like Italy and Holland, which have a
rather large number of accelerators have done a serious effort in replying to the questionnaire.
On the other hand, countries like Germany, but specially France, have failed largely in replying
to the questionnaire although these countries house a large number of accelerators (France and
Germany account for over half of the accelerators relevant in this study).

Country N° located N° received Ratio [%]
Greece 1 1 100

Portugal 1 1 100
Finland 6 5 83
Sweden 11 8 73
Holland 18 12 67

Italy 18 9 50
Denmark 4 2 50
Belgium 15 7 47

United Kingdom 20 7 35
Germany 91 30 33

Spain 4 1 25
France 35 8 23
Ireland 2 0 0

226 91 40
7DEOH�����Comparison between number of answers

received and number of questionnaires sent per
country.

The information that was provided in topic 1 has been used to complete or to correct the original
address list.

As stated in section 2.2 we considered 4 categories of accelerators. A first category consists of
Van de Graaff accelerators, tandem accelerators and other types, giving beams up to 10 MeV
proton energy. It is stressed that medical linear accelerators (6-25 MeV electrons) were not
included in this study. In general it is agreed that no activation of the biological shield will occur
for all these accelerators. In total 27 (out of 91 answers) accelerators belong to this class. Class 2
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is the category of accelerators producing beams between 10 MeV and 100 MeV, where we
typically find the cyclotrons used for radionuclide production for medicine and industry. These
accelerators present an activation problem due to the energy of the particles and the (very) high
beam load used for nuclide production. A total of 48 (out of 91 answers) accelerators can be
found in this category, forming a vast majority.
Class 3 is the group of high energy, experimental accelerators producing beams with energies of
several 100 MeV. Only 5 accelerators can be found in this category. The group of accelerators
with extreme high beam energy (synchrotrons and storage rings) forms class 4 and contains 11
machines.

A complete overview of the answers as supplied by the reporting persons at the accelerator
facilities is given in Annexes 1.3 to 1.12. An analysis of the results and some conclusions are
discussed below.

2QH�RI�WKH�PDLQ�FRQFHUQV�IRU�GHFRPPLVVLRQLQJ�LV�ZKHWKHU�LW�LV�HDV\�WR�UHPRYH
WKH�DFWLYDWHG�SDUWV�RI�WKH�ELRORJLFDO�VKLHOGLQJ�RU�QRW��7KHUHIRUH�D�TXHVWLRQ�ZDV
LQFOXGHG�LQ�WKH�TXHVWLRQQDLUH�DVNLQJ�ZKHWKHU�WKH�FRQFUHWH�VKLHOGLQJ�FRQVLVWV�RI
PRYDEOH�EORFNV�RU�PDVVLYH�ZDOOV��7KH�FRPSOHWH�OLVW�RI�DQVZHUV�FDQ�EH�IRXQG�LQ

$QQH[�����
The distribution of the answers to this question for the different accelerators is:

)XOO\�PRYDEOH VKLHOGLQJ �

For some of the accelerators using a combination of massive walls and movable blocks
information on the ratio of shielding of both types is available. Most of these ratios are larger or
equal to 1 (more massive than movable).

Another major concern for decommissioning is the possible presence of Ba, Fe or other heavy
elements in the concrete shielding. Through neutron activation these could create very high
concentrations of long lived nuclides normally not or much less encountered in the concrete. A
total of 10 accelerator facilities have used Ba in their shielding (see Annex 1.4). Only one could
present a problem as 90% of its shielding contains Ba. Another facility is mentioned with 30% of
Ba-concrete. As a class 1 accelerator (rhodotron) is concerned here, no activation problem is
expected. For one installation it can furthermore be observed that, although the fraction of
concrete containing Ba is rather low, considerable amounts of this type of concrete is used.
Only 10 cases containing Fe inside the concrete were reported (see Annex 1.5). Two of these
will have considerable amounts of activated iron in their biological shielding. The use of other
heavy elements was never reported.

1R�DQVZHUV ��
0DVVLYH�VKLHOGLQJ�ZDOOV ��
0DVVLYH�DQG�PRYDEOH�VKLHOGLQJ ��

:DOOV�FRQWDLQLQJ�%D ��
:DOOV�FRQWDLQLQJ�)H ��
2WKHU�KHDY\�HOHPHQWV QR�DQVZHUV
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2QO\����DQVZHUV�ZHUH�JLYHQ�WR�WKH�TXHVWLRQ�DERXW�DFWLYDWLRQ�VWXGLHV�RI�WKH
FRQFUHWH�VKLHOGLQJ��)RXU�FRQWDLQ�XVHIXO�LQIRUPDWLRQ�DV�VHHQ�LQ�$QQH[�����
7KUHH�RI�WKHVH�PHDVXUHPHQWV�\LHOG�WKH�VDPH�PRVW�LPSRUWDQW�QXFOLGHV�ZLWK

KRZHYHU�D�FRQVLGHUDEOH�VSUHDG�RQ�WKH�DPRXQW�RI�DFWLYDWLRQ��7KH���F\FORWURQV
FRQFHUQHG�KDYH�KRZHYHU�DSSUR[LPDWHO\�WKH�VDPH�PD[LPDO�HQHUJ\��7KH�VL]H�RI
WKH�URRP�ZKHUH�WKH�DFWLYDWLRQ�RFFXUUHG��WKH�EHDP�ORDG��WKH�W\SH�RI�VKLHOGLQJ

DQG�WKH�W\SH�RI�H[SHULPHQWV�FRXOG�H[SODLQ�WKHVH�GLIIHUHQFHV�

One facility reports of other shorter lived activation products in the concrete in rather large
amounts (59Fe: 6 kBq/kg, 46Sc: 38 kBq/kg) although we are dealing here with a negative ion
machine. The considerable higher beam load, the particular composition of the concrete and
measurements at short intervals after irradiation can be responsible for this.

&RQVLGHULQJ�$QQH[������RQ�WKH�DYDLODELOLW\�RI�DFWLYDWLRQ�PHDVXUHPHQWV�RI�WKH
�PHWDO��LQIUDVWUXFWXUH��RQO\�D�FRXSOH�RI�IDFLOLWLHV�KDYH�UHSRUWHG�SRVLWLYHO\��$
OLPLWHG�QXPEHU�RI�DFWLYDWLRQ�SURGXFWV�LV�IRUPHG�ZLWK�DJDLQ�D�YHU\�VWURQJ

GLVFUHSDQF\�EHWZHHQ�WKH�UHSRUWHG�DFWLYDWLRQ�OHYHOV�

For the measurements on activation of the accelerator material itself (Annex 1.8), more
corresponding replies have been obtained.

With respect to the amount of activity induced in walls, machine parts or infrastructure, one of
the main parameters is the beam intensity used. This beam intensity depends on the type of
application and it can be stated that the highest beam currents are typically found at facilities

6SHFLILF�DFWLYDWLRQ�LQ�FRQFUHWH��IRU���F\FORWURQV��

���(X ��� � ����� %T�NJ
��&R �� � ���� %T�NJ
���6F ��� � ��� %T�NJ

6SHFLILF�DFWLYDWLRQ�LQ�PHWDO�LQIUDVWUXFWXUH��IRU��
DFFHOHUDWRUV��

��&R ��� � ��� N%T�NJ
��0Q ���� � ��� N%T�NJ
��=Q ���� � ����� N%T�NJ

6SHFLILF�DFWLYDWLRQ�RI�PDFKLQH�SDUWV�

��&R �� � ���� N%T�NJ
��0Q ��� � ���� N%T�NJ
��1D ���� � ����� N%T�NJ
��&R ���� � ��� N%T�NJ
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commercially producing radionuclides. In our database 16 accelerators used for commercial
purposes (possibly amongst others) are found.
For the comparisons between available calculations of the activity and the experimental
measurements, 11 answers have reached us. Six different calculation programs are given of
which only MCNP scores “good” in the comparison (see Annex 1.9). As the MNCP code does
not include charged particle interaction this is a very strange result.

With respect to decommissioning, the existence of a decommissioning plan is of course very
important. On the question dealing with this planning a general “NO” was answered over the
whole line (Annex 1.10), except for the 2 cyclotrons of CIS Bio International (Saclay, France).
This clearly indicates the extent of the underestimation of the decommissioning problem at
present and the importance of a sensibilisation like this exercise.
Taking a closer look at the necessity of a decommissioning provision in Annex 1.10, we have
noticed that only 7 institutes tell us that their government requests a provision. As many answers
are contradictory on this subject, we conclude that most institutes are not fully aware of the
regulations prevailing in their country. It turns out that only 4 institutes have actually taken
provisions for decommissioning (a provision of 1% of the initial investment cost is stated by 2
institutions). It is surprising that 2 of them report this as not mandatory.

Only 5 accelerators foresee a shutdown in the near future (Annex 1.11) for which end of life or
end of project are the most important reasons.

Sixteen institutes are considering the installation of a new accelerator and this for several reasons
(Annex 1.12).
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��������7KH�98%�F\FORWURQ

The cyclotron of the Vrije Universiteit Brussel (VUB), located in Brussels, Belgium, delivered
its first beam in 1985. The accelerator is an isochronous multi-particle, multi-energy cyclotron
with a maximum energy for protons of 42.5 MeV (Itypical = 70 µA) and a guaranteed power of 3
kW. Other accelerated particles are deuterons, 3He++ and 4He++. The accelerator is essentially
used for research and occasionally for commercial radionuclide production.

The cyclotron complex, presented in Figure 4.1, consists of an accelerator vault and four
irradiation rooms.

)LJXUH������Plan view of the VUB cyclotron complex.

The biological shield consists of 2 m to 2.5 m thick ordinary reinforced concrete walls (ρ =
2.35 g.cm-3) with a total volume of approximately 2700 m3.
The accumulated beam load till the end of 1997 amounts up to 1815 C of which 78% was used in
irradiation room 2.
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��������7KH�,500�OLQHDU�DFFHOHUDWRU

The Geel Electron Linear Accelerator, acronym GELINA, is part of the Joint Research Centre of
Euratom and operated by the Institute for Reference Materials and Measurements (IRMM)
located in Geel, Belgium.
The accelerator is an linear accelerator which produces electron beams with a maximum energy
of 150 MeV and a maximum power of 12 kW at an average energy of about 100 MeV. The
machine is almost entirely dedicated to neutron time-of-flight experiments and operates in a
pulsed mode (between 250 and 800 Hz). The neutrons are produced in a two-step process. First
the electrons are slowed down in the target material, producing bremsstrahlung which then
generates, in the same block of material, fast neutrons by (γ,n)-reactions. In depleted uranium, a
typical target material at GELINA, a small contribution of neutrons from (γ, fission) processes
occurs moreover. Both moderated and fast neutron beams are used in the experiments.
The first beam was produced in 1965 and the accumulated beam load on target until is 8950 C.

Figure 4.2 presents a plan view of the complex, which is divided in two rooms: the accelerator
room and the target room.

)LJXUH������Plan view of the GELINA complex.

The biological shielding consists of 2.5 m (accelerator room) to 3.5 m (target room) thick
ordinary concrete walls (ρ = 2.35 g.cm-3) with a total volume of approximately 1800 m3.
In two small alcoves, located in the target room, a small quantity of barite concrete (1% of total
concrete volume) is present.

��������7KH�6$7851(�V\QFKURWURQ

The SATURNE synchrotron is located in the CEA Research Centre in Saclay, France.
SATURNE accelerates protons up to 6 GeV with a maximum intensity of 5x1011 particles per
second. The accumulated beam load since the first start-up (1979) is 3 C. The repetition rate is
between 1 and 0.25 Hz.
SATURNE is composed of three major components (source, injector of the synchrotron and
main synchrotron) and 15 experimental areas. The layout of the three major accelerator
components is presented in Figure 4.3.
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Unlike at the VUB and IRMM, the biological shielding of the SATURNE accelerator consists
of movable blocks of concrete of different dimension, type and density, representing a total
volume of 8740 m3. Typical dimensions are for example 0.9 m x 1.2 m x 1.2 m.

Three types of concrete can be distinguished in the shielding:
- ordinary concrete (ρ = 2.3 g.cm-3)
- heavy concrete (ρ = 3.6 g.cm-3)
- extra-heavy concrete (ρ = 4.8 g.cm-3)

Table 4.1 indicates the amounts of three different kinds of concrete, used for the shielding of
SATURNE. The composition of the concrete is discussed in section 4.3.1.3.

Injector

Synchrotro

Source

)LJXUH������View of the three major components of SATURNE.

Type of concrete Density Volume (m3) Remarks
Ordinary 2.4 g.cm-3 6300

Heavy 3.6 g.cm-3 840 addition of 30% Ba
Extra-heavy 4.8 g.cm-3 1600 addition of 50% Fe

Total 8740
7DEOH������Relative amounts of different types of concrete used for the

shielding of SATURNE.
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��������'ULOOLQJ�FDPSDLJQV

The activation of concrete used as a structural and shielding material for accelerator facilities is
one of the most important problems in waste management at decommissioning. It also
contributes in limited amounts to the occupational exposure of radiation workers (see section
4.8). Although the principles of activation are well understood, only limited studies of the
relation between accelerator characteristics and activation levels were published [Ki94], [Ur91],
[Lo95], [Eg95], [My92]. It was therefore necessary to obtain quantitative information on the
radioactivity induced in the concrete shielding by secondary neutrons and photo-neutrons. These
are produced by collision of the primary particles with the accelerator itself, during the beam
transport and through interaction with the target.

At the three facilities core samples of the shielding were taken with a boring/drilling device as
shown in Figure 4.4.
In both VUB and IRMM cases the device was equipped with a 50 mm diameter water cooled
diamond tool with a length of 55 cm. The frame of the device was bolted to the wall.

)LJXUH������Drilling/boring device.

In the case of SATURNE, a drill with a 37 mm diameter and a length of 40 cm was used. A
continuously operating vacuum pump holds the machine on the surface of the concrete.

The closed circuit of the cooling system enabled an almost 100% recuperation of liquid
effluents in a tank.

Water tank

Tank for recuperating cooling waterVacuum pump enabling the machine
 to be drawn up against the wall

Drilling device
tool
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Precautions to avoid any contamination of workers and workplace during the work were taken.
The workers were motivated. Support was organised by experienced radiation protection
officers. The jobs and tasks were planned and a commitment of management was given. The
implementation was done within an organised hierarchy of controlled areas and areas with
restricted access. Where necessary, additional lead shielding was placed on hot spots of the
accelerator beam tube and near highly activated collimators. Vertical lead shielding was installed
at selected places to shield work areas in major source directions [Eg97].
The risk of dust contamination or dust intake was low due to the “wet” drilling process that
prevents airborne spread of activity. The dust produced during the drilling is immediately
captured in the cooling water and transported to a reservoir that is used as a settling tank. After
a few hours the water can be separated from the sediment and is ready for re-use. Using this
process, the production of secondary waste and the spread of contamination become minimal.
For example, a total of 400 l water was used during the IRMM drilling campaign, this resulted
in approximately 1 l water for 8 cm depth. After settling during 48 h, 90% of the water could be
released free of radioactivity as confirmed by γ-spectrometry of samples. About 4 kg of lightly
activated mud had to be disposed off.

All the removed concrete cores were cut afterwards into 5 cm long concrete samples (± 0.2 kg)
by a diamond saw. The samples were then analysed with a high resolution γ-spectrometer after
correction for self-absorption and measurement geometry.
Pieces of reinforcement steel (if present) were removed and measured separately.
Attention is drawn to the fact that the samples at VUB and IRMM were measured after a period
of minimum 2 months after the last irradiation.

4.2.1.1.  Drilling campaign at the VUB cyclotron

In the history of the VUB cyclotron, several drilling campaigns were performed to investigate
the activated concrete shielding [Eg95], [Bu98]:

- 12 drillings in July 1994;
- 29 drillings in July 1995;
- 55 drillings in September 1997,

yielding a total of 96 as shown in Table 4.2, according to the irradiation room where they were
gathered.
The locations of the 96 drillings performed in the cyclotron complex are shown in Figure 4.5.

Location Number of drillings
Accelerator Room 44
Irradiation Room 1 3
Irradiation Room 2 37
Irradiation Room 3 5
Irradiation Room 4 6

Outside the bunker (cold) 1

Total 96
7DEOH������Drillings carried out at VUB Cyclotron.
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)LJXUH����. Locations of the drillings at the VUB cyclotron complex.

)LJXUH����� Locations of the drillings at irradiation room 2.
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To gather as much relevant information as possible, the drillings were performed at more or less
equidistant locations in both the accelerator room and irradiation room 2.
The drillings were performed at different heights in all the walls, including the ceiling and the
floor. Figure 4.6 illustrates in more detail the locations of the drillings performed in irradiation
room 2. The height and number of the drillings at each location are given.
Figure 4.7 shows a detailed overview of the drillings performed in the accelerator room.
At every location, except in the front wall and the floor, drillings have been performed at four
heights. Two drillings were performed in the floor: KG1 near the first switching magnet (SW1)
and KG2 near the deflector of the cyclotron.

)LJXUH����� Locations of the drillings in the accelerator room.

The drilling campaign was more intensive in these two rooms (especially in irradiation room 2)
as they are more activated than all the other rooms of the complex. This was shown by previous
measurements [Eg95] and is due to the higher beam load (78% of the integrated beam load was
put on target in irradiation room 2).
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Because of the low ambient dose rate in the VUB-Cyclotron complex, in comparison to the
IRMM linac bunker (see section 4.2.1.2), no extra precautions were necessary to protect the
drilling technicians. RP-motivation of the technicians and the use of gloves, disposable shoes and
overalls were sufficient to avoid contamination and unacceptable high dose during the work. The
total collective dose as a result of the drilling campaign in September 1997 was 0.5 man mSv.

4.2.1.2.  Drilling campaign at the IRMM linear accelerator.

The complete drilling campaign at IRMM was executed in one week (August 1997). Due to the
high ambient dose rate in the IRMM bunker, special precautions had to be taken to protect the
workers:

- a detailed dose mapping of the working area;
- the removal of several highly activated accelerator parts and 
   earlier activated protective equipment;
- the shielding with flexible lead sheets of several hot spots,
  detected during dose mapping;
- the actual drilling time was optimised.

The locations of the 61 performed drillings are shown by Figure 4.8. This figure (approximately
on scale) presents a planar view of the bunker, which is divided into two rooms: the accelerator
room and the target room. Beam loss in the accelerator room is low (1%) and hence activation is
nearly inexistent except nearby collimators. However, high non-isotropic neutron fluxes are
generated at the target location. Therefore, the drilling campaign was more extensively executed
in the target room, as this room is more activated than the accelerator room. This was expected
from our previous experience and by monitoring the radiation field in the two rooms. The
drillings were executed in all of the walls, including the floor of the bunker. There were no
drillings executed in the ceiling of the bunker because its relative large distance (± 5 m) to the
neutron source (principally the target). For this reason, it can be assumed that the ceiling is less
activated than the concrete closer to the neutron source. The sampling of the ceiling would also
present some practical problems as the ceiling consists of a box structure, formed by a rather thin
concrete layer, filled up by sand.
Two drillings had a 100 cm length, with the purpose of gathering information at higher depths in
the concrete shielding.

The total collective dose was 7.5 man mSv, including 0.9 man mSv for dose mapping and 0.7
man mSv for installation of the lead shielding. The highest dose task related to drilling activities
near the target area was estimated to be 2.4 man mSv with an individual maximum of 1.26 mSv
over the whole campaign. No contamination of the drilling tools nor the workers was noticed
during daily survey. The workers were submitted to a whole body counting after finishing the
job, showing no internal contaminations.

As in the case of the VUB cyclotron, the 61 removed concrete cores (± 50 cm length) were cut
afterwards by a diamond saw, yielding 630 concrete samples with a height of 5 cm and a
diameter of 5 cm.
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Location Number of drillings
Accelerator Room 21

Target Room 39
Outside the bunker (cold) 1

Total 61

    +HLJKW�RI�EHDP�LV����FP.
)LJXUH������Locations of the drillings at the IRMM-linac.

The height of the drillings at each location in the target room and the accelerator room is shown
in the next tables.

Target Room:

RIGHT LEFT GROUND
Location Height (cm) Location Height (cm) Location

R1 140 L1 20, 120, 220 G1
R2 20, 120, 220 L2 50, 120, 220 G2
R3 20, 120, 220 L3 140 G3
R4 20, 200 L4 200, 250 G4
R5 20 G5
R6 20 G6
R7 20, 120, 200 BACK G7
R8 20, 120, 200 Location Number and Height (cm) G8
R9 20, 130, 200 B1 20, 120

Target Room

Accelerator Room
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Accelerator Room:

Location Height (cm)

A1 0, 20, 120
A2 0 ,20, 120
A3 0, 20, 120
A4 0, 20, 120
A5 0, 20, 120
A6 20, 120, 210
A7 120
A8 200
A9 0

4.2.1.3.  Drilling campaign at the SATURNE synchrotron.

&DUWRJUDSK\�RI�6$7851(�ZDV�SHUIRUPHG�ZLWK�D�GLUHFW�PHDVXUHPHQW
JDPPD�SUREH��7KLV�SUREH�UHYHDOHG�WKDW��ZLWK�WKH�H[FHSWLRQ�RI�WKH�³EHDP
VWRSSHU´�EORFNV��WKH�KLJKHVW�FRXQW�UDWHV�DUH�REVHUYHG�LQ�WKH�YLFLQLW\�RI�WKH

6'��DQG�6'��H[WUDFWRUV��$W�WKHVH�SRVLWLRQV�WKH�EHDP�LQWHQVLW\�GLPLQLVKHV�E\
DERXW������DQG�LQWHQVH�QHXWURQ�IOX[HV�DUH�JHQHUDWHG�

The estimated cumulated losses in the SD2 and SD3 shielding sections for the 1979 to 1996
period are respectively 0.43 C and 0.22 C [Ch97].

)LJXUH������Representation of the contaminating zones at SATURNE.

"Zone contaminante2"
SD3

"Zone contaminante 1
SD2
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Calculations and application of the French “zoning” concept (section 5.2) have shown that only
in the blocks surrounding SD2 and SD3 any measurable activation could be expected. These 2
zones were classified as “contaminating zones” while all other blocks are to be considered as
“non contaminating”. The contaminating zones are indicated in red in Figure 4.9. Calculations
were made by the CEA/SERMA/LEPP [Kl97]. The Monte Carlo FLUKA code (associated with
MORSE for neutron energy less than 20 MeV) was used for neutron generation and transport
and the DARWIN/PEPIN code for the determination and calculation of the radionuclide
activities.

To confirm the zoning and determine quantitatively the activation of the concrete shielding of
SATURNE, 50 core samples were taken from around the ring as represented in Figure 4.10.
The core samples were 37 mm in diameter and 40 cm long.

The largest number of samples was taken along two beam extractors located at the ends of the
straight sections, SD2 and SD3.
The different core samples, taken from the shielding, are cut up into 4 cm long portions with a
diamond saw. The samples are then ground and homogenised. A granulometry of ≤ 200 µm is
obtained by sieving. Sample masses of 70 g for ordinary concrete and 120 g for heavy concrete
were constituted in this way.

)LJXUH�������Core sampling locations.
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��������6DPSOLQJ�RI�PHWDO�LQIUDVWUXFWXUH�SDUWV�

At all three facilities, a sampling campaign of different kinds of metal parts (aluminium, stainless
steel, plain steel, copper, brass and galvanised steel) originating in the accelerator rooms, target
rooms and experimental halls was carried out to investigate the activation. The samples are taken
from both the machine itself and the surrounding infrastructure which can be activated by
neutrons.
The analysis of these metal samples, together with a complete inventory of the three accelerator
facilities, will enable a calculation of the total volume of metal parts to be considered as nuclear
waste, if decommissioning has to be undertaken.

������5HVXOWV�RI�PHDVXUHPHQWV�RQ�FRQFUHWH�

��������&RPSRVLWLRQ�RI�WKH�FRQFUHWH�

As the amount of trace elements in concrete is influencing largely the resulting activation,
neutron activation analysis of the samples has been performed.
The different types of concrete used in SATURNE were analysed by the Laboratoire Pierre Süe
at Saclay. Table 4.3 gives the mean results of these studies [Ga97].

Constituent element Ordinary concrete Heavy concrete Extra-heavy concrete
Sodium (Na) 2.5 x 103 2.0 x 102 1.0 x 102

Aluminium (Al) 1.5 x 104 6.0 x 103 1.0 x 103

Manganese (Mn) 2.0 x 102 1.8 x 102 4.0 x 101

Iron (Fe) 6.0 x 103 2.0 x 104 5.0 x 105

Cobalt (Co)* 3.0 9.0 9.0 x 101

Barium (Ba) 1.0 x 102 3.0 x 105 6.0 x 103

Caesium (Cs) 1.0 < 1.0 <1.0
Europium (Eu) 1.0 1.0 3.0 x 10-1

     * Cobalt is more likely to be an impurity in iron than in concrete.

7DEOH������Constituent elements (ppm) in different kinds of concrete as used in SATURNE.

A sample of the IRMM concrete was analysed by SCK•CEN yielding the results listed in
Table 4.4. For comparison, literature values for Portland concrete with ρ = 2.23 g.cm-3 are listed
in the same table [Ki94].

��������$FWLYDWLRQ�RI�WKH�FRQFUHWH�VKLHOGLQJ�

A total of 207 drillings were performed to investigate the radiological condition of the biological
shielding of the VUB cyclotron (96), the IRMM linac (61) and the SATURNE synchrotron (50),
yielding approximately 2100 concrete samples to be measured. As stated before, all samples
have been spectroscopically measured and their specific activity was determined, taking into
account self-absorption and measurement geometry.
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Constituent element IRMM concrete Literature values
Silicon (Si) 2.4 x 105

Calcium (Ca) 3.7 x 104

Aluminium (Al) 1.8 x 104 6.1 x 104

Iron (Fe) 1.6 x 104 3.6 x 104

Potassium (K) 3.8 x 103

Magnesium (Mg) 3.5 x 103

Sodium (Na) 1.3 x 103 1.3 x 104

Manganese (Mn) 1.1 x 103 6.3 x 102

Titanium (Ti) 9.5 x 102

Barium (Ba) 2.5 x 102

Nickel (Ni) 3.1 x 101

Cobalt (Co) 6.6 1.2 x 101

Niobium (Nb) 2.3
Europium (Eu) 1.8 6.0 x 10-1

Caesium (Cs) 1.2 4.2 x 10-1

7DEOH������Constituent elements (ppm) in concrete used in IRMM
as measured by SCK•CEN compared to literature values [Ki94].

Table 4.5 shows the long lived radionuclides found and their most probable production reactions
which are identified in the concrete samples of the three facilities. Physical data is derived from
the ENDF/B-VI and JEF-2.2 neutron databases and from [Br86].

Radionuclide Possible Reaction Cross section Half life Abundance
(%)b

152Eu 15 1Eu (n,γ) 152Eu 9198 barn 13.33 years 48
154Eu 15 3Eu (n,γ) 154Eu 312 barn 8.8 years 52

134Cs 133Cs (n,γ) 134Cs 29 barn 2.06 years 100
134Cs 134Ba (n,p) 134Cs 9 mbarn at En = 16 MeV 2.06 years 2
60Co 59Co (n,γ) 60Co 37 barn 5.3 years 100
46Sc  45Sc ( n,γ) 46Sc 27 barn 83 days 100

133Baa 132Ba (n,γ) 133Ba 7 barn 10.5 years 0,1
133Baa 133Cs (p, n) 133Ba 0,16 mbarn at En = 12 MeV 10.5 years 100
54Mn   55Mn (n,2n) 54Mn 910 mbarn at En = 18 MeV 312 days 100
54Mn    54Fe (n,p) 54Mn 590 mbarn  at En = 10 MeV 312 days 6

22Na    23Na (n,2n) 22Na 40 mbarn at En = 15 MeV 2.6 years 100
22Na    27Al (n,2p4n) 22Na 10 mbarn at En = 25 MeV 2.6 years 100
137Cs 136Ba (n,γ) 137mBa → 137Cs 0.4 barn 30 years 8
137Cs 137Ba (n,p) 137Cs 3,7 mbarn at En = 16 MeV 30 years 11

a only detected where “barite” concrete is used
b “Abundance relates to the abundance of target nuclide in the natural element

7DEOH������Long lived radionuclides identified in concrete shielding.
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It should be noted that although concrete is typically composed of 0.13 % sodium, we see only
few statistically significant evidence of 22Na activity in the concrete samples taken from the
VUB and IRMM facilities. The observed 1274.5 keV gamma ray peak detected can result from
either the 1274.45 keV gamma ray from 154Eu, or from the 1274.54 keV ray of 22Na. The
detector resolution (3 keV) is too low to directly distinguish between both lines. To obtain the
22Na concentration a peak subtraction can be done since the concentration of 154Eu can also be
calculated from its 1004 keV photo peak. The low 22Na activity in the VUB and IRMM concrete
can be explained by the large negative Q-value (-12.4 MeV) for the 23Na(n,2n)22Na reaction.
However, in the samples taken from the ordinary concrete shielding of SATURNE, large
amounts of 22Na have been detected. It is possible that this radionuclide is produced in
23Na(n,2n)22Na reactions. However, it seems more likely that the 27Al(n,2p4n)22Na spallation
reaction, a reaction frequently used in activation detectors, is responsible for the 22Na detected.
Moreover, the amount of sodium in the SATURNE concrete is almost twice as high as in the
IRMM concrete.
The activation of trace elements (e.g. europium) and of particular metals in sand yields medium
living radionuclides. They are mainly created by neutron capture with high cross sections and by
some threshold reactions with lower yield, as indicated in Table 4.5. Because of the high 151Eu
cross section for thermal neutrons and the long half life of 152Eu, this radionuclide is present in
large quantities in the activated concrete shielding. Shorter lived radionuclides with a half life in
the order of seconds and minutes can also be produced but are not important when
decommissioning is considered.
Besides the production of 152Eu, 133Ba and 54Mn by the above mentioned (n,γ)-reactions,
competing photon-induced threshold reactions (γ,n) are possible in the giant resonance energy
region (0-30 MeV). They can lead to the same daughter nuclides, e.g. 153Eu(γ,n)152Eu. Other
common photon-induced reactions as (γ,2n), (γ,p), (γ,np) and (γ,2n2p) can also occur but the
(γ,n) reaction always dominates, except for A < 60 where (γ,p) is comparable [Sw79]. However,
it can be expected that these types of photon-induced reactions are less present than neutron-
induced reactions. This can be deduced by considering the Eu-activation. If 152Eu would be
produced by (γ,n) reactions in a considerable matter, there should also be a reaction
151Eu(γ,n)150Eu. If any 150Eu is present, it should be easily detected considering its half life of
36.9 years and two important gamma lines at 334 keV and 406 keV. Nevertheless, no presence
of this nuclide is found. In all the samples, no radionuclides are identified which are only
produced by (γ,n) reactions
At higher energies, reactions involving more emitted nucleons and having correspondingly
higher thresholds come into play. At photon energies above the giant resonance, the dominant
photon-induced reaction is this in which the photon interacts initially with a neutron-proton pair
within the nucleus, rather than with the nucleus as a whole; hence the name “quasi-deuteron”
effect. The cross section for this mechanism is about an order of magnitude below the giant
resonance peak.
At high energy, photo-spallation plays an important role. This is a process in which any number
of nucleons may be ejected from a nucleus as a result of an intra-nuclear cascade followed by the
release of evaporation nucleons.



53

��������$FWLYDWLRQ�DW�WKH�98%�F\FORWURQ�

Two radionuclides are predominantly present: 152Eu responsible for nearly 70% of the total
specific activity and 60Co at a level of 25%. Minor activities of 134Cs, 154Eu, 54Mn, etc. are
sometimes detected.

Figure 4.11 shows an overview of a set of representative, in-depth, activation profiles for 60Co
and 152Eu measured as the VUB cyclotron complex (different scales are used). The accumulated
beam load 4 from 1983 till 1997 for each room is also presented. An in-depth activation profile
expresses the radionuclide specific activity in function of the depth of a concrete core. Such a
profile shows a good presentation of the radiological condition of the biological shield. Specific
activities below 100 Bq/kg are not represented.
As shown by this figure, an activation problem of the biological shielding is present in the
accelerator vault and in irradiation room 2. In the three other irradiation rooms (1, 3 and 4), no
activity above 100 Bq/kg has been measured. This can be easily understood when the beam load
in each room is considered: 78% of the total beam load is used in irradiation room 2. A detailed
overview of the activation of irradiation room 2 is shown in section 4.4, which represents a 3D-
radiological modelisation depending on the relative distance to the target and the relative angular
neutron flux distribution in the room.

Figure 4.12 shows a plan view of the spatial distribution of the maximum 152Eu activation in the
concrete shielding of irradiation room 2. As illustrated here, the highest specific activities (D =
11300 Bq/kg) were measured at locations perpendicular to the target.

Figure 4.13 shows a set of activation profiles taken from the accelerator vault. The shielding of
the accelerator vault is most activated at the location behind the deflector of the machine. A
maximum activity of 2200 Bq/kg is measured. The most dominant beam loss in the accelerator
vault (between 30% and 50%) is at the deflector. The concrete located at small distances from
the deflector is the most irradiated by neutrons (produced at this location) and hence shows the
highest activation. The more the distance to the deflector increases, the more the activation will
decrease. The lowest activation is therefore present at the other end of the cyclotron vault,
namely 160 Bq/kg. At this location the neutrons create activated waste up to a depth of between
15 and 20 cm when applying a strict clearance level of 100 Bq/kg. A second important factor, in
addition to the distance, is the shielding of the neutrons by the machine itself.

The results of the measurements of all the samples taken from irradiation room 2 and the
accelerator vault, are listed in Tables A2.1 and A2.2 respectively of Annex 2.



)LJXUH������
Overview of activated concrete
shielding of VUB cyclotron

                 152Eu
              60Co

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

5 10 15 20 25

'HSWK�FP���+HLJKW ���FP��NE���

D

��
%
T
�J
�

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

5 10 15 20 25 30 40 50

'HSWK��FP���+HLJKW ���FP��NE��

D

��
%
T
�J
�

0

0.1

0.2

0.3

0.4

0.5

5 10 15 20 25

'HSWK��FP���+HLJKW ���FP��NU��

D

��
%
T
�J
�

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

5 10 15 20 25

'HSWK��FP���+HLJKW ���FP��NO��

D
��
%
T
�J
�

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

5 10 15

'HSWK��FP���+HLJKW ���FP��NU��

D

��
%
T
�J
�

0

0 .1

0 .2

0 .3

5 1 0 1 5

' H S W K � � F P � � � + H LJ K W � � � F P � � N I �

D�
�%
T
�J
�

0

1

2

3

4

5

6

7

8

5 10 15 20 25 30 35 40

'HSWK��FP���+HLJKW ���FP��U�

D

��
%
T
�J
�

0

2

4

6

8

10

12

5 10 15 20 25 30 40 50

'HSWK��FP���+HLJKW ���FP��O�

D

��
%
T
�J
�

0

1

2

3

4

5 10 15 20 25 30 40

'HSWK��FP���+HLJKW ���FP��Y�

D

��
%
T
�J
�

Q=1425 C

Q=39 C

Q=285 C (+1530 C)

Q=54 C

Q=11 C

Control
Room

� � �

�

<0.1 kBq/kg

Casemate

31



32

)LJXUH�������Spatial distribution of 152Eu in
the concrete shielding of irradiation room 2.

��������$FWLYDWLRQ�DW�WKH�,500�OLQHDU�DFFHOHUDWRU�

Figures 4.14a, 4.14b, 4.14c and 4.14d (different activity scales are used) show an overview of a
set of representative in-depth activation profiles of the target hall of the GELINA bunker at
heights 0 cm (ground level), 20 cm, 120 cm and 220 cm. In all figures only the dominant
isotopes are considered, such as 152Eu and 60Co. An exception to this are two profiles in Figure
4.14c, representing cores taken in two small alcoves, which consist of a first layer of bricks
(± 20 cm) and a second layer of barite concrete. Measurements of samples from this barite
concrete have shown that the main isotope present is 133Ba instead of 152Eu.
Figure 4.14e shows a set of representative in-depth activation profiles of the accelerator room of
the GELINA linac at various heights.

It is clear that the specific activation of the biological shielding of the target hall increases when
the distance to the target decreases. A maximum specific activity of 90 kBq/kg (at a depth of
20 cm) is measured at the location perpendicular to the target (Figure 4.14b). The lowest activity
measured at the wall surface was 3.9 kBq/kg; this point was located at the other side of the room
at a large distance to the target.
The location where the beam line enters the target hall has the greatest distance to the U-neutron
target, although this location does not have the smallest activation. The dominating neutron field
at this location is the result of beam losses on a collimator at the end of the last accelerating
section. At this location a maximum specific activity of 11.6 kBq/kg was measured (Figure
4.14c).
As shown by�Figure 4.14e, the activation in the accelerator room is much lower than in the target
hall. The neutron field present in the accelerator room is only the result of beam losses on wave
guide surfaces and collimators and is much lower than the neutron field produced in the target
hall. The maximum activity measured at the surface is 5.1 kBq/kg. In the concrete surrounding
the first two sections of the accelerator, no activity above 100 Bq/kg was measured.
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Overview of activated concrete
shielding of VUB-accelerator vault
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In depth activation of
GELINA shielding at height
0 cm

                 152Eu
                  60Co

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

5 10 15 20 25 30 35 40 45

'HSWK��FP���+HLJKW �FP

D
��
N
%
T
�N
J
�

0.0

10.0

20.0

30.0

40.0

50.0

60.0

5 10 15 20 25 30 35 40 45 50

'HSWK��FP���+HLJKW ��FP

D
��
N
%
T
�N
J
�

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

5 10 15 16 20 25 30 35 40 45

'HSWK��FP���+HLJKW ��FP

D
��
N
%
T
�N
J
�

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

5 10 15 20 25 30 35 40 45 50

'HSWK��FP���+HLJKW ��FP

D
��
N
%
T
�N
J
�

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

45.0

5 10 15 20 25 30 35 40 45

'HSWK��FP���+HLJKW ��FP

D
��
N
%
T
�N
J
�

0.0

1.0

2.0

3.0

4.0

5.0

6.0

5 10 15 20 25 30 35 40 45

'HSWK��FP���+HLJKW ��FP

D
��
N
%
T
�N
J
�

0.0

1.0

2.0

3.0

4.0

5.0

6.0

5 10 15 20 25 30 35

'HSWK��FP���+HLJKW �FP

D
��
N
%
T
�N
J
�

0.0

1.0

2.0

3.0

4.0

5.0

6.0

5 10 15 20 25 30 35 40 45

'HSWK��FP���+HLJKW ��FP

D
��
N
%
T
�N
J
�

34



)LJXUH�����E�
In depth activation of
GELINA shielding at height
20 cm
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In depth activation of
“Gelina” shielding at beamheight
120 cm
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In depth activation of
“Gelina” shielding at height
200 cm
                 152Eu
                  60Co
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In depth activation of
GELINA shielding in the accelerator hall
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The results of the measurements of all the samples taken from the target hall and the accelerator
room are listed in Tables A2.3 and A2.4 respectively of Annex 2.

In general, the IRMM-concrete shielding is significantly higher activated than the VUB-
concrete. This can be easily understood when considering the higher beam load history and the
higher neutron production during an irradiation originating from the target material and
considering the energy of the charged particles.

The in-depth activity distribution in the concrete of the VUB-Cyclotron and the IRMM linac is
comparable. In most cases, the activation is maximal at depths between 10-20 cm. Beyond this
maximum, the activity distribution shows a nearly exponential decrease. Such an inner wall
activity distribution is also published by other authors [Ki94], [Ur91], [Lü95].
As shown in the figures, the in-depth activation of the concrete shielding shows a strong
dependency on its location. At larger distances to the target, it is often seen that the in-depth
activity profiles show a maximum at the wall surface instead of depths between 10-20 cm.

Figure 4.15 compares two in depth activation profiles; Figure 4.15a shows the most activated
concrete sample in the VUB-Cyclotron shielding, and Figure 4.15b shows the most activated
concrete sample in the IRMM-Linac shielding.

a) b)
         )LJXUH�������Most activated concrete samples measured at

a) the VUB-irradiation room 2 shielding (total beam load = 1425 C) and
b) the IRMM-linac target room shielding (total beam load = 8950 C).
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��������$FWLYDWLRQ�DW�WKH�6$7851(�V\QFKURWURQ�

In the contaminating zones (SD2 and SD3 in Figure 4.10) there are 223 concrete blocks. All the
blocks are numbered. The position of the blocks for SD2 is shown in Figure 4.16. There are three
layers of blocks. The first layer, at ground level, is numbered between 1 to 29, the second, at the
beam height, between 30 and 68, and the last between 69 and 108.
The position of the blocks for SD3 is given on Figure 4.17. Similar to SD2, there are also three
layers of blocks. The first layer, on the floor, is numbered between 109 and 140, the second, at
the beam height, between 141 and 183, and the last between 184 and 227.

  

)LJXUH�������Position of blocks at SD2.

  

)LJXUH������ Position of blocks at SD3.
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Activated Zone

Detection limit < 1.7 Bq/kg
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)LJXUH�������An overview of the results.

The 223 blocks consist of 87 ordinary blocks (140 tons), 72 heavy blocks (420 tons) and 64 extra
heavy concrete blocks (370 tons).

An overview of the results shows that three different activity areas can be distinguished (see
Figure 4.18). The first two activity areas are located in the vicinity of the SD2 and SD3
extractors. Elsewhere around the ring (14 core samples), the activities measured are lower than
the detection limit of 1.7 Bq.kg-1 (152Eu standard), confirming the “zoning” calculations.
The amount of radionuclides detected depends on the type of concrete. Values corresponding to
ordinary, heavy and extra heavy concrete are given in Table 4.6.
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Concrete Radionuclide Percentage of the total
activity (%)

Ordinary
22Na 80
152Eu 13
60Co 5
54Mn 2

Heavy
133Ba 59
54Mn 12
134Cs 9
152Eu 8
154Eu 6
137Cs 6

Extra heavy
133Ba 45
54Mn 25
60Co 8
134Cs 7
152Eu 7
154Eu 4
137Cs 4

7DEOH������Radionuclides detected in SATURNE concrete
together with the proportion of the total activity

represented by the different radionuclides present.

Figure 4.19, 4.20 and 4.21 show typical in-depth profiles for ordinary, heavy and very heavy
concrete.

)LJXUH�������Typical in-depth profile in ordinary concrete of
SATURNE (position 75 of SD2).
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)LJXUH�������Typical in depth profile in heavy concrete of
SATURNE (position 26 of SD2).

)LJXUH�������Typical in depth profile in extra heavy concrete of SATURNE
(position 64 of SD2).

As can be seen in the three previous figures, the in-depth specific activity shows no build-up like
at VUB and IRMM (see Figures 4.14 and 4.15). Figure 4.22 shows a comparison between depth
profiles for the locations with the highest measured specific activities for a given nuclide at
VUB, IRMM and SATURNE. The values are extrapolated up to 100 Bq/kg by an exponential
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curve fitted on the deepest experimental points. As can be seen in this figure, the VUB and
SATURNE maximal in-depth activation is more or less comparable (between 55 and 60 cm)
although the specific activity at SATURNE is much lower. The IRMM concrete is activated
above 100 Bq/kg up to a depth of 85 cm. The lower slope of  the SATURNE  activation is due to
the more penetrating character of the neutrons around this high energy accelerator (harder
neutron spectrum).

)LJXUH�������Comparison of highest measured specific activities at VUB (beam load = 1815 C) -
IRMM (beam load = 8950 C) - and SATURNE (beam load = 3 C) for the nuclides indicated.

For all the blocks in the contaminating zones of SATURNE:
- the block number (see Figure 4.16 and 4.17),
- the block type (O = ordinary, B = heavy, F = extra heavy),
- the density,
- the dimension,
- the mass,
- the concentration activity in depth (between 0 and 120 cm each 4 cm),
- the spectrum

of all the measured blocks are given in section A2.1.3 of Annex 2.

A graphic presentation of these results is given in Figures 4.23 and 4.24 for SD2 and SD3.
)LJXUHV������DQG������VKRZ�WKDW�WKH�PD[LPXP�WRWDO�VSHFLILF�DFWLYLW\�RI�FRQFUHWH�FRUH�VDPSOHV�WDNHQ
IURP�WKH�6'��DQG�6'��ZDOOV�DUH�����%T�NJ�IRU�RUGLQDU\�FRQFUHWH�DQG������%T�NJ�IRU�YHU\�KHDY\

FRQFUHWH�
)LJXUHV������DQG������VKRZ�WKH�GLVWULEXWLRQ�RI�VSHFLILF�DFWLYLW\�DV�D�IXQFWLRQ�RI�GHSWK�IRU�RUGLQDU\
DQG�KHDY\�FRQFUHWH�UHVSHFWLYHO\�IRU�EORFNV�ORFDWHG�DW�����RI�WKH�WDUJHW��,W�FDQ�EH�VHHQ�WKDW�VSHFLILF
DFWLYLWLHV�YDU\�E\�DQ�RYHUDOO�IDFWRU�RI����EHWZHHQ���FP�DQG����FP�LQ�RUGLQDU\�DQG�KHDY\�FRQFUHWH�
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)LJXUH�������Variation in total specific activity as a function of depth for a
block of ordinary concrete.
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A least square regression line was drawn demonstrating that the relation between activity
concentration and depth is as follows:

A A em s
depth= − ×.05

where the depth is expressed in cm�

A limited number of core drillings on the floor and the ceiling were performed (see area of
Figure 4.27). For SD2 and SD3 the floor is in ordinary concrete with a 20 cm thickness and a
30 m2 area (10 m x 3 m). The ceiling is in heavy concrete with a 90 cm thickness and an area of
30 m2 (10 m x 3 m).

The total specific activity results for each of the 6 measurement points is shown in Table 4.7.

Position (see fig.4.27) SD2 floor SD2 ceiling SD3 floor SD3 ceiling

1 DL 300 Bq/kg 500 Bq/kg 1000 Bq/kg

2 700 Bq/kg 3000 Bq/kg 1500 Bq/kg 2200 Bq/kg

3 300 Bq/kg 1000 Bq/kg 200 Bq/kg 1800 Bq/kg

4 200 Bq/kg 800 Bq/kg 300 Bq/kg 500 Bq/kg

5 100 Bq/kg 300 Bq/kg 300 Bq/kg 400 Bq/kg

6 80 Bq/kg 600 Bq/kg 300 Bq/kg DL

7DEOH������Specific activity of the SATURNE ceiling and floor.

              

Figure 4.27. Floor and ceiling measurements position.
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As already stated in the section about the drilling campaigns (see section 4.2.1), the pieces of
reinforcement steel (if present) were removed from the concrete samples and measured
separately. In this section, the activation of these rods from the VUB concrete will be discussed.
The pieces of reinforcement steel were spectroscopically analysed with a high resolution γ-
spectrometer and their specific activity has been determined. No corrections were made for self-
absorption and source geometry as the rods were considered as point sources (diameter of rods
6 - 12 mm, length 1 - 5 cm).

In the reinforcement steel, two radionuclides important to decommissioning are predominantly
present: 60Co produced by the (n,γ) reaction on 59Co (estimated 100 ppm impurity in commercial
steel) and 54Mn produced by the (n,p) reaction on 54Fe or the (n,2n) reaction on 55Mn impurities.
See Table 4.8 for physical data about the activation of those radionuclides.

Only in two out of all drillings (locations C2 and G5), pieces of reinforcement steel with a length
of approximately 20 cm in the direction of the drilling were found (see Figure 4.6). The analysis
of these two pieces enables to set up an activation depth profile in the same way as done
previously for the concrete samples. Table 4.8 shows the results for the reinforcement rods found
at C2 and G5 with a comparison to the concrete activity at the same location (see also Tables
A2.1b and A2.1b of Annex 2).

Location Depth (cm) Reinforcement Concrete
54Mn

(Bq/kg)

60Co
(Bq/kg)

54Mn
(Bq/kg)

60Co
(Bq/kg)

152Eu
(Bq/kg)

C2 5 5400 32250 120 2259 3553
10 1780 22880 < 100 2614 3874
15 1540 17050 < 100 1965 3097
20 1100 11860 < 100 1571 2821

G5 10 690 15800 < 100 1193 2437
15 270 9000 < 100 2259 4628
20 105 6200 < 100 1242 2167
25 < 100 3400 < 100 723 1431
30 < 100 2000 < 100 not meas. not meas.

7DEOH������A comparison between the specific activity of the reinforcement steel and the
concrete at locations C2 and G5 of irradiation room 2 of the VUB cyclotron.

Figure 4.28 gives a graphical representation of the 60Co in-depth specific activity of the
reinforcement rod found at location G5. An exponential curve is fitted to the points with
correlation coefficient nearly equal to 1.
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)LJXUH�����. 60Co activation depth profile of a reinforcement rod found at
location G5 of irradiation room 2 of the VUB cyclotron.

From the analyses of this depth profile and from the results obtained on the nearly 100 smaller
samples of reinforcement rods, we can conclude that the 60Co activity of the reinforcement is
about a factor 5 to 10 higher than the 60Co activity of the concrete in the same neighbourhood,
which makes it the highest activated part of the biological shield (even higher than the 152Eu
activity of the concrete). The specific activity in the reinforcement steel follows the exponential
decrease in function of depth already observed for the concrete (see for example Figure 4.15).

With respect to decommissioning, it is clear that the higher activated reinforcement steel should
be separated from the lower activated concrete when an actual demolition of the radioactive
concrete wall is performed.
The distribution of reinforcement rods is however not homogeneous. A typical lattice consists of
horizontal and vertical rods at a 10 cm interval placed at only 2 levels, respectively 5 cm and
25 cm below the concrete surface. At greater depths the lattice distance of 10 cm increases to
1 m. This results in reinforcement rods making up 3% of the volume (9% of the weight) in the
superficial 25 cm of concrete, dropping to 0.1% in weight at greater distances.

Moreover when a (short) cooling time is considered, the activated reinforcement steel will not
pose a problem because of the short 60Co half life time (5.3 y) in comparison to the half life time
of 152Eu (13.3 y) which is always present in the concrete. For example, it would take about 45
years to let the activity of the reinforcement rod at location C2 (amax = 32250 Bq/kg) decay to
100 Bq/kg which is a specific activity level reasonable for clearance (see Chapter 7). Despite of
the lower specific 152Eu activity, it would take about 70 years to let the surrounding concrete
decay to the same level.
It would however be advisable to restrict the use of reinforcement steel (and other scrap steel for
that matter) in the surface layers of the biological shield and to consider modular structures (see
also section 8.3.3).
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Another way to determine the radiological condition of the biological shielding of accelerators is
the use of an in-situ measuring system without the need of core drilling. In co-operation with
Canberra Europe, it was agreed to evaluate the capabilities of the ISOCS-system (In Situ Object
Counting System - Gamma Spectroscopy) and software for the assessment of the activation of
concrete walls. Measurements have been carried out at the IRMM and VUB facilities.

As was mentioned in section 4.2.1.2, the high ambient radiation field in the target hall at IRMM
poses direct problems for in-situ spectrometry. Dose rates up to 400 µSv/h were recorded at the
end of the target hall, originating mainly from activated accelerator parts. As the linac is still in
use, these parts could not be removed or adequately shielded. In a real decommissioning
situation, dismantling of the accelerator or sufficient decay will take place before measurement
or destruction of the concrete shielding.

The ISOCS-system consists of a mobile high purity Ge-detector, shielding and collimators with
different fields of view and adapted acquisition and analysis software. To shield the detector
from the ambient radiation, a 50 mm lead shield set was used in all measurements. A first remark
is that the 30° collimator not only strongly limits the angle of view of the detector, but also
seriously lowers the efficiency by its pin-hole like character. As the shield penetration by the
high ambient radiation was quite substantial, it was decided to use the 90° collimator to improve
the signal to noise ratio. The software uses a detector specific characterisation by Monte Carlo
code and algorithms allowing the calculation of efficiency curves. Using a set of object
templates, all relevant dimensional and material parameters can be entered, followed by a
mathematical calculation of the efficiency curve. The generated efficiency curves can be used
directly in the spectroscopy software to calculate isotope specific activities. The relative short
calculation time (minute range) allows calculating a few curves for each situation and making an
overall error assessment.

)LJXUH�������Activation profile A, used for the software modelling.
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The earlier measurements had given information on the in-depth distribution of the activity (see
Figure 4.14). Profile A, as shown in Figure 4.29, giving fractional activity contributions at
different depths, was the basis for the software modelling. The spectrum recorded at position L2
(see Figure 4.8) of IRMM was used to test different profiles. As the background radiation was
lowest at this point, but activation already high, it was well suited to do these calculations. This
enabled us to confirm that profile A was indeed the most probable distribution of the activity in
the concrete.
The iron reinforcement bars (essentially activated with 60Co) in the concrete were not modelled
separately in this case as it is quite difficult to know their exact location. Moreover, many of the
60Co photons are coming from the accelerator material, through the lead shield of the detector.

As only a limited time was available for measuring at the two sites (1.5 days), most of the
spectra were recorded in 1000 s (+/- 20 min real time). This resulted in poor statistics in some
cases.

Figure 4.30 shows a comparison of some measurements of 152Eu activities by ISOCS and by the
previous destructive method applied on the wall of irradiation room 2 of the VUB. Three
locations are considered: B4, G2 and F1 (see Figure 4.6). The comparison between the two
methods is satisfying. In general, the results differ between 20% and 60% without systematic
bias.

)LJXUH������ Comparison between measurements by ISOCS and by destructive sampling
analysis

on three locations on the biological shield of irradiation room 2 of the VUB.

For the first centimetres ISOCS can be used to make an assessment of the activities present. In
this study we did not try to model every spectrum recorded. We used one spectrum to come to a
depth distribution and density estimation, mainly using the 152Eu lines. This model was then used
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to calculate all other measuring points. It is clear that the depth profile can change in function of
location and distance from neutron sources.

Even in the highest radiation fields, with a lot of shield penetration, valuable data can still be
obtained. This brings up the problem of dose to the personnel. Installing the system and starting
the measurement can be done in a matter of minutes by the operator, after which the ISOCS
accumulates automatically the data during a 20 min to 1 hour count. To reduce the dose to
personnel even more the system could be equipped with an IR or radio LAN system and steering
can be remote.

������7KH�DFWLYDWLRQ�RI�PHWDOOLF�SDUWV�

At all three facilities, an estimation was made of the activated metal parts to be taken into
account if decommissioning should be undertaken. The amounts in the different rooms will be
grouped according to their metal nature and their activation level. To apply different
decommissioning scenarios (see Chapter 6), four activation levels have been considered:

0    -  0.4 kBq/kg : materials which can be considered for free release under UK conditions
0.4 -  1  kBq/kg : materials which can be considered for free release under EC conditions
1    -  200 kBq/kg : materials which can be considered for melting and recycling (German

  conditions)
+ 200 kBq/kg : materials which have to be considered for nuclear disposal

Table 4.9 shows the long lived radionuclides identified in the metallic samples of the three
facilities and their most probable production reactions. As all samples were taken from parts not
directly hit by the charged particle beam, secondary neutrons activated them.
Only those radionuclides, which are of concern for decommissioning, are represented. Shorter
lived radionuclides are not considered. Physical data is derived from the ENDF/B-VI and JEF-
2.2 neutron databases and from [Br86].

Radionuclide Possible Reaction Cross-section Half life Abundance (%)
134Cs 133Cs (n,γ) 134Cs 29 barn 2.06 year 100
60Co 59Co (n,γ) 60Co 37 barn 5.3 year 100
60Co 60Ni (n,p) 60Co 5.3 year 26
59Fe 58Fe (n,γ) 59Fe 1.15 barn 44 days 0.3
65Zn 64Zn (n,γ) 65Zn 0.78 barn 244 days 49
54Mn   55Mn (n,2n) 54Mn 910 mbarn at En = 18MeV 312 days 100
54Mn    54Fe (n,p) 54Mn 590 mbarn  at En = 10MeV 312 days 6
108Ag 107Ag(n,γ)108Ag, 108mAg 36 barn 127 year 52
110Ag 109Ag(n,γ)110Ag, 110mAg 91 barn 249 days 48
123Sn 122Sn(n,γ)123Sn 0.15 barn 129days 4.6
125Sn 124Sn(n,γ)125Sn 0.13 barn 9 days 5.6
22Na    23Na (n,2n)22Na 17 mbarn at En = 15MeV 2.6 year 100
22Na    27Al (n,2p4n)22Na 10 mbarn at En = 25MeV 2.6 year 100

7DEOH������Long lived radionuclides identified in metal parts.
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Besides the neutron interactions listed in Table 4.9, charged particle reactions on the inner
accelerator parts occur. In the cyclotron case, for example natCu(p, xnyp)*Zn, *Cu reactions
leading to different stable and unstable Zn or Cu nuclides are responsible for extremely high
specific activities on Dees, deflector and Faraday cups.
As discussed before in the paragraph about concrete activation, photon-induced reactions are
also possible.

��������&DVH�98%�F\FORWURQ�

Table 4.10 shows an estimation of the total amount of materials present in the four irradiation
rooms and the accelerator room, including the accelerator machine itself.

Material Σ Irradiation
Rooms (kg)

Accelerator Room
(kg)

Accelerator
Machine (kg)

Total
(kg)

Steel 1120 2800 - 3920
Low Co steel - 4800 70000 74800
Stainless steel 200 3100 - 3300
Galvanised steel 20 160 - 180
Aluminium 480 350 1000 1330
Copper 40 1300 7500 8840
Brass 40 10 - 50
Lead 20 850 - 870

7DEOH�������Inventory of the materials present at the VUB cyclotron complex.

The accelerator machine includes the machine itself. Switching magnets, beam tube, quadrupole
lenses, and parts along the beam tube are included as infrastructure quantities.

The measurements of the VUB cyclotron infrastructure parts show considerable amounts of
60Co, 65Zn and 54Mn. As in the case of the concrete activation, activated infrastructure materials
are only present in the accelerator room and irradiation room 2. In the three other irradiation
rooms (1, 3 and 4) no activity above 100 Bq/kg has been measured. This can be easily
understood when considering the rather low accumulated beam load in these rooms (see
Figure 4.11). Small amounts (a few kilograms) of activated material can exist in the structures
located very near the targets. However, this can be neglected in the total decommissioning cost
in comparison to the total quantity of activated materials in the cyclotron complex.

To estimate the quantity of activated material in each activation category, various samples of the
different kinds of metal have been taken at locations with a suspected high activation (i.e. close
to a source) and locations with a suspected low activation (i.e. at large distances to the source).
An exact quantification of all activated materials can only be performed when actual
decommissioning is undertaken by measuring the dismantled parts.
For example, Table 4.11 shows the ranges of specific activities for the main activation products
present in irradiation room 2. Lower presence of radionuclides as 22Na, 134Cs, 59Fe was also
detected.
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Material 60Co (kBq/kg) 65Zn  (kBq/kg) 54Mn  (kBq/kg)
Dmax Dmin Dmax Dmin Dmax Dmin

Steel 79.2 4.4 2.5 2.1 382.5 1.2
Stainless Steel 355.5 90.8 10.8 2.6 90.8 2.1
Galvanised Steel 32.8 9.5 38.3 21.6 64.0 8.2
Aluminium 0.3 0.2 5.9 0.2 0.2 0.2
Copper 28.0 4.0 23.5 <0.1 2.5 1.5
Brass 9.1 1.3 166.4 <0.1 150.0 <0.1

7DEOH�������Ranges of specific activities, measured in infrastructure parts of
irradiation room 2.

Considering the results in Table 4.11, nearly all materials from irradiation room 2 have a specific
activity between 1 and 200 kBq/kg. Most aluminium parts have a specific activity below 1
kBq/kg. A few parts of steel and stainless steel constructions have a specific activity above 200
kBq/kg. Table 4.12 shows the amount of waste in each category for irradiation room 2. The total
quantity of each activated material is listed in the second column. The quantity of activated
material for the three considered radionuclides is expressed by using the four waste categories
mentioned before.

Specific activity Category
0.1 - 0.4 kBq/kg I
0.4 - 1.0 kBq/kg II
1.0 - 200 kBq/kg III

+ 200 kBq/kg IV

Material Σ
activated(kg)

60Co (kg) 65Zn (kg) 54Mn (kg)

I II III IV I II III IV I II III IV

Steel 280 280 280 260 20
Stainless steel 50 30 20 50 50

Galvanised steel 5 5 5 5

Aluminium 70 70 50 10 10 70

Copper 10 10 10 10

Brass 5 5 5 5

7DEOH�������Activated materials in irradiation room 2 of the VUB cyclotron.

The same kind of information for the materials of the accelerator machine itself and the materials
present in the infrastructure of the accelerator room is listed in Table 4.13 and Table 4.14.

Material Σ
activated(kg)

60Co (kg) 65Zn  (kg) 54Mn  (kg)

I II III IV I II III IV I II III IV

Aluminium 1000 1000

Copper 7500 7500 7500 7500

7DEOH�������Activated materials of the accelerator machine of the VUB cyclotron.

The attention is drawn to the fact that the yokes of the main magnets and switching magnets,
made of low Co-steel (Co is only present as a possible impurity), are only slightly activated.
Other highly activated inner machine parts are the deflector and its supporting mechanical
structures (approximately 5kg Cu and SS), and the accelerating Dee structures (approximately 30
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kg Cu). Both structures have to be placed in category IV and have to be removed as soon as
possible after final shutdown, nevertheless allowing for decay of short lived nuclides.

Material Σ
activated(kg)

60Co (kg) 65Zn (kg) 54Mn (kg)

I II III IV I II III IV I II III IV

Steel 2800 1800 1000 800 1800 1000

Stainless steel 2950 2950 1700 1250 2950

Galvanised steel 160 160 160 160

Aluminium 300 250 50

Copper 1300 1200 100 1000 1200 100

Brass 10 10 10

7DEOH�������Activated materials of the infrastructure of the accelerator room of the VUB
cyclotron.

7KH�WRWDO�DPRXQW�RI�OHDG������NJ��ZKLFK�LV�SUHVHQW�LQ�WKH�DFFHOHUDWRU�URRP
DQG�LUUDGLDWLRQ�URRP���FDQ�EH�SODFHG�LQ�FDWHJRU\�,,,�

��������&DVH�,500�OLQDF�

Table 4.15 shows an estimation of the total amount of materials present in the accelerator hall
and the target room, including the accelerator machine itself.

Material Target hall
(kg)

Accelerator Room
(kg)

Accelerator
Machine (kg)

Total
(kg)

Steel 15660 2630 18290
Low Co steel 39000 39000
Stainless steel 410 390 800
Galvanised steel 525 670 1195
Aluminium 1130 45 100 1275
Copper 1935 125 5600 7660
Lead 2470 2470

7DEOH�������Inventory of the materials present at the IRMM linac facility.

The accelerator machine includes the machine itself, the beam tubes, the buncher magnet, the
target and the target holder. The target contains between 10 kg and 11.5 kg depleted uranium.

The measurements of metallic parts from the IRMM linac facility show the presence of the same
radionuclides as the samples of the VUB facility. The same method is used for estimating the
quantity of activated material in each category. Various samples of different kinds of metal have
been taken at locations with a suspected high activation (i.e. close to a source) and locations with
a suspected low activation (i.e. at large distances from the source).

Measurements taken from steel bolts, which were located at the wall surface of the target hall,
are shown in Figure 4.31. A maximum activity of 186 kBq/kg for 60Co was measured

Table 4.16 shows the amount of waste in each category for the accelerator room. The total
quantity of each activated material is listed in the second column. The quantity of activated



57

material for the three considered radionuclides is expressed by using the four waste categories
mentioned before.

Material Σ
activated(kg)

60Co (kg) 65Zn (kg) 54Mn (kg)

I II III IV I II III IV I II III IV

Steel 2630 1000 1000 630 1000 630 1000 1000 630
Galvanised steel 320 300 20 300 300
Copper 75 75 75 75

7DEOH�������Activated materials of the infrastructure of the accelerator room of the IRMM linac.

Table 4.17 shows the amount of waste in each category for the materials of the accelerator
machine itself,�Table 4.18 for the materials from the infrastructure of the target room.

Material Σ
activated(kg)

60Co 65Zn 54Mn

I II III IV I II III IV I II III IV

Low Co steel 39000 39000 39000 39000

Stainless steel 390 390 390 390
Aluminium 100 20 50 50
Copper 5600 5600 5600 5600

7DEOH�������Activated materials of the accelerator machine of the IRMM linac.

Material Σ
activated(kg)

60Co (kg) 65Zn (kg) 54Mn (kg)

I II III IV I II III IV I II III IV

Steel 15660 10660 5000 15660 10660 5000
Stainless steel 410 410 410 410
Galvanised steel 525 525 525 525
Aluminium 1130 1130 500 630 1130
 Copper 1935 1935 1935 1935

7DEOH�����. Activated materials from the infrastructure of the target room of the IRMM linac.

The total amount of lead (2470 kg) can be placed in category III (2000 kg) and category IV
(470 kg). The 10 kg to 11.5 kg depleted uranium of the target have to be placed in category IV
and have to be removed as soon as possible after definitive shutdown of the accelerator
(respecting initial cool down for short lived radionuclides).



60Co 109.8 kBq/kg
54Mn  67.7 kBq/kg
59Fe   56.5 kBq/kg
134Cs   7.7 kBq/kg

60Co 135.0 kBq/kg
54Mn  83.3 kBq/kg
59Fe    81.2 kBq/kg
134Cs    7.2 kBq/kg

60Co  154.6 kBq/kg
54Mn 180.5 kBq/kg
59Fe     81.7 kBq/kg
134Cs     8.7 Bq/g

60Co  185.7 kBq/kg
54Mn 184.0 kBq/kg
59Fe    79.4 kBq/kg
134Cs    8.6 kBq/kg

60Co  181.9 kBq/kg
54Mn 126.6 kBq/kg
59Fe     79.7 kBq/kg
134Cs     7.5 kBq/kg

60Co 134.5 kBq/kg
54Mn  98.6 kBq/kg
59Fe   76.6 kBq/kg
134Cs   6.6 kBq/kg

60Co  74.2 kBq/kg
54Mn 23.2 kBq/kg
59Fe   50.7 kBq/kg
134Cs   4.8 kBq/kg

60Co  87.2 Bq/g
54Mn 70.6 Bq/g
134Cs   0.4 Bq/g
65Zn   26.5 Bq/g

)LJXUH�������Activation levels of steel in the target hall of the IRMM facility
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$Q�HVWLPDWLRQ�RI�WKH�DFWLYDWLRQ�RI�WKH�PHWDOOLF�SDUWV�RI�WKH�WZR�FRQWDPLQDWLQJ
]RQHV��6'��DQG�6'���LV�VKRZQ�LQ�7DEOH������DQG�7DEOH�������,Q�WKHVH�WZR

WDEOHV��WKH�WRWDO�TXDQWLW\�RI�HDFK�PDWHULDO�IRU�HDFK�FDWHJRU\�LV�JLYHQ�WRJHWKHU
ZLWK�WKH�LVRWRSLF�VSHFWUXP�

Material Σ activated
(kg)

Category Spectrum

II III IV

Iron (Magnet) 9120 - 9030 90 54Mn (99%) ; 57Co (1%)

Copper 1080 1075 5 54Mn (30%) ; 57Co (50%) ; 60Co (15%) ; 65Zn (4%)

Stainless steel 720 80 210 430 54Mn (78%) ; 57Co (20%) ; 60Co (2%)

Aluminium 100 100 - - 22Na (98%) ; 54Mn (2%)

Steel 5950 4800 1150 - 60Co (20%) ; 54Mn (80%)

7DEOH�������Activated materials of the infrastructure and machine parts of
SD2 at SATURNE.

Material Σ activated
(kg)

Category Spectrum

II III IV

Iron (Magnet) 9620 - 9530 90 54Mn (99%) ; 57Co (1%)

Copper 1110 1105 5 54Mn (30%) ; 57Co (50%) ; 60Co (15%) ; 65Zn (4%)

Stainless steel 1270 80 210 430 54Mn (78%) ; 57Co (20%) ; 60Co (2%)

Aluminium 250 100 150 - 22Na (98%) ; 54Mn (2%)

Steel 7240 5850 1390 - 60Co (20%) ; 54Mn (80%)

7DEOH�������Activated materials of the infrastructure and machine parts of SD3
at SATURNE.

������$�³FODVV��´�OLQHDU�DFFHOHUDWRU�IRU�PHGLFDO�XVH�

Although the activation of and around linear accelerators used for radiotherapy is generally
considered very low, the total amount of radioactive waste can be considerable due to the
important number of accelerators concerned. This class represents the largest group of
accelerators of the EU accelerator park (estimation of the manufactures: >1000, market at
present: 300 new accelerators or replacements each year in Europe). Therefore it is interesting to
investigate the decommissioning problem of this class of accelerators.

��������0DQXIDFWXUHU�SROLF\�DQG�IXWXUH�GHYHORSPHQWV�

During this study, a discussion was organised between the VUB and three representatives of the
main manufacturers of medical accelerators (Siemens, Varian-GE and Philips) concerning the
policy of recuperation of activated machine parts.
Generally speaking, more and more old accelerators (but often high energy machines
Ee > 25 MeV) are nowadays replaced by new installations. In these cases there is a new tendency
that the manufacturer of the new installation takes over the old machine. Moreover, an EU-
directive could force manufacturers to recuperate the old machine parts in the near future.
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Only one previous manufacturer (now out of the market) was organising disassembly of the
decommissioned machines through a specialised firm with a “nuclear authorisation”. The other
manufacturers were not really aware of possible long lived activation problems of the accelerator
head (except that radiation protection was organised for maintenance work on the target during
the operational life of the accelerator). On dealing with decommissioning, the companies have
not adopted a clear policy (on national or international level) up to now.
Activated parts are identified using a hand-held monitor.
The general tendency nowadays in radiotherapy is to use lower energy then a couple of years
ago. Modern machines will typically be limited to 18 MeV electrons.
Furthermore, international regulations implemented about ten years ago set limits to the neutron
leakage allowed from medical linear accelerator heads. This also implies that neutron activation
of the concrete by (n,γ) reactions is unlikely.

�������$FWLYDWLRQ�RI�FRQFUHWH�

The analysis of some removed concrete cores taken from the floor under the treatment table of a
medical linac (20 MeV electrons, 18 MV photons - 15 years of operation), showed no significant
activation above background level. It can be concluded preliminary that the neutron fluxes,
which are produced during the operation of this class of accelerators, are too low to activate the
concrete shielding in a considerable manner.

�������$FWLYDWLRQ�RI�WKH�PDFKLQH�SDUWV�

To evaluate the activation of machine parts, samples have been taken from an already dismantled
23 MeV accelerator (date of construction: 1978) which is owned by the Université Catholique de
Louvain (UCL). A radiation protection officer of the UCL performed a first separation of
activated parts using of a hand-held monitor. As can be expected, activation of the machine is
limited to some pieces of the accelerator head. These bulky parts, mostly weighing several
kilograms, were analysed by γ-spectrometry in unfavourable geometric conditions at the UCL
metrology laboratory. Afterwards the activated pieces have been disassembled and cut into
smaller samples of homogeneous metallic composition to perform a quantitative spectrometric
analysis at the VUB.
The following radionuclides are identified:

60Co (T1/2 = 5.3 y)
57Co (T1/2 = 271 d)
58Co (T1/2 = 70 d)
54Mn (T1/2 = 312 d)
65Zn (T1/2 = 244 d)
181W (T1/2 = 121 d)
182Ta (T1/2 = 115 d)
108Ag (T1/2 = 418 y)
110Ag (T1/2 = 250 d)

The results of the measurements are listed in section A2.2 of Annex 2. Table A2.5 shows for
each measured sample the weight, the identified radionuclides and calculated specific activity in



61

kBq/kg. The samples were measured approximately eight months after shut down of the
accelerator.
As can be seen in this table, the highest specific activation is present in the target (up to
26 MBq/kg 181W), which typically consists of tungsten with 2% added nickel. However, a
medium term waste problem is only created due to 60Co activation of the target (up to
70 kBq/kg). When applying the IAEA TECDOC-855 clearance levels (0.3 kBq/kg for 60Co)
[IA96], this material can be released from regulatory control after approximately 42 years. If
paying only attention to the high activity of 181W the target can already be released after 5½
years due to the short halve life time of 181W (by applying the same clearance level as for 60Co).
The other (more bulky) materials pose less long term waste problems due to the short half-lives.
Although the quantity of the nuclear waste for one medical linear accelerator is very low, a
global waste problem can exist as the number of such accelerators in the EU is high compared to
other types of accelerators (see Chapter 2).

�������'�0RGHOLVDWLRQ�RI�WKH�&RQFUHWH�$FWLYDWLRQ�

In the previous paragraphs it was discussed how sampling of the concrete shielding of particle
accelerators could yield qualitative and quantitative information on the activation of the concrete.
Interesting characteristics of the concrete activation can be deduced from these measurements.
The final goal of this work is to estimate the total cost for decommissioning the building. For this
purpose information on the 3D-distribution of the activation products is not only needed in the
sampling points, but over the entire walls of the building. In this paragraph 2 techniques are
described for the interpolation from a few sampling points to an activation distribution over an
entire room (see also [So98]). The results of these interpolations yield the input to the cost
evalution procedures.

��������,UUDGLDWLRQ�URRP����98%�F\FORWURQ��

In irradiation room 2 of the VUB Cyclotron some 30 drill cores of the concrete shielding have
been gathered and analysed by γ-spectrometry up to a depth of at least 40 cm as described in
section 4.2.1.1. The drill cores have a cylindrical shape with approximately 5 cm of diameter.
These drill cores were cut into samples of 5 cm length, which were analysed by γ-spectrometry
after determining their weight. The main activation products found are 152Eu, 60Co, 154Eu, 54Mn,
22Na and 134Cs with activation levels exceeding 10 kBq/kg for 152Eu. These nuclides are mainly
produced by (n,γ)-caption of thermal and/or epithermal neutrons. Other radioactive nuclides
could be present in the concrete, but are unfortunately not measurable by γ-spectrometry (e.g.
3H).

The γ-spectrometric measurements have given us a very good indication of the activity levels
present at the different drill points, but failed completely to picture the activity changes over the
walls or in the depth in the walls of the irradiation room beyond the core length.
If a complete image of the activation is to be obtained, a modelisation in 3 dimensions is needed
for A(x,y,z).
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From the physics of neutrons it can be concluded that the main parameters influencing the
specific activity (produced by these neutrons) in a certain point of the walls are:

− source-concrete distance for the point of interest (POI) in the concrete
− the number of neutrons in the energy bin responsible for the activation in the direction of

interest (DOI) determined by the POI and the neutron source

We assume that the material (mainly air) between wall and neutron source (typically the target
and/or target holder) has a negligible influence on the neutron distribution. The activity at the
first layer of concrete can then be written as:

( ) ( ) ( )
( )

A x y z A x y z
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R x y z

1
0
1 1 0

1 2

1 2, , , ,
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where ( )A x y z1 , ,  is the activity at a point (x,y,z) of the first concrete layer (POI), ( )ϕ1 x y z, ,  is

the (normalised) neutron fluence, A 0
1  is a known activation level in the first concrete layer and

R 0
1  is the source-concrete distance for this drill-point. For A 0

1  and R 0
1  values of one of the drill

points can be used. With this model we clearly take into account the effect of both the concrete-
source distance and the non-isotropy of the neutron source, which were characterised as the 2
most important parameters influencing the activity. Based on this model one can calculate for
each drill-point j the ϕ 1-value for the first layer:

( )
( )

ϕ j

j jA R

A R

1

1 1 2

0
1

0
1 2

= (2)

From the position of each drill-point j it is easy to calculate the direction θ j  as seen from the

source. A best fit can then be calculated yielding ( )ϕ ϕ θ1 1= . A cylindrical symmetry was
assumed for this function, while a 3rd order polynomial fit yielded the best results. Now it
becomes possible to calculate the activation level for each point (x,y,z) of the first concrete layer
using (1). Following relations are valid:
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Studying the effects of neutrons on the concrete, the presence of the first concrete layer cannot
be neglected when moving from the first concrete layer to a second one. Strictly speaking a
neutron transport calculation would be necessary to solve this problem. However, having access
to values of the activation at these deeper layers, it is possible to start the same reasoning all over
for this second layer or for any deeper layer. The effect of the concrete on the neutrons is then
simply taken into account when calculating ( )ϕ ϕ θi i= . Hence equation (1) can be generalised
to:

( ) ( ) ( )
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i i i
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, , , ,= 0

0

2
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yielding the value of the specific activation for each point (x,y,z) of layer i. Figure 4.32 shows
the results for the fitted ( )ϕ ϕ θi i=  for the first 4 layers.

As data are only available to a depth of 40 cm in the concrete, it is not possible to calculate
deeper layers using this model. However the measured depth-dose profiles allow to conclude that
after an activation build-up in the first 15 cm, a quasi-exponential decay of the activity can be
observed (see Figure 4.33). Hence it becomes possible to make a fit on the drill-core data and to
extrapolate the activity for each drill core separately to deeper layers. Our model can be applied
to calculate the specific activation for all points (x,y,z) of deeper layers using these extrapolated
values. This is necessary considering that the specific activation at 40 cm depth is still higher
than 100 Bq/kg, a clearance level for radioactive waste which is acceptable as a min-value within
the EU.

The algorithm was recently implemented as a dedicated function in a mathematical software
package. The advantages result from the fact that a matrix operation is seen as a single operation
instead of nxm operations on the nxm elements of the matrix, hence resulting in a tremendous
reduction in calculation time and length of code.

For irradiation room 2 the resulting activity distribution for 152Eu is shown in Figure 4.34. The
activation level determines the colour-scale code for each voxel at that point. It changes between
0 and 10 kBq/kg. The voxel size was chosen at 10x10x10 cm3. For each wall the highest
activation levels are found at the points opposing the neutron source (target). From the figure it is
also clearly visible that, instead of the first layer of concrete, the second one contains the highest
specific activity, which is fully in accordance with the profile shown in Figure 4.33.

Besides graphs for 152Eu, graphs have also been composed for the 60Co-distribution (Figure 4.35)
and for the distribution of the activity of all other nuclides together.

From these graphs it is easy to obtain a drawing of the parts of the concrete activated above a
certain level. As an example the graph for concrete activated above 1 kBq/kg of 152Eu is shown
in Figure 4.36. Note that in Figure 4.36 the colour-scale was adapted to yield optimal
digitalisation.

Additional programs have been created for making averages over larger surfaces, as a 10x10 cm2

grid contains too much details for most applications like cost evaluation. A 1 x 1 m2 grid with a
thickness of 10 cm is chosen for this last application.
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)LJXUH�������Fitted values for the angular spread of the
number of neutrons in the first 4 layers of concrete for

the formation of 152Eu (180° is forward).

�������2WKHU�URRPV�

The dimensions of irradiation room 2 of the VUB cyclotron allow the use of the previously
described 3D-modelisation technique. For much lager rooms, like the cyclotron vault (VUB
cyclotron) or the target hall (IRMM linac), the number of sampling points needed (drill cores)
would become very large to perform realistic interpolations.
An additional problem is the possible presence of large massive metal structures (the cyclotron
magnet, a rebunching magnet, …) which can shield part of the walls from the incident neutron
flux. As a result an activation distribution with large gradients is to be excepted along these
walls. This situation cannot be described by the previous technique as it considers the incident
neutron flux as a smooth, continuous function of the angular parameter.

Furthermore, this technique is using a single well-located point-like neutron source (the target
for charged particles in most cases). In large irradiation rooms however it cannot be argued that
only one neutron source exists. For the cyclotron vault at least 2 non-point-like neutron sources
can be found: the electrostatic deflector and the beam exit area (first Faraday cup). In the target
hall of IRMM linac the main neutron source is the U-target while at the rebunching magnet and
at the beginning of the target hall at least 2 other neutron sources are located. The 3D-
modelisation technique becomes difficult to use. It would be possible to consider each located
neutron source separately with the 3D-technique. However, data are only available on the global
activation in a certain point. It is not possible to separate the effects of the different neutron
sources from such a global measurement without making the assumption that at least in a part of
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one of the walls only 1 source will be of importance. This is clearly not the case in the IRMM
target hall.
Furthermore, in this (often small) piece of wall there are a large number of sampling points
necessary to make a good fitting. With such a large sampling frequency the total number of
samples becomes very large. In addition to that, the information available from the use of only a
(small) piece of a wall will only allow interpolation in a small angular range, corresponding to
that piece of wall. No information will be available in other angular regions, making an
interpolation over the total room (0 ≤ θ ≤ π) from only these measurements very uncertain.
Hence it is clear that the 3D-technique is not usable when more than 1 important neutron source
is present in the room, which is practically always the case in large accelerator or target rooms.
For the large linac room and target hall of IRMM and for the cyclotron vault at the VUB another
approach is to be used to obtain the 3D activity distributions which yield the necessary input for
the cost evaluations for decommissioning the rooms. For irradiation room 2 (VUB) averages
over 1mx1mx10cm have been made for this purpose. We will hence restrict ourselves to the
same gridsize of 1m x 1m for the other rooms. For each square of 1mx1m we will calculate one
single activity value (for every nuclide present) which represents the average activation over this
square of concrete. This procedure is repeated every 10 cm of depth in each wall.
A simple linear interpolation scheme was developed for this purpose using the 4 nearest
sampling points for each point in which the activity needs to be calculated. At the edges of a
certain wall an activation limit of 100 Bq/kg is set at a depth at which no activation above 100
Bq/kg is found in the opposite wall for the specified radionuclide.

It is always possible in this way to find 4 neighbouring points with a known activation from
which the activation A(x,y,z) for the specified radionuclide can be calculated based on the
following linear interpolation scheme:
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in which (xi, yi, zi) are the co-ordinates of sampling point i with known activation Ai.
This is repeated for each layer of concrete with a thickness of 10 cm.

In the case of the target hall of IRMM one wall is circular, leading to the logical use of
cylindrical co-ordinates. The interpolation scheme then becomes:
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)LJXUH�������Typical in-depth activation profile (irradiation room 2 - VUB cyclotron).

)LJXUH�������3D distribution of the specific activity of 152Eu in irradiation room 2.
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)LJXUH�������3D distribution of the specific activity of 60Co for irradiation room 2.

)LJXUH�������Concrete parts activated above 1 kBq/kg 152Eu.
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As in this case r = ri ∀i the formula can be reduced to:
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������([SHULPHQWDO�FKHFN�RI�VORZ�QHXWURQ�FRQWULEXWLRQ�

To understand more about the spectral neutron distribution impinging on the concrete shielding
and the thermalisation process in the concrete, activation detectors were inserted in some bore
holes in the IRMM target hall. 59Co was selected as activation foil on the basis that the half-lives
of the produced radioisotopes are longer than 10 days, the cross section for thermal neutron
capture is high and well-known and no competing reactions exist for the nuclides to be detected.
After γ-spectrometric assay the thermal neutron flux and the contribution of epithermal or fast
neutrons can be estimated from the 59Co(n,γ)60Co reaction using the cadmium-ratio method as
described in [Ki94].

The cobalt foils with and without cadmium covers were placed between several concrete
segments which had been removed during the drilling campaign. Reconstituted cores made of
concrete segments and foils placed at depths of 5 and 15 cm were inserted in two bore holes in
the concrete shielding of the target hall of the IRMM facility (see Figure 4.37). One location was
chosen perpendicular to the target where, from the specific activation of the concrete (see section
4.3.4), we expect a high neutron flux. The second location was chosen at the front of the target
hall where the activation is much lower and we can hence expect a lower neutron flux.

)LJXUH�������Locations of the foils in the IRMM target room. At each location there is a
naked foil and a foil with cadmium cover (“c”).
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The thermal neutron flux φ(E) expressed in neutrons per cm2 and per second for an energy bin E
can be calculated by the following relation [Ki94]:

                                        ( )φ
σ λ( )E

Co Co Cd

Co o
t

foil

A A

N e A
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× × −

⋅+
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1

                           where Aco =  activity of the foil without Cd cover (s-1)
ACo+Cd =  activity of the foil with Cd cover (s-1)
σCo = cross section of the 59Co(n,γ)60Co reaction in

the energy region of interest (barn)
No = the number of target nuclei
λ = decay constant of 60Co (s-1)
W = time of irradiation (s)
Afoil = area of the foil (= 6.25 cm²)

The energy region of the contributing neutrons to the activation depends on the thickness of the
cadmium cover. Low energy neutrons will be absorbed by the cadmium cover due to its high
(n,γ) cross section for thermal neutrons.
The probability A for absorption of an incident neutron, considering caption alone, will be
energy dependent and given by:

                                                                $ 1
R

= ×σ

The transmitted neutron flux at a certain energy will hence be zero for A ≥ 1.
Figure 4.38 shows a semi-logarithmic graph of the product ∑i(σI x No,i) in function of the energy
with ∑i the summation over all stable Cd isotopes (106Cd, 108Cd, 110Cd, 111Cd, 112Cd, 113Cd, 114Cd,
116Cd). Physical data is derived from the pointwise ENDF/B-VI database.

)LJXUH�������∑i(σI x No,i) in function of the energy with L = all stable Cd isotopes
(106Cd, 108Cd, 110Cd, 111Cd, 112Cd, 113Cd, 114Cd, 116Cd).

1.00E-01

1.00E+00

1.00E+01

1.00E+02

1.00E+03

1.00E+04

1.00E+05

0.00E+00 5.00E-01 1.00E+00 1.50E+00 2.00E+00 2.50E+00 3.00E+00

(��H9�

6
R
P
P
DW
LR
Q
��
FU
R
VV
�V
HF
WL
R
Q
�[
�W
DU
J
HW
�Q
X
FO
HL
�



70

As can be seen in this figure, the “cut off” energy is 1.65 eV. Neutrons with energy higher
than 1.65 eV will not be totally absorbed by the cadmium cover and will reach the cobalt
foil creating activation. Neutrons with a lower energy will be totally absorbed by the cover
and will not reach the foil. Hence, the subtraction of the activation of a cadmium covered
cobalt foil from the activation of a naked cobalt foil yields the activation due to neutrons
with energy ≤ 1.65 eV.
The cross section of the 59Co(n,γ)60Co reaction in the thermal energy region can be approximated
by a decreasing exponential function (Figure 4.39).
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)LJXUH�������Cross section of the 59Co(n,γ)60Co reaction in the low energy region (data
derived from ENDF/B-VI database).

The mean value σCo to be used in the equation for the thermal flux is determined by integrating
the 59Co(n,γ)60Co reaction cross section between 10-5 eV and 1.65 eV. It corresponds to the cross
section at En = 0.42 eV and equals 9.32 barn or 9.32x10-28 m².

The foils were placed in the target room for almost 3 months (total irradiation time was 1343
hours). The results of the γ-spectrometric assessment of 60Co activity are listed in Table 4.21.
7KH�DFWLYLW\�RI�WKH�EODQN�IRLOV�LV�EHWZHHQ���DQG���WLPHV�KLJKHU�WKDQ�WKH�YDOXH

LQ�WKH�FDGPLXP�FRYHUHG�IRLOV��LQGLFDWLQJ�D�WKHUPDO�IOX[�EHORZ������H9
H[FHHGLQJ�WKH�IOX[�DW�KLJKHU�HQHUJLHV�E\�WKH�VDPH�IDFWRU�

The values of the flux in the energy region below 1.65 eV are given in Table 4.22.

Comparing the two locations, it is seen that the thermal flux is 8 to 10 times higher at the core
perpendicular to the beam direction.
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Foil Location Depth (cm) Activity (s-1)

1 R5 5 17725
1c R5 5 3630
2 R5 15 14890
2c R5 15 2490
3 L3 5 2040
3c L3 5 340
4 L3 15 1675
4c L3 15 330
7DEOH�������Activity of the irradiated foils.

However, the measurements of the concrete (see section 4.3.4.) show a difference of a factor 17
to 18 in 152Eu activation. This is because the cross section of the 151Eu(n,γ)152Eu reaction shows a
different and more complex energy dependence in the thermal region (up to several hundreds of
barns for 100 eV) so that the relative importance of neutrons with energy above 1.65 eV is
higher.

The decrease of the measured neutron flux in function of the depth is in good comparison with
the depth profiles of the specific concrete activation.

Location Depth (cm) φth (cm-2. s-1)

R5 5 3.01x105

R5 15 2.52x105

L3 5 3.62x104

L3 15 2.65x104

7DEOH�������Calculated thermal neutron flux (E ≤ 1.65 eV)
at two locations in the IRMM concrete shielding.
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����� � $FWLYDWHG� ELRORJLFDO� VKLHOGLQJ� GRVH� OHYHOV� LQ� D� W\SLFDO� DFFHOHUDWRU
HQYLURQPHQW�

The activation of both structural materials and biological shielding is one of the most important
problems in occupational exposure of radiation workers in accelerator environments in the
operational phase (short and long lived radionuclides) and during decommissioning (long lived
radionuclides, T1/2 > 100 days).
The basic mechanisms of activation around the different types of accelerators are rather well
understood. Activation measurements have shown that various radionuclides are produced by
neutron capture (n,γ) reactions with high cross sections and by some threshold reactions with
much lower yield. An extensive analysis of the activated biological shielding of the three
facilities have shown specific activities for long lived radionuclides up to 12 kBq/kg in the case
of the VUB cyclotron, 90 kBq/kg in the case of the IRMM linear accelerator and 2 kBq/kg in the
case of the SATURNE synchrotron with in-depth activation up to 50 cm and more. In the first
two cases 152Eu (T1/2 = 13.3 y) is the dominant radionuclide present besides 154Eu, 60Co, 54Mn,
133Ba, 22Na and 65Zn which all have shorter half lives. In the case of SATURNE, 133Ba is the
most important radionuclide present due to the use of heavy concrete. Measurements of
structural infrastructure parts have shown high amounts of 60Co with maximum activities up to
350 kBq/kg.
These gamma-emitting radionuclides cause considerable dose rates in accelerator environments
during the operational life and after shutdown. When considering the decommissioning of an
accelerator facility, it can be interesting to have separate information on the contributions of both
activated infrastructure parts and biological shielding to the total dose rate in an accelerator
environment. Although it can be expected that the activated infrastructure parts cause more than
95% of the total dose rate at shut down, the contribution of the shielding can become
predominant when moving to decommissioning stage two, i.e. when all machine and structural
parts are removed, leaving only the concrete structures. At this stage, the activation of the
concrete will determine the further use of the building. It is hence interesting to investigate the
dose rate in accelerator environments resulting from the activated biological shielding.

��������0DWHULDOV�DQG�PHWKRGV�

The measurements were carried out during two months at the VUB cyclotron complex. To
simulate an accelerator environment without the interference of activated machine and
infrastructure parts, a concrete slab which has been present in the accelerator room for 14 years
was removed to an area with low background. Nine TLDs were attached to three surfaces (three
on each) of the slab (see Figure 4.40). Five dosimeters were also placed in two experimental
irradiation rooms (room 1 and 4).
It can be assumed that the activation of the infrastructure parts in these two rooms is negligible
due to the low beam load for the last 5 years. The other two irradiation rooms were not
investigated in this experiment as they are frequently used for experiments. As a control, one
dosimeter was attached to a non-activated wall outside the bunkers. All dosimeters were present
for two months.
Measurements are carried out by 15 high sensitive GR-200 LiF: Mg, Cu, P thermoluminescent
detectors. GR-200 series TLD detectors show a high signal-to-noise ratio with a very low
detection threshold (0.2 µGy) and a range of linearity up to 12 Gy. Its exclusive features make it
an ideal environmental dosimeter, especially suited for applications in low level dose
measurements. The uncertainty at doses higher than 10 µGy is 3%, with a batch homogeneity of
5% (1 SD).
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)LJXUH�������Locations of the TLDs in the VUB cyclotron complex.

��������5HVXOWV�DQG�GLVFXVVLRQ�

Table 4.23 presents the results of the 15 TLD measurements. For each of the three sides of the
concrete slab, the dose is averaged over the three dosimeters. Annual dose limits for
occupational and public exposure, recommended by the ICRP60 [IC90] and the European
Directive L151 [EC96] are listed in Table 4.24, together with reference values for hourly dose
limits. For occupational exposure, a distinction is made between two categories: category A and
category B. Members to category A are those workers who are liable to receive an effective dose
greater than 3/10 (6 mSv.y-1) of the annual dose limit. Category B are those exposed workers
who are not classified as category A workers.

The TLD measurements show that the concrete at each measured spot is significantly activated
above background (control = 26 nSv.h-1).
When comparing the TLD measurements with the dose limits listed in Table 4.24 it can be
concluded that the dose rates in the 2 rooms at the surface are below the occupational limit even
for class B workers. The dose rate in the rooms is however considerable higher than the limits
for public exposure.
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Location Dose rate (nSv.h-1)

Slab side 1 73 ± 5
side 2 134 ± 7
side 3 156 ± 7

Room 1 1a 84 ± 7
1b 122 ± 10

Room 4 4a 395 ± 32
4b 263 ± 21
4c 48 ± 4

Control 26 ± 2
7DEOH�������Results of TLD measurements.

Occupational “class A” Occupational “class B” Public

$QQXDO�GRVH�OLPLW 20 mSv.y-1             6 mSv.y-1 1 mSv.y-1

Reference value for
KRXUO\�GRVH�OLPLW�D

10 µSv.h-1             3 µSv.h-1 0.1 µSv.h-1

a Occupational: 2000 h  , Public: 8760 h

7DEOH�������Dose limits for occupational and public exposure [IC90] and [EC96].

Examining the correlation between activated concrete and surrounding dose levels, the concrete
slab was analysed using a destructive method similar to the previous drillings in the biological
shielding of the VUB cyclotron complex. Seven drillings (Figure 4.41) with a depth of 25 cm
have been carried out with a ∅ 4 cm hollow drilling device.

)LJXUH�������Locations of the drillings
in the activated concrete slab.

Afterwards, the seven removed concrete cores were cut into samples of 5 cm length. These 35
samples were analysed by γ-spectrometry and their specific activities have been determined
taking into account the measuring geometry and self-absorption. Table 4.25 shows for each core
the in-depth specific activity. Only the mayor radionuclides of interest (152Eu and 60Co) are
presented.

The reason why 1.C shows no common in-depth profile (decreasing) can be explained by the
interference from side 3. During operation of the cyclotron the slab was located with side 2 and
side 3 positioned in the direction of the machine. Side 1 was positioned to the floor, so it
received no direct radiation unlike the other two sides. The TLD measurements and the specific
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activity of the concrete cores also confirm this. Although 1.C is drilled in the poorly activated
side 1, it shows a rather high specific activity due to the interference of side 3, which is highly
activated. The interference from side 3 is high because 1.C is drilled close to the edge between
side 1 and side 3, which makes it not representative for side 1.

Core TLD
location

Average
Dose rate

Nuclide Specific activity (Bq/kg) at depth

(nSv.h-1) 5 cm 10 cm 15 cm 20 cm 25 cm
2.A side 2 134 152Eu 191 193 163 126 99

60Co 114 110 69 65 48

2.B side 2 134 152Eu 209 181 150 112
60Co 118 97 52 40

2.C side 2 134 152Eu 145 137 85
60Co 68 61 41

1.A side 1 73 152Eu 45 23 18
60Co 5 3

1.B side 1 73 152Eu 89 74 65
60Co 34 29 26

1.C side 1 73 152Eu 143 161 177 166 163
60Co 58 64 76 68 69

3 side 3 156 152Eu 255 279 222 184 107
60Co 126 111 87 60 48

7DEOH�������In-depth specific activity (Bq/kg) for each concrete sample.

A rough estimation of the dose rate at a higher activated wall surfaces can be obtained by
examining the relation between the specific activity of the first concrete layer and the dose rate
measured by the TLD at the surface of the block. If we average the specific activity of 152Eu of
the first layer of the samples taken from each side and compare these with the averaged dose
rate, we see that the relation specific activity - dose rate is more or less a constant. If we divide
the dose rate by the specific activity we obtain 0.73 for side 2; 0.79 for side 1 and 0.61 for side 3.
The ratios are expressed in nSv.kg.Bq-1.h-1. Applying an approximate factor of 0.7 to the most
activated point in irradiation room 2 of VUB, which is 11300 Bq/kg at L3 (see Figure 4.11),
yields a dose rate of approximately 7.5 µSv.h-1 at the wall surface.
Extrapolation in the same way for IRMM yields maximal dose rates of 63 µSv.h-1 at the wall
surface at the location perpendicular to the target (location R5 on Figure 4.8).

Even at these higher dose rates no real occupational risks for workers in the decommissioning
phase will exist:

- The high dose rates are measured on the wall surface and will decrease with distance from the
wall. Assuming a tenth value layer of 10 cm concrete for the radiation emitted by 152Eu and
60Co, a characteristic length of 20 cm (only 1% contribution) can be adapted. For points (or
persons) further away than 60 cm a 1/d2 rule in dose rate can be applied, although not in a
strict way since the source (wall surface) can not be taken as a point source.

- Personnel will never spend 2000 working hours near the activated wall.
- The highest dose rates are only encountered at localised points. The average over a wall
surface is lower.
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These residual dose rates, originating only from activated concrete (and iron bars of the
reinforced cement) prevent use of the most activated rooms for non nuclear purposes if workers
have to be frequently present.

������7ULWLXP�PHDVXUHPHQWV�

Although the problem of pure β-emitters is not included in this study, some experiments to
identify and measure the tritium concentration in the concrete shielding were performed. Small
chunks of concrete were ground and sieved for this purpose. In total 12 (1 x VUB, 4 x IRMM,
6 x SATURNE and 1 blank) 0.1 g samples were prepared and heated at 1100°C in an oven. The
water liberated from these samples was mixed with a liquid scintillator. Quantitative
measurements were then carried out (detection efficiency was determined by adding a known
amount of tritium) using a low noise analyser.
The tritium concentration from five concrete samples taken from the biological shielding (4 x
IRMM + 1 x VUB) and one blank sample are listed in Table 4.26, together with the
corresponding 152Eu activity. The locations of the samples referred to in this table can be found
in Figures 4.6 and 4.8.

As can be seen from the table, the tritium activity of the concrete samples correlates well with
the 152Eu activity, i.e. samples with a higher 152Eu concentration contain also a higher 3H
concentration. However, the ratio between the two concentrations is hardly a constant. For the
IRMM samples, the ratio differs between 3.8 and 10.7. The main reason for this variance is
probably the inhomogeneity of the concrete, the losses in the preparation process and the limited
number of samples.

Facility Location Depth (cm) 3H
(kBq/kg)

152Eu
(kBq/kg)

blank - - < det.lim. < det.lim.
IRMM G7, height = 0cm 0 - 5 19.5 5.1
IRMM G7, height = 0cm 15 - 20 13.5 3.3
IRMM R7, height = 20cm 0 - 5 140.0 24.5
IRMM R9, height = 200cm 0 - 5 380.0 35.3
VUB L3, height = 120cm 0 - 5 76.0 6.5

7DEOH�������Tritium (3H) activity present in concrete samples, taken from
VUB and IRMM.

The samples taken from the SATURNE biological shielding show a much lower presence of
tritium than the VUB and IRMM samples, which is in correlation with the presence of other
radionuclides. The tritium contents of the heavy concrete block exhibiting the highest level of
activity were measured as a function of depth. The results of these measurements are shown in
Figure 4.42. The tritium content varies between 2.5 kBq/kg and 0.8 kBq/kg in the 0 to 20 cm
depth range. Further studies are required to obtain a satisfactory explanation of this
phenomenon. Tritium is probably produced in the spallation reactions that frequently occur
with high-energy accelerators.



77

)LJXUH�������Variation of tritium specific activity as a function of
depth in a heavy concrete block of the SATURNE shielding.
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������,QWURGXFWLRQ

During the progress of the research for this project it became apparent that a purely experimental
analysis of the activation of concrete was not satisfactory with respect to essentially three
aspects:
• the depth distribution of the activation, with maxima at rather shallow depths under the

concrete surface is not easily explained. The neutron fluxes generated by either (p,xn)
reactions around the VUB cyclotron or by photo-neutron production in the GELINA linac
have high mean energies of several MeV (see Annex A3.8). Moderation of these hard spectra
by concrete (rather light elements, low cross sections for elastic and inelastic collisions for En

> 2MeV) is not very efficient. It was  hence expected to find the maximal activation, which
occur through (n,γ) reactions, at greater depth;

• accurate determination of the spatial distribution of the activation and the subsequent
derivation of the volume of concrete activated above pre-set levels for cost evaluation, asks
for a large number of samples, taken at judiciously chosen points, and hence an extensive
drilling and measuring campaign;

• recent French concepts have introduced the “zoning” approach. In first approximation, no
sampling is foreseen and the determination of activation levels has to rely on computation. It
was already mentioned in section 4.2.1.3 which computational tools are used to determine the
zoning in the case of the SATURNE synchrotron.

 
 Hence it was decided to include in the project two computational analyses of the activation.
 A first study was made by the SCK•CEN concerning the neutron transport between target and
walls, the moderation and activation in the concrete for the specific source characteristics and
shielding geometry of the GELINA linear accelerator at IRMM.
 
 In a second computation a simple physical model was used to give a first approximation for the
estimation of activated volumes in the French approach. The volumes of activated waste derived
from this computation allowed the French scenario to be applied to the 3 reference cases for cost
evaluation as is explained in more detail in Chapter 7.
 
 
 5.2.  Computation of the in-depth activation in the concrete shielding of the IRMM linear

accelerator
 
 ��������,QWURGXFWLRQ
 
 The activation of concrete, typically used as a structural and shielding material for accelerator
facilities, is one of the most important problems for radiation safety of workers and radioactive
waste management in decommissioning. To investigate the in-depth activity distributions inside
the concrete walls of the target rooms, three reference accelerators of the European Union were
chosen, namely the VUB cyclotron in Brussels, the IRMM linear accelerator (GELINA) in Geel
and the SATURNE facility of CEA-Saclay. Drilling campaigns and activity measurements
carried out in these installations yield activity distributions exhibiting similar profiles with a
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maximum of the activity at depths between 10 cm and 20 cm. Beyond this maximum, a nearly
exponential decrease is observed (see section 4.3).
 The measurements have shown that these activity profiles and their levels are strongly spatial-
dependent. As measurements in all points of the structures are not practical, it would be very
helpful to use neutronic calculations based on deterministic methods to achieve a complete dose
mapping of the irradiation rooms and to predict critically activated sites. It is the purpose of this
section to show the ability of computational tools and schemes available at SCK•CEN to predict
the activity profiles obtained by measurements during the drilling campaign at IRMM. The
ultimate aim is to validate these tools (the two-dimensional DORT [Rh88] transport code and the
associated cross section libraries) in view of prospective studies of decommissioning accelerator
installations.
 
 
 ��������&RPSXWDWLRQDO�0HWKRG
 
 5.2.2.1.��Geometrical model for the study of a drill core
 
 A three-dimensional partial view of the GELINA target room with a zoom of the annular target
is displayed in Figure 5.1. The symmetry (horizontal) axis of the electron projectile beam and the
target are at 1.2 m above the ground. A series of beam tubes all centred on the target are
imbedded in the shielding wall. The target room consists of a 6 m wide rectangular gallery
ending in a half-cylindrical part. The lateral walls of the target room are made of a 3.5 m thick
concrete shielding of density around 2.35 g/cm3 in the inner layer. The room is 4.2 m high.
 For the present calculations, the shielding is assumed to be homogeneous ordinary concrete
(density 2.35 g/cm3) with europium (1 ppm weight) and cobalt (3 ppm) impurities. The
composition of the so-called Oak Ridge concrete [Pa91] used in the calculations is given in
Table 5.1. Besides its density, this concrete has been chosen because of its very low
concentration in sodium agrees with the prescription of the technical specification of the
GELINA facility [Wy62].
 

 Elements  Weight Percent (%)
 oxygen  41.02
 calcium  32.13
 carbon  17.52
 silicon  3.448

 magnesium  3.265
 aluminium  1.083

 iron  0.778
 hydrogen  0.6187
 potassium  0.1138

 sodium  0.0271
 7DEOH����� Composition of the Oak Ridge concrete
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 )LJXUH����� 3-D sketch of the GELINA target room.
 
 Actual drillings consist of cylindrical concrete cores of 50 cm length and 5 cm diameter, divided
by a diamond saw into 10 concrete samples. For the study of the neutron activation inside such a
core, a 1 m diameter "macro-drill core" is considered in the calculations and a R-Z geometrical
model is adopted, with the Z-axis perpendicular to the wall as shown in Figure 5.2. The radial
mesh size is set equal to 1 cm everywhere, except for the third mesh, which is chosen equal to
0.5 cm in order to match the mesh-line with the outer radius of the actual drill core.
 Along the Z-axis of the configuration, 80 meshes of 1 cm are considered inside the shielding
wall. The first one, hosting a volume source distribution, is taken in the target room (air) in front
of the wall.
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 )LJXUH����� The "macro-drill core" geometry model.

 
 5.2.2.2.� Neutron source
 
 As sketched in Figure 5.1, the GELINA target consists of a rotating annular torus of uranium.
The point of impingement of the electron beam on the target acts as the neutron source. Fast
neutrons are produced by (γ,n) and, to a lesser extent, by (γ,f) reactions on the target after
conversion of high energy electrons to γ-photons by bremsstrahlung.
 Figure 5.3, taken from [Sa81], shows an absolute spectrum of fast neutrons emerging from a bare
target, respectively the high energy part of a spectrum of polyethylene-moderated neutrons.
These spectra were measured at a position close to 90° with respect to the beam axis, in the
direction of the lateral shielding wall. Measurements made use of a 235U-loaded ionisation
chamber, the neutron time-of-flight technique and the ENDF/B-IV fission cross section file. The
normalised neutron source spectrum used in our calculations was derived by data processing of
the above bare spectrum.
 
 A total neutron emission rate of 3.7x1010 n/cm2 was reported in [Sa81] at 1 m distance from the
uranium target, for 1 mC of beam load. This value was adopted leading to the assumption of a
point source intensity of 4.65x1013 n/s per mC of beam load.
 To derive the spatial distribution of the volume source in our configuration, we have assumed an
azimuthal symmetry of the source distribution around the Z-axis of the geometrical model.
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 Let us consider a narrow annular surface of radius r and width dr (Figure 5.2). The area of this
elemental annulus is 2πrdr and it lies at a constant distance, say d, from the point S0. Let R1 be
the inner and R2 the outer radius of a finite annulus in the geometrical model. From Figure 5.2, it
is clear that:
 

 G ' U2 2 2= + .
 

 
 )LJXUH����� Fast neutron flux measured by TOF at L = 10m.
 
 
 Neglecting collisions between emitted neutrons inside the target room, the neutron source per
unit area of such an annulus S, as arising from a point target source S0, is given by:
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 Since the outermost radius in our geometrical model is 59.5 cm, we have:
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 For R2 =R1 =0, the usual expression for the intensity of the point source at a distance D far from
the source is recovered.
 
 
 5.2.2.3.��Neutron computational codes
 
 The SCALE code system [Pa91] was used as computational tool for the preparation of the multi-
group cross sections. For the present calculations, a 44-group cross section library based on
ENDF/B-V was used. The group structure represents 22 fast and 22 thermal (below 4 eV) energy
groups. A one-dimensional transport calculation (along the Z-axis from the actual source through
the air and the concrete shielding) was performed in fixed source mode The flux distribution
obtained was used to collapse the cross sections into a 29-group broader structure. These 29-
group cross sections were finally utilised for the two-dimensional (R,Z) neutron calculations with
the DORT code using the fixed disc source (made of concentric annuli of constant source
intensity) determined in 5.2.2.2. A forward-biased quadrature set was adopted because our
volume source actually is not isotropic. As output of the DORT transport calculations, one gets
multi-group flux distributions (φg) and volume-integrated production rates by (n,γ) reactions (R):
 

 ∑ φσ=
g

ggVNR

 In the above formula, N is the atomic density (atoms/cm3) of the activated nucleus and V is the
volume of the zone considered. The activity of an unstable daughter nucleus resulting from such
a process is proportional to its production rate:
 

 crdrp tt)(t

dp

e)ee(
)(

RA λ−φσ+λ−φσ− −
φσ−σ−λ

λ= ,

 

 where λ is the decay constant of the daughter. The irradiation and the cooling times are
respectively noted as tr and tc. The neutron absorption cross sections for parent and daughter
nuclei are pσ  and dσ .
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 ��������1XPHULFDO�UHVXOWV�DQG�GLVFXVVLRQV
 
 In-depth activity distributions of 152Eu, 154Eu and 60Co produced respectively by the reactions
151Eu(n,γ)152Eu, 153Eu(n,γ)154Eu and 59Co(n,γ)60Co were investigated. In the present case the flux
levels inside the shielding are quite low (107 n/cm2s for the fast flux and 106 n/cm2s for the
thermal flux). Therefore, the absorption rate of the daughter nucleus is very low with respect to
its decay rate and the parent burnout is negligible.
 
 The above formula then simplifies to:
 

 cr tt e)e1(RA λ−λ−−= .
 
 It is obvious that the production rate R is the determining factor of the in-depth activity profile.
Figure 5.4 shows the profiles for the 152Eu, 154Eu and 60Co activities as described by the factor R
(in Bq per gram of concrete for 1 mC of beam load) in a computed drill core.
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 )LJXUH����� Calculated in-depth activity profiles.
 
 These profiles are in very good agreement with the corresponding ones measured for a drill core
at an angular position close to 90° and a height of 120 cm as represented in Figure 4.14a.
 
 Concerning the absolute activity levels, one should notice, however, that the calculated values
seem to be about two orders of magnitude higher than the experimental ones. In fact the
calculations are normalised to assumed source intensity and spectrum which probably do not
correspond to the steady-state operational valves of the GELINA facility. In addition, the decay
factor (depending on the detailed irradiation history) is not taken into account.
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 ��������&RQFOXVLRQ
 
 The DORT Sn transport code along with the cross section processing code package available at
SCK•CEN has here above demonstrated its ability to compute the in-depth activity distributions
inside the shielding wall of rooms hosting linear accelerator facilities.
 The dimensions of the room and the huge volume occupied by low density material (the air) are
the most troublesome factors for the use of numerical simulations using Sn methods as the one
implemented in the DORT code. However, when more information about the spallation neutron
spectrum and spatial distribution is available, one can compute analytically the source
distribution near the shielding and then get rid of the nearly void space while reducing the size of
the problem. The use of electron-neutron Monte-Carlo transport codes (e.g. MCNP) can also be
considered to compute the source distribution close to the shielding followed by a DORT
calculation to get a full dose mapping inside the shielding.
 
 

5.3.  Calculation of activation in the concrete shielding: a first order approach to the “zonage”
concept

 
 ��������$LP�RI�WKH�H[HUFLVH
 
 In 1997 the French regulatory bodies introduced the concept of “zonage” (definition of different
zones in a nuclear installation considering the level of residual activity of the installation and
infrastructure) and the management of “TFA” (très faible radioactivité, very low level
radioactivity) waste.
 To make a comparison of costs with other decommissioning scenarios (Chapter 7) we will apply
the concept of zoning to the installations of the VUB cyclotron and the GELINA linac based on a
simple physical model with worst case assumptions. The aim is to derive an acceptable
modelling of the distribution of activated zones in the shielding of the 2 installations and to have
an estimation of the concrete volumes to be managed as radioactive waste in the “zonage
concept”
 
 5.3.1.1.��Definition of zoning concept
 
 Some definitions and general rules for zone definition taken from the Circulaire 5-A- Indice 2
from the CEA-DSNQ issued December 15th 1997 are:
 

 - 7)$� ZDVWH: radioactive waste with specific activity lower than 100 kBq/kg for
nuclides emitting high energy γ-rays.
 
 - =RQH� VDQV� DFWLYLWp� DMRXWpH: (]RQH�ZLWK� QR� DGGHG� UDGLRDFWLYLW\): a zone in which
never production, use, treatment, manipulation, storage or transport of radioactive
material took place (except closed sources that can not contaminate waste) or where
never any functional particle emitting apparatus that could induce activation was used.
 - =RQH�QRQ�FRQWDPLQDQWH (QRQ�FRQWDPLQDWLQJ�]RQH): a zone in which production, use,
treatment, manipulation, storage, transport of radioactive material took place but where
no remains of radioactive materials which could contaminate waste or any functional
particle emitting apparatus that could induce activation are present.
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 - =RQH�FRQWDPLQDQWH: a zone where contaminating radioactive material or an apparatus
emitting activating particles is present.
 
 - Waste of the zones of the first two types can be treated as conventional industrial
waste.
 
 - Waste of the contaminating zone has to be eliminated through the specific procedure
for TFA waste (procedure to be defined in a separate document).

 
 The reference zoning of the installation has to take into account all knowledge about the concept
and realisation of the installation:
 

• a complete history of the irradiations and beam losses (nature and energy of particles
accelerated, current on target, percentage of beam losses, neutron production rate per unit
charge),

• the composition of the possibly activated materials (number of target atoms),
• types of reactions and their cross sections,
• fluence of activating particles at the possibly activated site (distance and angular relation to

the source).

5.3.1.2.��Validation of operational zoning - limits for specific activation

Zoning is furthermore based on a two-tier validation:

- a priori calculation of the activity concentration expected, based on the parameters stated
above, makes the distinction between the 3 types of zones in the operational stage possible.

- verification of the radiological status by radiation dose cartography and measurements of
activation allows validation of the “QR�DGGHG�UDGLRDFWLYLW\“ or ³QRQ�FRQWDPLQDWLQJ´ status of
a zone.

Confirmation of the no added radioactivity (respectively non contaminating) status requires the
specific activity of nuclides present in the zone (respectively which may contaminate waste
arising from the zone) to be lower than 1/10 of the nuclide specific values published in table A of
Annex 1 of the European Directive 96/29 Euratom (13/5/96) [EC96]. For 3H this factor is 1/100.
For nearly all nuclides present in waste arising from accelerator decommissioning these limits
mean lower than 1 kBq/kg.�For 3H the limiting value is 100 kBq/kg.
If more than one nuclide is present in the waste a weighted sum of specific activity has to be
taken into account.
Only if it can be experimentally proved that the limiting activity concentrations are not exceeded,
it is allowed to clear waste from the (nuclear) TFA procedure and treat it as conventional
industrial waste.
If however the activity is only of the order of 1 kBq/kg (sum of natural background in earth crust
at Saclay), the procedure of TFA waste should be followed but the facilities for recycling,
elimination and storage can be the same as for industrial waste.

��������/LPLWLQJ�FRQGLWLRQV�IRU�98%�F\FORWURQ���GLVFXVVLRQ�RI�DSSUR[LPDWLRQV

5.3.2.1.��Scope of zoning.
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The scope of performing a zoning is to predict the extend of sections of concrete shielding
around the 5 rooms that can be considered as “non contaminating” so that waste can be treated as
industrial waste. A description of the VUB cyclotron is given in section 4.1.1.
To have workable reference conditions, the steering committee of this project decided to use the
1 kBq/kg limit for specific activity present as determining the “non contaminating” character of a
zone.
This yields an overestimation of the extent of this zone, as probably some parts should be
classified as “no added radioactivity”.
It was also decided that, as proposed in several French facilities, a single room or apparatus may
contain contiguous zones of different status.

5.3.2.2.  Knowledge about installation concept.

In medium energy accelerators no charged particles (max. proton energy at the VUB cyclotron is
40 MeV) can escape from the accelerator or beam transport lines. Activation of the shielding
(concrete walls) can only occur through neutron-mediated reactions.
The neutron fluxes essentially find their origin in interactions of the primary charged particle
beams (protons, deuterons, alpha particles) with structural materials of the accelerator (beam
losses) or targets (production targets or beam stops). Neutron production by (γ,n) reactions is
ignored. The location of these neutron sources is known.
The walls are made from ordinary concrete with density 2.35 g/cm3.

5.3.2.3.  Scientific knowledge and experimental findings.

- Only a limited number of γ-emitting reaction products with half lives greater than 30 days are
experimentally found in the concrete samples at times greater than 1 year after the last
irradiation (see sections 4.3.2, 4.3.3 and Annex 2). These nuclides are generated by (n,γ)
reactions on trace elements in the concrete with very high cross sections for near thermal
neutrons. For fast neutrons (En > 7 MeV) threshold reactions with not so high cross sections
occur on elements with high abundance in the concrete (see Table 4.5).

- The neutron production rate and neutron spectra depend on the accelerated particle type, energy
and target. At energies above 20 MeV, proton- and deuteron-induced reactions are as prolific
on all types of materials, α- reactions have low neutron emissions. The highest neutron
production rate is found on Be-targets. For structural materials Cu has the highest neutron
production rate [Ja70].

- The neutron emission rate is not isotropic (forward peaked and energy dependent). It is
recommended for fast neutrons to consider a ratio of 10 between 0° and 90° emission [Bu77].

- Fast neutrons are moderated by multiple back-scattering on the walls and by elastic and
inelastic collisions in the walls (essentially with lighter elements) (see section 5.2).

- Neutron multiplication can occur through (n,xn) reactions on heavier elements in the concrete
but only for these neutrons that have an initial energy above roughly 14 MeV (only a small
fraction of the total neutron flux).
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- Neutrons are eventually absorbed by (n,γ) reactions in the wall.

5.3.2.4.  Calculation of beam load limits and specific activation in the concrete
(for details see Annex 3)

Activation is calculated using the well-known general formula:

( ) ( )∑ σΦλ= ii0 EENA

with A   : activity of the nuclide with decay constant λ;
N0  : number of target atoms;

( )iEΦ : neutron flux in the energy bin centred on EI;

( )iEσ : cross section of the reaction in the energy bin centred on Ei.

Only the production of 2 radionuclides is considered: 152Eu and 60Co through the respective
reactions 151Eu(n,γ)152Eu and 59Co(n,γ)60Co

The presence of natEu in the concrete is estimated at 1 ppm while the number for 59Co was 3.5
ppm. All VUB beams are considered to be 30MeV proton impinging on thick Cu-targets and
hence generating 10-2 neutrons per proton [Bu77].

Since the cross sections for the 2 reactions are maximal at this energy (see Annex A3.9) it is
assumed that all neutrons are thermal, yielding specific activities of (Cu -targets):

152Eu 2.29 x 10-1 Bq/ kg of concrete, per mC at 1m in forward direction
60Co 3.9   x 10-2 Bq/ kg of concrete, per mC at 1m in forward direction

As the limiting specific activity levels are 1kBq/kg for both 152Eu and 60Co, the maximal
authorised beam load on a Cu target for concrete placed at 1m from the target in forward
direction is:

  4.5 C for   152Eu
25.6 C for     60Co

The limiting beam loads for a Be target are a factor 3 lower.

Based on the levels for each nuclide separately the real beam load reference is hence only
determined by the 152Eu activation with a small correction (20%) for the contribution of 60Co and
other possible activation products.
For points located further away than 1 m from the neutron target, a quadratic scaling by real
distance should be taken into account if the source of neutrons can be approximated by a point
source [Bu77].
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The total, reduced beam load BLr  (reduced means corrected for decay of the activated products
between 1985 and 1997) on the different source points (Faraday cages CFI in each irradiation
room and deflector entrance, see Annexe 5) are (in C):

   BLr      CF 1     CF 2    CF 3    CF 4 Deflector CFO

152Eu :     20.4     949.7    19.1     27.1   1199.5  241.4
60Co :       7.6     522.4      8.4     16.1     658.2  135.9

5.3.2.5.  Results

Figure 5.1 shows an example of a work sheet used to calculate the activation with the above
assumptions and data. The activity values are given at the surface of the concrete wall for a
selected number of points. For the complete calculations these locations include at least the most
activated points either at the closest distance to the target in forward direction or in the 90°
direction (typically the floor directly under the target). The calculation was performed for the 5
irradiation rooms taking into account the real beam load in each of the rooms.

The calculated and measured specific activities are compared in Figure 5.2 for a number of
representative measurement points in the 2 most activated rooms (accelerator vault and
irradiation room 2).
The depth profile can be estimated by the assumption that for mono-energetic neutrons, with an
energy lower than 10 MeV, the half value layer HVL is constant and approximately 10 cm in
concrete of normal water content (TVL = 85 g/cm2). For thermal neutrons the HVL goes down to
a couple of centimetres [Bu77]. Note that the HVL value mentioned is derived for dose
equivalent and is not necessarily valid for flux calculations.
It is assumed that the neutron fluence is perpendicular to the wall surface (no corrections for
angled beams and attenuation).

5.3.2.6.  Conclusions

- The calculated activity is always higher than the measured one (a factor 2 to 10), especially at
points in the forward direction and at points near the neutron sources.

- In irradiation rooms 1, 3 and 4 overestimation is partly due to the incorrect assumption on beam
and target type (in irradiation room 1 more than 80% of the beams were alpha particles
bombarding a H2O target).

- The largest source of error is due to the� RYHUVLPSOLILHG� DVVXPSWLRQV� RQ� QHXWURQ� IOX[�
Although the total production rate is correct, spectral and spatial distribution is oversimplified.
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Alveole 2 Cu targets
source location

x (cm) y (cm) z (cm)

125 155 125.0
beam load  (C)

for 
151

Eu
949

beam load  (C)

for 
60

Co
522

activation Eu
Bq/g C at 1m 0°

0.219
activation Co

Bq/g C at 1m 0°
0.039

x(cm) y(cm) z(cm) distance 1 angle factor Act Eu (Bq/g) Act Co (Bq/g)
125 155 0 125.0 0.1 13.3 1.3
0 155 125 125.0 0.1 13.3 1.3

125 0 125 155.0 0.1 8.7 0.8
125 280 125 125.0 0.1 13.3 1.3
125 155 300 175.0 0.1 6.8 0.7
300 280 125 215.1 0.1 4.5 0.4
450 0 0 381.1 1 14.3 1.4
450 280 300 389.7 1 13.7 1.3
450 280 0 370.0 1 15.2 1.5
450 0 300 400.3 1 13.0 1.3
450 250 0 360.9 1 16.0 1.6

165 280 130 131.3 0.1 12.0 1.2
305 280 130 219.2 0.1 4.3 0.4
420 280 45 330.2 1 19.1 1.9
450 240 270 365.9 1 15.5 1.5
450 265 120 343.1 1 17.7 1.7
0 55 120 160.2 0.1 8.1 0.8
0 175 120 126.7 0.1 12.9
0 245 120 154.1 0.1 8.8
35 280 120 154.1 0.1 8.8
200 280 120 145.9 0.1 9.8
420 280 120 320.4 1 20.2
365 150 300 297.1 0.1 2.4
145 185 0 130.1 0.1 12.3
145 10 0 192.5 0.1 5.6

)LJXUH ���� Example of worksheet to calculate specific activation

- Certainly not all neutrons are in the thermal region when hitting the walls. Hence a lower
average cross section has to be used.

- The exact angular (energy dependent) distribution is not known.
- Local shielding effects of the infrastructure are not taken into account.
- Precise information on the composition of the concrete (especially the minor ingredients) is

lacking, as is any estimation about the homogeneity of the composition.
- Beam losses at deflector and CF0 are estimations.
- Interactions occur with the various metals composing the targets, collimators, beam stops.
- The influence of oblique incidence of a charged particle beam is unknown.

Accelerator vault Irradiation room 2
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x (cm) y (cm) z (cm) a zonage
 (kBq/kg)

a measure
 (kBq/kg)

x
(cm)

y (cm) z (cm) a zonage
 (kBq/kg)

a measure
 (kBq/kg)

0 240 120 2.7 1.5 165 280 130 12.0 10.6
0 240 350 1.8 0.7 305 280 130 4.3 4.5
0 495 350 14.3 0.7 420 280 45 19.1 3
0 495 120 19.7 1 450 240 270 15.5 4.4
225 0 325 2.0 0.4 450 265 120 17.7 3.3
225 0 145 2.8 0.9 0 55 120 8.1 4.8
465 75 340 2.4 0.6 0 175 120 12.9 5.7
465 75 135 3.8 0.7 0 245 120 8.8 5.8
690 150 330 1.6 0.3 35 280 120 8.8 4.6
690 150 130 2.1 0.4 200 280 120 9.8 7.1
995 150 330 2.8 0.2 420 280 120 20.2 3.1
995 150 130 3.4 0.2 365 150 300 2.4 3.8
295 800 350 1.0 0.3 145 185 0 12.3 6.8
295 800 130 1.2 0.4 145 10 0 5.6 4.9
760 800 350 0.8 0.2
760 800 135 1.1 0.3
670 450 0 4.6 0.5
670 250 0 2.6 2.2
1105 365 130 3.5 0.2
1105 600 130 3.3 0.2

)LJXUH������Calculated and measured specific activity a (kBq/kg) for VUB cyclotron.

��������'HWHUPLQDWLRQ�RI�OLPLWLQJ�FRQGLWLRQV��IRU�*(/,1$����GLVFXVVLRQ�RI�DSSUR[LPDWLRQV�

5.3.3.1.  Scope of zoning.

Predicting the extend of sections of concrete shielding around the accelerator and target rooms
that can be considered as “non contaminating”.

5.3.3.2.  Knowledge about installation concept.

No charged particles (max. electron energy is 200 MeV) can escape from the accelerator or beam
transport lines. Activation of the shielding (concrete walls) can only occur through neutron
mediated reactions. The neutron fluxes find their origin in interactions of the charged particle
beams with structural materials of the accelerator (beam losses) or with the targets. The location
of the neutron sources is known.
Most of the beam load was obtained with 100 MeV electron beams.
The walls are made from ordinary concrete with density 2.35 g/cm3 except for 2 locations where
barite concrete (density 3.6 g/cm3) is used (see section 4.1.2).
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5.3.3.3.� Scientific knowledge

- Only a limited number of reaction products with half lives greater than 30 days are
experimentally found in the concrete samples at times after end of bombardment longer than 1
year. They correspond, as in the case of the VUB cyclotron, to nuclides generated by (n,γ)
reactions on trace elements in the concrete or through threshold reactions with fast neutrons on
elements with high abundance. For the small fraction of neutrons with energy above 60-
70 MeV spallation reactions can take place. No evidence was found of measurable activation
on the concrete through this reaction path.

- The neutrons are produced by (γ,n) reactions on the target or on structural elements of the
accelerator (collimators) after conversion of the high energy electrons to γ-photons by
bremsstrahlung. The production rate and spectrum in both conversions is dependent on the
energy and target material. At electron energies above the threshold but below 34 MeV the
neutron yield is due to the giant photo neutron resonance. The additional total neutron yield for
higher electron energies for thick targets is low and is only about 20% of the giant resonance
yield [Sw79]. The highest production rate for neutrons is on heavy targets (especially U-
targets). For structural materials, Cu has the highest production rate which is a factor 3.5 lower
[Sw79].

- The neutron emission rate is not isotropic and is preferentially at 90° to the beam direction
except for the neutrons at the highest energy [Sw79]. For total neutron yield it is recommended
to consider a ratio of 2 between 90° and 0° emission.

- Fast neutrons are moderated by back-scattering on the walls and by elastic and inelastic
scattering in the concrete. Neutron multiplication can occur through (n,xn) reactions on heavier
elements in the concrete but only for these neutrons with an initial energy above 14 MeV
(representing only a small fraction of total neutron flux).

- Neutrons are absorbed by (n,γ) reactions in the wall.

5.3.3.4.  Calculation of beam load limits and specific activation in the concrete
(for details see Annex 3)

The outline and formulae used are the same as in 5.3.2.4.
Only the production of 152Eu, 60Co and 133Ba through the respective reactions 151Eu(n,γ)152Eu,
59Co(n,γ)60Co and 132Ba(n,γ)133Ba (T1/2 = 10.5 years) are considered.
In addition to natEu and 59Co Ba is locally present (30% natBa in heavy concrete, see Table 4.3).

All IRMM beams are considered to be 100 MeV electron beams impinging on a thick U-target
and hence generating 5.5x10-2 neutrons per electron in the target room [Sw79].
Assuming again that DOO� QHXWURQV� DUH� WKHUPDO� QHXWURQV the following specific activities are
calculated (U- targets):

152Eu    1.2      Bq/kg of concrete, per mC at 1 m in forward direction
 60Co    0.2      Bq/kg�of concrete, per mC�at 1 m in forward direction
133Ba  70         Bq/kg of concrete, per mC�at 1 m in forward direction
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The specific activity levels are 1kBq/kg for 152Eu, 60Co and 133Ba and hence the maximal
authorised beam loads on a U target for concrete at 1m in forward direction are respectively:

830   mC  for  152Eu
4600 mC for   60Co
14     mC for  133Ba

The limiting beam loads for Cu targets are a factor 3.15 higher.

As added Ba is present at only 2 locations, it is not relevant for overall discussion. The
calculation was done to show possible problems with very high 133Ba specific activity in barite
concrete.

The 152Eu activation, with a small correction (20%) for the contribution of 60Co and other
possible activation products, hence determines the real beam load limit at IRMM.

For points further away than 1 m from the target a quadratic scaling on real distance should be
taken into account (point source approximation) [Sw79].

The total reduced beam load BLr (corrected for decay of the activated products between 1965
and 1997) on the different source points are:

for 152Eu :  7088C
for  60Co :  3461C

5.3.3.5.� Results

The same type of worksheets as mentioned in 5.3.2.5 was used to calculate the specific activity
in the points of interest. In Figure 5.3 the calculated and measured specific activity, taking into
account the real beam load in the 2 rooms, is compared in a number of representative
measurement points.
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Accelerator room Target room

x (cm) y (cm) z (cm) a zonage
 (kBq/kg)

a measure
 (kBq/kg)

x (cm) y (cm) z (cm) a zonage
 (kBq/kg)

a measure
 (kBq/kg)

1250 150 0 0.4 0.06 1200 400 0 3324 90
1450 150 0 0.8 0.11 1200 500 0 1533 72
2050 150 0 3.3 0.55 1200 600 20 845.2 80
2450 150 0 53.3 2 1500 300 120 474.1 34
1250 0 150 0.4 0.1 720 600 120 150.4 27
1450 0 150 0.7 0.31 115 50 0 35.4 5.3
2050 0 150 3.1 1.22 0 150 120 30.4 11
2450 0 150 29.3 5.5
1250 250 150 0.4 0.6
1450 250 150 0.8 1.9
2050 250 150 3.6 7.3
2450 250 150 121 33

)LJXUH����� Comparison of calculated and measured specific activity a (kBq/kg) at IRMM.

The depth profile can be estimated by the assumption that for mono-energetic neutrons with
energy lower than 10 MeV the half value layer is constant and is approximately 10 cm [Bu77].
Remark: this is a value derived for dose equivalent and does not necessarily hold for decrease of
thermal neutron flux.

5.3.3.6.  Conclusions

- The same conclusions and remarks on neutrons hitting the shielding as for the VUB case
(section 5.3.2.6) can be made. An overestimation with a factor up to 20 exists in this simple
model.
- No reliable information on beam loss exists.

������� � (VWLPDWLRQ� RI� ³FRQWDPLQDWLQJ� ]RQHV´� DQG� YROXPHV� WR� EH� FRQVLGHUHG� IRU� FRVW
HVWLPDWLRQ

Based on the model calculations performed and on the concept of zoning (non contaminating if
specific activity is lower than 1 kBq/kg) nearly the same global conclusions for possible
“clearance” of shielding volumes is derived as from the measurements (based on a much lower
clearance level of 0.1 kBq/kg).
Although it seems possible to consider adjacent non contaminating and contaminating zones in a
same room (more specific a given wall can be partly in both zones) as stated earlier, the French
approach does not allow to take a decrease of specific activity in depth into account. The status
of shielding sections is hence totally determined by the surface (or maximal) specific activity.
5.3.4.1.  Results for the VUB cyclotron
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- Irradiation rooms 1, 3 and 4: Non contaminating.

- Irradiation room 2: The specific activity level is exceeded at all surface points.
Taking into account a HVL of 10 cm , the specific
activity drops below the level at depths of 40 cm
(Maximal surface value 20 kBq/kg).

- Accelerator vault: Especially the back wall and the rear part of the floor (both near
the main neutron source) are activated up to depths of 40 cm.
All other walls and most of the floor are lightly contaminating
up to 20 cm depth.
The surface specific activity of the ceiling is lower than
1 kBq/kg in all points.

Conclusion: all walls and the floors of irradiation room 2 and accelerator vault and the ceiling of
irradiation room 2 are considered as contaminating zone (with a thickness of about 2 meters)�

5.3.4.2. Results for the GELINA linac

- Accelerator room: the left wall, floor and ceiling are non contaminating up to 18 m
starting from the electron source,
the right wall is non-contaminating up to 15 m
the rest is contaminating, locally up to 70 cm deep.

- Target room: All walls are heavily activated
Limits in depth varying from 50 to 130 cm.

&RQFOXVLRQ�� DOO�ZDOOV� IORRUV� DQG� FHLOLQJV� IURP� WKH� WDUJHW� URRP� DQG� WKH� DFFHOHUDWRU� URRP
�H[FHSW�WKH�WRWDOLW\�RI�WKH�ILUVW����P�VWDUWLQJ�IURP�WKH�HOHFWURQ�JXQ�DQG�PRVW�RI�WKH�VHFWLRQ
EHWZHHQ����DQG����P��ZLWK�D�WKLFNQHVV�RI��� WR���PHWHUV��DUH�FRQVLGHUHG�DV�FRQWDPLQDWLQJ
]RQH�
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��������*HQHUDO�FRQFOXVLRQ

Calculations for zoning have to be done point-wise by a full scale neutron transport with detailed
information on irradiation history (< 10% error on beam loads an losses), type of targets and
reactions. Detailed spectral and angular characteristics of the neutrons penetrating the wall
should be calculated and energy dependent cross sections should be used for activation
determination. A precise composition of the concrete or other shielding material is needed.

If decrease of activation in depth, allowing a possible segmentation of a wall in depth, is not
taken into account huge additional volumes of waste are created (possibly to be disposed off at
lower cost) that can be cleared in other scenarios with tighter initial conditions.

$� FRKHUHQW� LPSOHPHQWDWLRQ� RI� WKH� ]RQLQJ� FRQFHSW� UHSODFHV� FRVWO\� DQG� WLPH�FRQVXPLQJ
H[SHULPHQWV�E\�FRVWO\�DQG�WLPH�FRQVXPLQJ�FDOFXODWLRQV�EDVHG�RQ�QRW�DOZD\V�FOHDU�SK\VLFV�
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&KDSWHU���-�92/80(�5('8&7,21�7(&+1,48(6

������,QWURGXFWLRQ

The aim of this part of the study is to propose techniques to dismantle particle accelerators in
such a way that the volume of nuclear waste is kept to a minimum. Dismantling techniques
should be selected and used such that activated plant and equipment components are removed in
a controlled way, avoiding any mixing with non-activated wastes where possible. The proposed
optimisation of dismantling techniques will be done in the specific case of the VUB cyclotron.
Overriding objectives during dismantling include minimum exposure of the personnel to
radiation and minimisation of the generated amounts of waste by using suitable cutting and
decontamination techniques. If possible, unconditioned and conditioned recycling are to be
preferred to the apparently more simple method of disposal as radioactive waste, not least of all
due to economic considerations.
For dismantling purposes the following components and equipment are radioactively activated
and/or contaminated to varying degrees:

- cyclotron including magnet yoke, vacuum equipment, beam
transport lines, cooling system, control lines, and similar,

- test apparatus in the target vaults, in which respect activated and/or contaminated plant and
equipment components made of different materials must be dismantled or cut up,

- dismantling of activated / contaminated structure elements, in which respect the thick concrete
walls of the shielding vault represent the greatest volume requiring disposal.

The sequence of the dismantling activities and use of dismantling techniques are to be selected
giving due consideration to the clearance level of the waste materials. The radioactivity of the
individual equipment and structure components is therefore determined beforehand.
The requirement to minimise the radiation exposure of the dismantling workers is to be met
through short preparation times for the setting-up of the dismantling sites, through remote
control of the equipment and, if possible, through performance of the work from locations
outside the vaults.

������&RPSRQHQWV�DQG�VWUXFWXUHV�WR�EH�GLVPDQWOHG

��������&\FORWURQ

The largest component to be dismantled is the magnet yoke of the accelerator. The ancillary
equipment such as vacuum pumps, beam transport, rails, cooling and ventilation pipes, control
lines, … do not entail any major requirements in terms of dismantling work (Figures 6.1 to 6.3).
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�������(TXLSPHQW�LQ�WKH�WDUJHW�YDXOWV

The equipment in the target vaults of the VUB cyclotron, is of similar but smaller scale design as
the equipment in the accelerator room (see Figure 6.3).

�������5DGLDWLRQ�VKLHOGLQJ�YDXOWV

The radiation shielding around the accelerator and around the target vaults (see Figures 6.1, 6.3
and 6.4) consists of 2 to 4 m thick concrete walls containing light reinforcement. The inner
components of the roofs, walls and floors are supposed to be activated to a depth of
approximately 50 cm in this chapter, and these components must consequently be treated as
nuclear waste.

������'LVPDQWOLQJ�WHFKQLTXHV

The selection of cutting techniques used for dismantling is optimised from the point of view of
radiation protection, secondary waste generation and cost-efficiency. The radiological protection
requirements to avoid any unnecessary radiation exposure necessitate cutting techniques that
allow high cutting speeds, automatic operation or remote control. Simple, proven techniques can
also meet these requirements. Therefore, during decommissioning, conventional cutting
techniques will be mainly used. These have to be adapted however to the special conditions, such
as the confined space and possibilities of transporting the cut-away components.
Moreover, the cutting techniques have to be adapted for the activity levels and materials of the
components that are to be cut up. Special attention must be paid in this respect to the avoidance
of dust (aerosols) and to their safe containment in cases where they are unavoidable.

��������'LVPDQWOLQJ�RI�OLJKWZHLJKW�PHWDO�SODQW�DQG�HTXLSPHQW�FRPSRQHQWV

The supporting plant and equipment components such as vacuum pumps, beam transport, rails,
cooling and ventilation pipes, control lines, … are lightweight construction. After measurement
of the activation/contamination level, they can be cut using mobile hydraulic shears. Structures
containing voids and in general the volume of piping can be reduced with mobile hydraulic
compactors.
When the shapes of the parts to be cut, do not permit the use of shears, it is possible to use hand-
operated bandsaws or abrasive cutting machines. Abrasive cutting requires precautions to be
taken to contain any flying sparks and dust.
Activated steel structures, built of sectional steel, will be cut up using transportable saws (power
saws, circular saws); non-activated steel structures can be cut up thermally.
All equipment will be cut up and compacted on site. Parts that cannot be cleared after
measurement will be packed in containers for disposal as radioactive waste.
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��������&XWWLQJ�XS�RI�ODUJH�DSSDUDWXV

The only large pieces of apparatus in a particle accelerator (cyclotron) facility are the magnet
yokes made of ferrous material, which is not heavily radioactive (low Co content).
In the VUB cyclotron the main yoke has a weight of 70 tonnes, while the yokes of the switching
magnets weigh approximately 1 tonne each.
Once all the supporting equipment has been removed, the accelerator room will be available for
the cutting-up of the magnet yoke. A tool that has proven successful for the cutting-up of large
apparatus is a bandsaw with swivel arm ([St95], [DET]). The saw and saw bench are shown in
Figure 6.5, where the swivel arm is bolted to the bench. The swivel arm with its swivel joint and
the saw drive unit can be detached from the clamping table and fastened for the cutting work
near or on the part to be cut. For this purpose suitable fixtures have to be attached as shown in
references [St95] and [DET].
The saw arm, including swivel joint and the saw and swivel drive unit, weighs 7 tonnes. Its
handling requires the attachment of lifting lugs to the ceiling of the accelerator room. They are
easy to install by drilling holes in the concrete ceiling.
The advantages of a bandsaw are:

- Availability on site
- Remote-controlled sawing operation
- No dust formation
- Closed circuit cooling of the saw band, with low coolant consumption
- Vertical and horizontal cuts possible.

Some highly activated internal parts of the accelerator and beam transport lines will have to be
removed before the yoke is cut up, considering the levels of exposure they represent for the
operating personnel. Radiation dose from the walls and ceiling, although activated up to 50 cm
deep, will be marginal during the sawing work (see section 4.8).

������'LVPDQWOLQJ�WHFKQLTXHV�IRU�VKLHOGLQJ�YDXOWV

A very wide range of techniques is available to allow a clean dismantling of concrete structures,
i.e. with the least possible generation of dust:

- Sawing, wire-cutting, circular sawing, chain sawing
- Drilling, core drilling
- Cutting with special hydraulic pincers, operated manually on gripper arms
- Thermal exposure of reinforcing steels by means of electric resistance heating [Th89].

Where dust and gas formation can be well contained it may be advantageous to use controlled,
gentle detonation techniques. This is the case in the vaults of particle accelerators.
In the following paragraphs, comparisons will be made between the sawing of concrete and the
controlled, gentle technique of detonating the activated layers from walls, ceilings and floors.
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��������&RQFUHWH�VDZLQJ

7ZR�SURYHQ�WHFKQLTXHV�ZLOO�EH�GHDOW�ZLWK��ZDOO�PRXQWHG�FLUFXODU�VDZV�
IHDWXULQJ�FRUH�GULOOLQJ�DQG�H[SDQVLRQ�RI�WKH�KROHV�LQ�WKH�FRQFUHWH��DQG�ZLUH

FXWWLQJ�
:DOO�PRXQWHG�FLUFXODU�VDZLQJ�FRPELQHG�ZLWK�KROH�H[SDQVLRQ�PDNHV�LW

SRVVLEOH�WR�UHPRYH��XQGHU�FRQWUROOHG�FRQGLWLRQV��WKH����FP�WKLFN�DFWLYDWHG
OD\HUV�IURP�ZDOOV��FHLOLQJV�DQG�IORRUV�

Wire cutting entails the cutting of the concrete structures through their entire thickness.

6.4.1.1.  Circular-sawing and hole expansion

Circular saws equipped with hydraulic drive units (see Figure 6.6) are fixed on rails that are
attached by expander bolts to ceilings, walls and floors. A grid of deep cuts equal in depth to the
activated layers is created in the concrete, as shown in Figure 6.7, the edge lengths of which are
optimised in pre-trials. Core drilling is performed midway along the cuts, and concrete expanders
(see Figure 6.8) with pressing forces as great as 300 MPa are inserted into the holes to break off
the blocks of concrete. Any reinforcing steel rods contained are being torn out if possible.
The broken-off blocks of concrete have a thickness corresponding to that of the activated layer,
and can subsequently be cut up by means of pincers to expose the reinforcing steels. The size of
the blocks will be adapted, if possible to fit into a transport container.
5HLQIRUFLQJ�VWHHO�SURMHFWLQJ�IURP�WKH�IUDFWXUH�VXUIDFHV�LV�QLSSHG�RII�XVLQJ�EROW

FXWWHUV�
To pull out the first concrete blocks, it is necessary to create an initial gap roughly 20 cm wide
with a special drilling and expanding procedure.
Using the above method the activated, roughly 50 cm-thick, layers are removed from the
ceilings, walls and floors. After measurement for free release and possible re-work at hot spots
detected during the free-release measurements, the predominant part of the shielding concrete
can be cleared for conventional demolition.

Advantages of circular-sawing:
- Precision cutting
- Short set-up times
- Wet- and dry-cutting
- No or minimal aerosols
- Largely automatic, remote-controllable
- Shock- and vibration free
- Sawing of reinforced concrete possible

Disadvantages of circular-sawing:
- Limited cutting depth (max. 1 m sufficient for most cases of accelerator dismantling)
- Cooling water and resulting sawing sludge (settling of activated mud and separation is

possible).
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6.4.1.2.  Wire-cutting

With the wire-cutting method (see Figure 6.9 for the operating principle), a steel wire rope, onto
which cutting rings are pressed at regular intervals, is drawn as a continuous rope through the
concrete at high speed. The rings have a sintered coating consisting of a layer studded with
metal-bonded synthetic diamonds.
This diamond-studded rope produces clean cuts and has a very high cutting rate. Theoretically
there is no limitation to the cutting depth. To perform the cutting, the diamond-studded rope is
either laid around the structure concerned or guided through holes drilled in the structure. Pulleys
guide the diamond-studded rope itself through very confined spaces and angled structures to the
cutting location.
Diamond-studded wire rope saws are used particularly in those applications for which other
cutting devices or technologies are completely unsuited or very uneconomic to use.
The drive unit can be connected to a wall-mounted saw, with the result that two techniques can
be used with one drive.

Advantages of wire cutting:
- Sawing of unlimited large blocks
- Remote-controlled operation
- Uncomplicated, rapid set-up
- No limitation of the cutting depths
- Cutting of reinforced and non-reinforced concrete
- No aerosols
- Shock- and vibration-free.

Disadvantages:
- Cooling water consumption of 10-12 litres per minute
- Expensive ropes (~ �����P���FRQVXPSWLRQ�RI�QHDUO\���P�P² cutting surface)
- Drill holes required for inserting the cutting ropes
- Disposal of the muddy water from the cooling system.

��������'HWRQDWLRQ�WHFKQLTXHV

6.4.2.1.  Procedure

Controlled, gentle detonation has been used successfully in the past to dismantle nuclear
facilities [Oe80], [Fr95], [St92]. It lends itself to the dismantling of solid, steel-reinforced
concrete structures. The familiar method of drilling holes in the concrete, filling them with
explosives followed by ignition is used here to blast off the roughly 50 cm-thick activated inner
surface from ceilings, walls and floors. Delayed ignition of the individual explosive charges
intensifies the shattering effect; each drilled hole, when detonated, bursts open radially. The
radial cracks in the adjacent drilled holes form a fracture plane. The detonation wave detaches
the shattered surfaces and pushes the rubble towards the free space of the structure. In case of the
accelerator vault, this is in the direction of the inner chamber).

+LJK�GULOOLQJ�FDSDFLWLHV�DUH�DFKLHYHG�WKURXJK�WKH�XVH�RI�GULOO�FDUULDJHV�
'ULOOLQJ�E\�PHDQV�RI�GULOO�FDUULDJHV�UHTXLUHV�WKDW�QR�UHLQIRUFLQJ�VWHHO�LV

SUHVHQW�LQ�WKH�FRQFUHWH��RU�WKDW�QR�UHLQIRUFLQJ�VWHHO�LV�KLW�GXULQJ�WKH�GULOOLQJ��,I
WKHUH�LV�QR�ZD\�WR�DYRLG�FXWWLQJ�WKURXJK�UHLQIRUFLQJ�VWHHO��FRUH�GULOOV�PXVW�EH
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XVHG�IRU�ZKLFK�VXFK�FXWWLQJ�LV�QR�REVWDFOH��7KHVH�KDYH�D�ORZHU�GULOOLQJ�UDWH�
7KH�GHWRQDWLRQ�LWVHOI�LV�QRW�QHJDWLYHO\�DIIHFWHG�E\�UHLQIRUFLQJ�VWHHO��7KH

VWUHQJWK�RI�WKH�FKDUJH�PXVW�EH�VXLWDEO\�DGDSWHG�
It cannot be ruled out that the size of resulting rubble is too large to fit into a storage container.
These parts must be subsequently cut up e.g. using pincers or nippers, see Figure 6.11. Steel
reinforcing rods are separated from the concrete by the detonation; they project partly from the
remaining concrete and are cut off by means of shears.
Dust formed as a result of the explosions is safely contained by means of yielding, leak-proof
elastic plastic sheets that are firmly fastened in place at the vault entrances or near the wall
elements being dismantled.
Dust formed during the drilling work is extracted by way of a hood at the drill hole mouth. A
filter system must be provided to ventilate the rooms containing rubble from the detonations.
In most cases the ventilation system used in the exploitation phase of the installation will still be
operational and is well adapted for the purpose.

6.4.2.2.  Removal of activated roof, wall and floor layers by detonation with long holes

7R�UHPRYH�WKH�������FP�WKLFN�OD\HUV�E\�GHWRQDWLRQ��ORQJ�EODVW�KROHV�H[WHQGLQJ
WR�VRPH����FP�IURP�WKH�LQQHU�VXUIDFH�RI�WKH�YDXOWV�DUH�GULOOHG�IURP�WKH�RXWVLGH

E\�PHDQV�RI�FDUULDJH�PRXQWHG�GULOOV��VHH�)LJXUH�����D�IRU�SRVVLEOH
DUUDQJHPHQW�RI�WKH�KROHV���7KH�KROHV�KDYH�D�GLDPHWHU�RI�������PP��7KH\�DUH
GULOOHG�SDUDOOHO�WR�WKH�LQWHULRU�VXUIDFH�RI�WKH�FHLOLQJV��ZDOOV�DQG�IORRUV��7R�EH
DEOH�WR�GULOO�LQWR�WKH�IORRU��LW�LV�QHFHVVDU\�WR�OD\�EDUH�WKH�IRXQGDWLRQV��7KH�GULOO

FDUULDJHV�DUH�VRPH���P�ORQJ��PHDQLQJ�WKDW�WKH�UHTXHVWHG�VSDFH�PXVW�EH
DYDLODEOH�

6.4.2.3.  Removal of activated layers by detonation with short holes

If drilling from the exterior is not possible, the layers can also be blast off from the vault inside.
To do this, short holes are drilled perpendicular relative to the inner surfaces with a depth of
some 10cm greater than the activated layer thickness. A possible grid pattern (see Figure 6.10b)
arrangement has to be decided upon as a function of the layer thickness to be blasted off. In the
holes, delayed-ignition explosive charges are detonated.

6.4.2.4.  Advantages of removing contaminated layers by means of detonation:

- When long, parallel blast-holes are used, the work is performed from radiation-free workplaces
until the layers become detached: no radiation exposure.

- When long holes are drilled: no contamination of the equipment
- Reinforcing steels are separated from the concrete.
- Rational method
- With short holes: few disruptions caused by the surroundings for dismantling activities.

6.4.2.5.  Disadvantages:

- Dust nuisance when the rubble is cleared.
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- Rubble caused by detonation possibly entails greater packaging volumes than solid concrete
waste.
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��������&XWWLQJ�XS�RI�QRQ�DFWLYDWHG���QRQ�FRQWDPLQDWHG�UHVLGXDO�FRQFUHWH

7KH�UHVLGXDO�QRQ�DFWLYDWHG�FRQFUHWH�DFFRXQWV�IRU�����������RI�WKH�WRWDO�PDVV�
$IWHU�EHLQJ�PHDVXUHG�IRU�FOHDUDQFH��LW�FDQ�EH�FXW�XS�E\�FRQYHQWLRQDO�PHWKRGV
ZLWKRXW�FRQVLGHUDWLRQ�EHLQJ�JLYHQ�WR�QXFOHDU�UHTXLUHPHQWV��/LPLWDWLRQV�H[LVW
GXH�WR�WKH�VXUURXQGLQJ�VSDFH�FRQGLWLRQV��VLQFH�SDUWLFOH�DFFHOHUDWRUV�DUH�PRVWO\

LQWHJUDWHG�LQWR�DQ�RYHUDOO�EXLOGLQJ�FRPSOH[�

6.4.3.1. Careful disassembly using lightweight mechanical means

Dismantling by means of lightweight equipment generates least pollution in the environment, but
with this low extent of pollution the duration is considerably longer than by using large
equipment. The following would be applied:

- Pneumatic hammers, bolt cutters
- Drills and hydraulic jacks
- Cutter nippers, bolt cutters
- Wire cutting saws / circular saws

6.4.3.2. Cutting-up by conventional processes using large equipment

When using large equipment, the following would be applied:
- Chiselling excavators
- Concrete pincers
- Bolt cutters, flame cutters.

Large concrete lumps can be disintegrated by portable crushers allowing further use.

6.4.3.3. Dismantling of free residual concrete by detonation

For dismantling the concrete remnants by detonation, the so-called "loosening" detonation
process is applied where by the concrete structures are crushed. The concrete is subsequently
disintegrated by demolition devices (excavators) and loaded as required. For protection against
any concrete lumps flung about during the detonation process, building structures in the
environment (doors, windows) are clad by scaffolding timber. Dust is retained by plastic
sheeting. Consisting of lumps of various sizes, the concrete debris can be disintegrated to the
required size by mobile crushers for further use.
Reinforcing steel rods are reduced in lenght by bolt cutters and /or thermal cutting equipment.
The lower level of noise emission to the environment is an advantage of this approach. The
detonation process itself is performed in periods where no manpower resides in any
neighbouring buildings.
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������&XWWLQJ�XS�ZRUN�	�FXWWLQJ�XS�WLPH�UHTXLUHPHQWV

��������'LVPDQWOLQJ�ZRUN�UHTXLUHG�IRU�SODQW�DQG�HTXLSPHQW�FRPSRQHQWV

The time required to cut up and dismantle the supporting equipment is mainly used for the
preparation and disposal/measurement for clearance of the cut-up components. The time required
cutting up the plant and equipment with shears and/or grinders is short in relation to the total
time requirement.
An advance speed of 5 - 10 mm/min is realistic where the sawing-up of the magnet yoke with the
bandsaw is concerned. Cutting times are determined by plans to be issued case by case on a
plant-specific basis.

��������'LVPDQWOLQJ�ZRUN�UHTXLUHG�IRU�VKLHOGLQJ�YDXOWV

The following rates can be expected for the techniques described in section 6.4:

- wire-cutting: 1 to 2 m² cutting surface per hour
- circular sawing: 1 to 2 m² cutting surface per hour
- drilling of blast-holes: 20 to 25 cm/min advance speed
- core drilling: ∼ 2 cm/min advance speed
- pincer-cutting of concrete: 5 m³/shift (8 h)

The total requirement for the dismantling of the activated concrete will be calculated on the basis
of cutting/detonation plans that have to be prepared as a function of the plant and equipment
components.
The non-activated part of the shielding vaults, measured for clearance after the removal of the
activated layers can be cut up by means of known, conventional methods.

������&RVW�HVWLPDWHV

��������3HULSKHUDO�FRQGLWLRQV

For estimating the incurred dismantling costs, the following aspects are being taken into account:
- Reference plant with characteristics of the type VUB cyclotron, to be dismantled in Germany
- Project running time and related costs, such as for project management, administration, etc.
- Dismantling costs properly speaking: manpower costs for dismantling, auxiliary equipment

and tools
- Simple conditions relating to control, similar to those presently used in plant operation;

existing equipment still in operation and/or provided by the customer
- Packaging: activated remnant materials are packed in 200 litre drums
- Disposal of non-activated remnants / remnants measured for clearance.
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Aspects not included in the cost estimates are:
- Measurement/registration of distributed radioactivity/contamination on existing facilities and

buildings. This is important from the point of view of "minimisation of nuclear waste, volume
reduction techniques"

- Any decontamination requirement of plant components
- Radioactive protection equipment and plant safeguarding
- Disposal of primary and secondary waste as radioactive waste

��������&RVWV�IRU�SODQQLQJ�WKH�GLVPDQWOLQJ�MRE�DQG�IRU�GRFXPHQW�DSSURYDO

Prior to the start of dismantling, operation sequence plans and test plans are to be generated.
They contain the appertaining design and production of documents and are the basis for approval
to be certified by the authorities.
Work requirement approximatively 6 man-months (mm)
Costs per mm approximatively 15000 �PP

Planning costs 90000 �H[FOXGLQJ�IHHV�IRU�DSSURYDO�E\�DXWKRULWLHV

��������&RVWV�IRU�GLVPDQWOLQJ�ZRUN

For these estimates, the radiological starting conditions and the local conditions are of decisive
importance. The dismantling of a VUB type particle accelerator (class 2) can be carried out with
a small team as described below, depending on the time schedule. It is assumed that the radiation
protection expert is occupied half time by the accelerator dismantling job. The managing
engineer/supervisor is supposed to take care of documentation functions.

½ project manager: 90 �KRXU
1 managing engineer/supervisor: 90 �KRXU
1 skilled labour 65 �KRXU
1 helper 45 �KRXU
½ radiation protection expert 90 �KRXU

The workers can possibly operate two equipment items at the same time (drilling/sawing), since
most of the units are semi-automated.
The costs of the above team (1998 basis) will be approximately 290 �KRXU� RU� ����� � IRU� DQ
8 hour working day (md).

��������&RVWV�IRU�GLVPDQWOLQJ�RI�WKH�DFFHOHUDWRU

6.6.4.1. Estimated costs for dismantling work

When dismantling the plant components (for techniques see sections 6.4.1 and 6.4.2),
disintegration of the magnet yoke will take the most time and equipment requirement. It is
recommended to disintegrate it by bandsaw into unit sizes of max. 45 x 45 x 80 cm³ to fit in 200
l drums.
Estimated time requirement for clearing an accelerator vault of VUB type: 60 md
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Equipment rental fee is approximately 1000 �SHU�GD\��Any parts that cannot be decontaminated
at the end of the work shall be disposed off as nuclear waste. Customer will accept any
equipment that cannot be decontaminated at the residual book value added with administration
overheads.

Estimated costs:
Manpower: approximatively 145000 
Equipment rental costs: approximatively   60000 

Based on a weight of the accelerator plant components of approximatively 90t (70t magnet yoke;
approximately 20t for other plant components), this provides specific costs excluding packaging
of Csp approximately 2300 �W
When expressed in working time with the team described in 6.6.3.

Tsp is approximately 8 hours/t

6.6.4.2. Costs for packaging

The price of the packaging drums amounts to approximately 250 �SHU�����OLWUH�GUXP�
Assuming that each drum can be packed containing:

- approximately 1 t magnet yoke components
- approximately 0.2 t other components

$SSUR[LPDWHO\�����GUXPV�DUH�QHHGHG�DW�D�FRVW�RI������� �IRU�SDFNDJLQJ�WKH
FRPSRQHQWV�RI�RQH�98%�W\SH�DFFHOHUDWRU�

These costs can possibly be reduced through decontamination and measurement for clearance
resulting in a number of plant components that need not be packed.

��������&RVWV�IRU�GLVPDQWOLQJ�RI�DFWLYDWHG�FRQFUHWH�IURP�VKLHOGLQJ�YDXOW

6.6.5.1. Mechanical dismantling

The time requirements for removing the activated layers by sawing, core-drilling and pressing-
out as described in section 6.5.1 when working with one unit will be approximatively 5 hours per
m² surface area.
Costs:

Dismantling costs: approximativel
y

2000 �P² (lump sum incl. equipment)

Packaging: 750 �P² (3-4 drums for approximatively
0.5 m³ concrete remnant)

Contingencies: 750 �P²

7RWDO� ����� �Pð
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The dismantling costs are broken down as follows:
Manpower 57 %
Material 41 %
Equipment   2 %
A lump sum for treatment of cooling water is taken into account for 16500 �

6.6.5.2.  Detonation of activated layers

- Detonation and debris removal

The differences in the dismantling costs for the approaches described in sections 6.5.2.2 and
6.5.2.3, by means of detonation with long and short holes, will not be considered in greater detail
here. The detonation with long holes can be expected to yield a cost advantage of
approximatively 20% for the detonation work. Allowance has been made below.

Cost estimates:
Set-up and preparation of site lump sum       7500 

Detonation work on individual
surface areas with long holes,
incl. debris removal lump sum approx. 500 �P²
Contingencies (30%) 150 �P²

7RWDO�RI�GHWRQDWLRQ�ZRUN ���� �Pð

Broken down: Manpower 45%
Material 30%
Equipment 25%

- Packaging of detonation debris

The reference values for the volume of waste material produced shall be based on the filling
weight of the waste packages [Fr96]:

Standard concrete (B 45)
γ = 2.5 g/cm³

F200 approximatively 250 kg per 200 litre drum

Barite concrete (B 45)
γ = 3.8 g/cm³

F400 approximatively 735 kg per 400 litre drum

Reinforcing steel F200 approximatively 250 kg per 200 litre drum

This provides the following costs for the packaging of debris from disintegration by detonation:

Packaging (4-5 drums per m²) 2000 �P²
Contingencies (approximately 25%) 500 �P²

7RWDO�IRU�SDFNDJLQJ ����� �Pð
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��������&RVWV�IRU�GLVDVVHPEO\�RI�QRQ�DFWLYDWHG�QRQ�FRQWDPLQDWHG�FRQFUHWH

6.6.6.1.  Disassembly by lightweight mechanical means

Non-activated/non-contaminated concrete can be dismantled by conventional means. The bulk
material/debris obtained is carried away by truck (Techniques see section 6.4.3.1).
Estimated costs for disassembling using lightweight mechanical means, including transport of
debris from the building, secondary disintegration and use:

lump sum ����� �Pñ

Broken down: Manpower 51 %
Material 44 %
Equipment   5 %

6.6.6.2.  Dismantling by conventional processes using large-size equipment

Concerning the dismantling technique using large-size equipment, reference is made to section
6.4.3.2.
Estimated price, including transport of free debris from the building and use/disposal:

lump sum approximatively ���� �Pñ

Broken down: Manpower 23%
Material 30%
Equipment 47%

6.6.6.3. Dismantling of free residual concrete by detonation

Concerning this technique, reference is made to section 6.5.3.3. The dismantling capacities and
costs for cutting-up by detonation as described in section 6.5.3.3 depend on the overall situation
(i.e. location, accessibility of cut-up components, structure and reinforcement of concrete).
Detonation capacities per day can be up to 80 m³/d.
Estimated costs for dismantling concrete shielding with little reinforcement on accelerators
inside buildings by means of "loosening detonation" including clearing and secondary crushing
of debris:

lump sum ���� �Pñ

Broken down: Manpower 35 %
Material 25 %
Equipment 40 %

This means that there is no cost advantage as against the dismantling by large equipment without
detonation.
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��������7UDQVSRVLWLRQ�RI�FRVW�HVWLPDWHV�WR�RWKHU�FRXQWULHV

The cost estimates above refer to the dismantling of particle accelerators in Germany, based on a
facility of the VUB type cyclotron. Costs for the dismantling of concrete are based on offers
received from specialised contractors in the sector of industrial disposal and use. The cost figures
are lump sum prices as preferably determined on the basis of labour wage costs per hour.
When using the cost estimates according to section 6.6 for determining the costs of dismantling
accelerators in other countries, it will be adequately accurate by first approximation to use
differences in labour costs (i.e. hourly wage for skilled labour). The hourly data for 1998 in
industry [Eu95] are as follows, expressed in �K�

/DERXU�FRVWV )DFWRU
�K �

Germany 60.89 100
Great Britain 29.87 49
France 53.85 88.4

������6XPPDU\�DQG�FRQFOXVLRQ

Under the aspect of volume reduction techniques, suitable technical approaches were suggested
for the dismantling of particle accelerators by the separation of activated plant components and
concrete shielding from non-activated parts. This assumes that activated and/or contaminated
components are identified by selective radioactivity measurement. Parts that must be disposed of
under nuclear engineering regulations as being beyond the clearance limits are known.
The plant structures consist of lightweight constructions for the most part (except for the heavy
magnet yoke) and can be selectively disassembled by lightweight equipment (shears, saws). The
optimum equipment for the disassembly of the magnet yoke would be portable band saws, which
can be located in the accelerator compartment after the dismantling of the ancillary plants.
The radiation doses of the plant components are low, so that the development of specific remote-
controlled equipment can be waived. However, the selected equipment will operate under
electric, hydraulic or pneumatic remote control.
For dismantling of the shielding vault, first the internal activated concrete layers of different
thickness will be removed, with the area sizes and layer thickness determined by preceding
radioactivity measurements. The techniques to be applied (mechanical by sawing, drilling,
expansion, and/or by detonation) are described. Removed concrete parts will be packaged in
drums.
When all activated components have been removed and the remainder measured for clearance,
further dismantling can be effected without any imposed nuclear requirements and the
scrap/debris can be transferred to the free market for disposal. Disassembly techniques are
described which should be selected under the prime aspect of minimising environmental
pollution.
Cost estimates are included for the dismantling of accelerator facilities and their concrete
shielding, on the assumed basis of an accelerator facility of the cyclotron type installed at VUB,
disassembled in Germany.
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Estimated dismantling costs, German market:

• Dismantling and approval planning 90000 
• Dismantling of plant components 2500 �W
• Packaging of plant components 500 �W
• Dismantling of activated concrete (50 cm layer)

 - Mechanical means (including packaging) 3500 �P²
- Detonation 650 �P²
- Packaging of detonation debris 1250 �P²

• Dismantling of non-activated concrete
 - Lightweight mechanical means 1000 �P³
- Large-size equipment 160 �P³
- Detonation 225 �P³
 

)RU�WUDQVSRVLQJ�WKH�DERYH
HVWLPDWHV�WR�IDFLOLWLHV�LQ�RWKHU
FRXQWULHV�LW�ZLOO�EH�LQ�ILUVW

DSSUR[LPDWLRQ�DGHTXDWH�WR�PHUHO\
FRQVLGHU�GLIIHUHQW�ODERXU�FRVWV�

)LJXUH����� VUB Cyclotron; Arrangement
of the target vaults.
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)
LJXUH
����
Acceler
ator.

)LJXUH����� Concrete stopper to close the passage to the accelerator vault.
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)LJXUH����� View into an irradiation room.
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)LJXUH����� Mobile band saw with swivel arm.

)LJXUH����� Wall-mounted circular saw with hydraulic drive.
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)LJXUH����� VUB accelerator room: activated layer removal grid.
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)LJXUH������Hydraulic expanders for removing concrete blocks.

)LJXUH����� Operating principle of a wire rope saw.
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)LJXUH�����D� VUB accelerator room: arrangement for long bore holes for removal of
activated layers by detonation.
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)LJXUH�����E� VUB accelerator room arrangement of short bore holes for removal of
activated layers by detonation.
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)LJXUH�������Concrete cutting pincers for final volume reduction.



120

&KDSWHU�����&267�(9$/8$7,21

����� 3ULQFLSOHV� DQG� FULWHULD� IRU� WKH� FOHDUDQFH� RI� PDWHULDOV� IURP� UHJXODWRU\
FRQWURO�>(&��@��>,$��D@��>,$��E@

Sources, including substances, radioactive materials and objects within authorised practices may
be removed from the system of regulatory control, provided the radiological impact is trivial or
sufficiently low as not to warrant them any further control.

Such removal process is called clearance and can be granted below authorised levels of activity
or activity concentration. It is the competence of the national�regulatory authorities to establish
requirements, to approve a system of clearance levels and to control compliance.
The clearance concept, gradually developed since 1981, is different from exemption: the
materials subject to clearance are under regulatory control till clearance.
Clearance should respect the exemption criteria specified by the BSS [EC96] and further
guidance provided by the EURATOM art.31 expert group [EC98].
Future guidance is being developed by IAEA in close collaboration with the EC. The art.31
Group�of the EC already prepared a recommendation for�radiological protection criteria for the
recycling of metals from dismantling�[EC98].
It is not the intention to use clearance to circumvent good radiation protection practice (such as
the removal of surface contamination).

An international consensus exists on the basic criteria, which are similar for exemption and
clearance:

• The radiation risk to individuals caused by the cleared source should be sufficiently low that
regulatory control should not be further required. This requirement is satisfied without
further consideration when the effective dose expected to be incurred by individuals due to
the materials cleared in a year from a practice is of the order of 10 µSv or less in all feasible
situations.

 

• Moreover the collective radiological impact of the clearance of material within a regulated
practices should be sufficiently low as not to warrant regulatory control under the prevailing
circumstances.
This means that the collective committed dose due to the materials cleared under one practice
in one year is not more than 1 manSv.

 

• There should be no appreciable likelihood of scenarios that could lead to a failure of both
individual and collective criteria.

For coherence, mass specific clearance levels should never exceed the corresponding exemption
levels as specified in [EC96] to be exempt from reporting or authorisation. When small
quantities are cleared, generic clearance levels, set by national authorities, could approach
exemption levels.
Article 5 of [EC96] however requires, in case of elimination, recycling or reuse of radioactive
substances from authorised practices, a preliminary authorisation. This is the case for
accelerators. National authorities could set therefore generic clearance levels or accept proposed
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levels on a case by case base. In both cases it should be demonstrated that the basic criteria of
[EC96] are fulfilled. Reference scenarios as prepared by the art. 31 group (such as landfill for
concrete) could be applied.
For small quantities they could approach exemption levels, for large quantities (> 100 ton/y
concrete) values down to 0.1 kBq/kg for 60Co and 152Eu could be recommended.
The sources, including substances, materials and objects released from authorised practices and
sources should be inherently safe.
Quality assurance of the clearance process, with procedures and careful measurements, will be
considered as essential for the regulatory approval.
Summation rules are applicable for mixtures of nuclides, reducing individual nuclide specific
levels. A combined discharge of different clearance processes in a same environment should be
taken into account.
Additional provisions can be included constraining total activity released� from regulated
practices per year, or related to the chemical and physical form of the nuclides.
2SWLPLVDWLRQ�FDQ�EH�FRQVLGHUHG�DV�D�SURFHVV�WRRO��DV�ZHOO�WR�DUJXH�D�WULYLDO�GRVH�KLJKHU�WKDQ
����6Y��DV�WR�SURSRVH�DOWHUQDWLYH�VROXWLRQV�

When dealing with release of radioactive materials such as from decommissioning, clearance is
just one of the possibilities. Radioactivity may be authorised for transfer to another nuclear
practise, for further recycling or for disposal as LLW or VLLW.
The scenarios applied for this study are referring to practices in Europe. They cover the range
between 0.1 and 1 kBq/kg for the most relevant isotopes.

Specific national strategies such as the French zoning concept for the management of very low
level waste (VLLW) can be considered as a strategy related to clearance. This concept only
applies under certain conditions and for certain practices. It has been developed for BNI
installations, important nuclear facilities from fuel cycle activities and research.
The French concept is built around defining physical zones as being either non-nuclear or
nuclear. Waste from the nuclear non-contaminating zones, as discussed in Chapter 5, is managed
according to a number of specific pathways, depending on activity levels, longevity of
radioactivity and other toxicity factors. It is based on a national quality control strategy with
specific waste� surface disposal options. At first view� they are less complicated and expensive
than low level waste surface disposal concepts and similar to repositories for toxic or industrial
waste. For France VLLW should apply between 1 and 100 kBq/kg. These depositories do not
exist yet and the costs for disposal are only based on rough estimations and French officials’
verbal presentations.

In other countries such as Germany a process of recycling of metallic radioactive waste is well
developed.

Clearance practices still vary considerably in different countries and are based on national
regulations, sometimes leaving a broad range of interpretation. Levels are applied going from
references to background radioactivity up to exemption levels.
An overview of clearance criteria and practices in several countries was presented at the 3rd EC-
Seminar on melting and recycling of metallic materials in June 1997 in Sweden [SH97]. Strict
criteria for release have been applied in Germany where a specific activity of 100 Bq/kg exists.
A restricted release is still defined for materials such as steel, which is sent for melting to a
commercial smelter. In this case the level is set at 1 kBq/kg.
In the GB scenario the level is 0.4 kBq/kg.
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For this particular study, considering the dynamics and still diverse evolution, a number of
scenarios have been chosen after discussion in the steering committee. They represent a mix of
clearance practices as applied in Germany, United Kingdom and France and a�scenario based on
the proposed EC recommendation RP 89 [EC98] for metals and on the maximum values equal to
exemption levels [BS96] for concrete.
The ratio recommended by [BS96] for a mixture of radionuclides has been verified, while
applying clearance levels in these scenarios, besides the individual clearance levels for each
specific nuclide.
For surface contamination the commonly used operational limits within the EU member states,
0.4 Bq/cm² for β-γ emitters and 0.04 Bq/cm² for α-emitters has been applied.

�����'HILQLWLRQV�RI�VFHQDULRV�IRU�WKH�GHFRPPLVVLRQLQJ�DQDO\VLV

The Steering Committee of the project proposed three different European countries with their
respective regulations, waste management strategies and labour costs should be selected for the
scenarios. It was thus agreed that the evaluations would be performed for each type of
accelerator, assuming that they are located respectively in Germany, Great Britain and in France,
as these countries have the largest decommissioning programmes in the European Union, and
have more or less well-defined strategies and regulations.

It was furthermore agreed that an additional evaluation of the prompt dismantling of one
representative accelerator would be performed under German, British and French conditions
respecting the clearance criteria for metals recommended by the EURATOM art.31 Committee.
The selected accelerator is the VUB cyclotron.

Finally, a deferred dismantling scenario was analysed for each of the three accelerators under
conditions in force in Great Britain, clearance criteria included. The British conditions were
selected as the clearance levels situate halfway between those in force in Germany and those
recommended by the EURATOM Art. 31 Committee, or proposed for exemption in [EC96].

��������$VVXPSWLRQV�RQ�UDGLRDFWLYH�PDWHULDO�LQYHQWRULHV

The inventory of the activity distribution across the masses of the accelerators and their shielding
structures is based on the results of the samplings. In fact, a three-dimensional activity chart is
drawn based upon the radiological measurements (see section 4.6).

In France, the inventory of a facility is based on the zoning-principle, i.e. the components and
materials belong to a specific kind of waste as a function of their localisation within a defined
area. This philosophy has been explained in section 5.3. It was mainly the French partner of the
contract who defined the classification in "zones" for each of the three accelerators.
The collection of the data is described in sections 4.3 and 4.4. The gathered data have made it
possible to set up an inventory of the three accelerators in question according to the format
required by the computing tools used by NIRAS/ONDRAF for the evaluation of the material, the
waste and the decommissioning costs.
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The supplied data were reduced to an adequate format so as to extract, almost automatically, the
quantities of concrete and equipment to be removed to respect the clearance criteria of the
activated structures. These results were then used to evaluate the decommissioning.

��������$VVXPSWLRQV�IRU�FOHDUDQFH�FULWHULD�DQG�OHYHOV

The analysis of national and international recommendations and regulations within the European
Union is summarised in section 7.1. This analysis provides the following clearance levels that
were used for the three selected countries:

LQ�N%T�NJ *HUPDQ\ *UHDW
%ULWDLQ

)UDQFH

clearance

   γ/β-activity

clearance for melting in the
conventional industry

0.1

1

0.4 *)

-

no
clearance;
managed as
VLLW

*) limits given by the Radioactive Substances Exemption order issued in 1996.

7DEOH����� Clearance criteria in the EU

The [EC96] (Art. 5 with its Annex 1) exemption criteria for the complementary evaluations are
given in [EC98]. The nuclide specific clearance levels apply to metal scrap for which regulatory
control can be relinquished. These mass specific levels are the total activity per unit mass and are
intended as an average over a few hundred kilograms. To determine whether a mixture of
radionuclides is below the clearance level, the following ratio expression was used:

Awaiting further EC-Art. 31 expert group recommendations, maximum levels for clearance as
proposed by the BSS for exemption were used for the clearance of concrete, since the
recommended criteria of document [EC98] only apply for metals. Competent national authorities
could set more restrictive conditions or limitations on total quantities of concrete for a facility
per year.
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��������$VVXPSWLRQV�RQ�ODERXU�FRVWV

The labour costs for operators are taken from the EUROSTAT Labour Costs 1992 database with
updates to 1995 [EU97]. The following data were used for the cost evaluations (r23: nuclear
industry):

An inflation rate of 3 % per year is adopted for updating the 95 values up to the year 1998.

�K��YDOXH���������

/DERXU�FRVWV�LQ�LQGXVWU\ 7RWDO�FRVWV�LQ�LQGXVWU\���

Germany

Great-Britain

France **)

42.25

22.97

33.80

55.72

27.34

49.28

*) the values in ECU have been converted into �E\�D�IDFWRU�RI���
**) values for 1995 are not available; the 1992 values have been inflated by 16%.
***) direct + indirect costs, but without social security paid by the employer.

7DEOH����� Labour costs in the EU

The 1998 values for the total costs in the industry thus become (in �K��

Germany 60.89
Great Britain 29.87
France 53.85

These unit rates don’t consider possible differences in productivity between the three countries.
As no statistical values on productivity seem to be available, it is not possible to take account of
such variations.

��������$VVXPSWLRQV�RQ�WHFKQLTXHV

A technical and economic case study of the decommissioning of a typical accelerator, the VUB
cyclotron, was performed and reported on in Chapter 6. This study provides unit performances
and costs for the analytical evaluation of the three accelerators.

Based on this case study and on the particular geometry of the three accelerators, the following
assumptions have been made for dismantling and preconditioning of the waste before packaging
and transportation:

- the VUB and the IRMM-GELINA accelerators massive shielding walls are dismantled using
explosive techniques as described in Chapter 6 in the German and British scenarios, as well as
in the scenario with French criteria and the EC-recommended clearance levels. Those
techniques allow an easy removal of the activated concrete layers on walls. The unit costs for
explosion are 1.50 �NJ�LQ�*HUPDQ\������� �NJ�LQ�*UHDW�%ULWDLQ�DQG������ �NJ�LQ�)UDQFH��ZLWK
EC-recommended clearance levels). In the French scenario, these accelerators are cut into
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blocks and removed and shipped to the VLLW-repository. The unit cost for cutting is
estimated to be 1.10 �NJ�

- the CEA-SATURNE accelerator shielding blocks are removed as VLLW in the French
scenario for a unit cost of about 0.37 �NJ�� ,Q� WKH� *HUPDQ�� %ULWLVK� DQG� (&�UHFRPPHQGHG
scenarios, they are cut to segregate activated from non-activated material. The costs are
estimated to be 1.55, 1.19 and 1.47 �NJ�LQ�*HUPDQ\��*UHDW�%ULWDLQ�DQG�LQ�)UDQFH�

- in the case of German, British and EC-recommended scenarios, the remaining cleared concrete
structures are demolished using heavy engines as explained in Chapter 6. The costs are
assumed to be 0.06, 0.05 and 0.06 �NJ�LQ�WKH�WKUHH�VFHQDULRV�

- the performances for radiological measurements have been evaluated at 5 m2/h for one
operator. All concrete surfaces are measured twice, except in the case of the French scenario
where the second measurement is not needed because the whole structure is removed as
VLLW. Sampling and spectrometric analysis are assumed to be done only for the preparation
of the licence application and the decommissioning plan and are covered in the global
assumptions for facility shutdown activities in section 7.2.6.

The activated components within the accelerator rooms are assumed to be cut into pieces
allowing loading into drums or containers. Costs were estimated to be around 2.57, 1.85 and
2.42 �NJ�LQ�WKH�*HUPDQ��%ULWLVK�DQG�)UHQFK�VFHQDULRV��,Q�WKH�*HUPDQ�VFHQDULR��LW�LV�DVVXPHG�WKDW
not releasable cut metallic components below 200 kBq/kg are molten for example in the
Siempelkamp foundry, and recycled for container manufacturing (see 7.2.5). Released metallic
components are assumed to be cut for a unit price of 1.66, 1.16 and 1.55 �NJ� LQ� WKH�*HUPDQ�
British and French scenario.

��������$VVXPSWLRQV�RQ�ZDVWH�PDQDJHPHQW�FRVWV

Costs for the management of low level waste (LLW) in the three selected countries are taken
from document [IC90].

The only repository in Germany operated till 1998 is located in Morsleben with an operating cost
of 6250 �P3. The Konrad repository is not yet in operation. Nevertheless, a cost for the disposal
at the Konrad repository of 12000 ��P3 has been calculated. As the evaluation will be done
under actual 1998 conditions, costs for the evaluation of waste disposal of these accelerators are
therefore based on the Morsleben repository.

Statistical values on load factors for drums disposed of at the Morsleben repository were
provided by [Ku98]. For debris of construction materials, the average loaded mass is 239 kg for
a 200 l drum and 666 kg for a 400-l drum, with variations respectively going from 52 to 718
kg/200 l, and from 225 to 1000 kg/400 l. An optimised average concrete mass of 1665 kg/m3 has
been adopted for the Morsleben waste containers.

For metallic scrap materials, the masses vary from 91 to 743 kg for a 200 l drum with an average
of 335 kg. In the case of a 400-l drum, the masses vary between 155 and 1070 kg with an
average mass of 754 kg. An average mass of 1885 kg/m3 has thus been considered for metallic
scrap disposed of at Morsleben.

For metallic parts with a total activity above 1 kBq/kg, but below 200 kBq/kg, the alternative
pathway of melting at the Siempelkamp facility in Krefeld, followed by recycling in the nuclear
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industry, has been considered in the German scenario. Possible scenarios for recycling have been
described in document [Qu95]. Cost estimates for recycling within the various scenarios were
provided by Siempelkamp [Si98]. These scenarios and costs can be summarised as follows:

Scenarios:

� C-Steel : melting and recycling for the manufacturing of casks (e.g. Cast Iron Shielding
Casks, Granulate Shielding Casks)

� Stainless steel : melting and recycling for the manufacturing of Granulate Shielding Casks
� Lead : melting and manufacturing of shielding blocks
� Copper, Aluminium, Brass: no recycling pathways exist in practice until now. For this study,

it is assumed that after melting, blocks would be produced for a later recycling.

Total costs between 6.20 �NJ� DQG� ���� �NJ� ������SULFHV��� GHSHQGLQJ� RQ� WKH� NLQG� RI�PDWHULDO�
have been used for this study.

The United Kingdom currently operates two LLW disposal facilities, one at Drigg run by BNFL,
a second at Dounreay operated by the UKAEA [Ep98]. The costs for a final disposal at Drigg are
used for this exercise. These costs amount to 1600 �P3.

For the kind of waste to be produced during the dismantling of accelerators, a Half Height ISO
(HISO) container would probably be used for the disposal at the Drigg repository [Ma98]. For
road transportation, the cumulative filled weight is limited to 25 tons. Taking account of the
weight of the empty 19.5 m3 container, the maximum loading for this container is about
1100 kg/m3. This value has been considered within the British scenario.

The French LLW disposal facility Centre de l’Aube is operated by ANDRA [Ep98]. The actual
fees, not including R&D and capital costs, are 2300 �P3.

Standard ANDRA type L containers of a volume of 9.826 m3 could be used for transportation to
and disposal at the Centre de l’Aube facility [Bo98]. The maximum payload of the container is
limited to 9 tons for transportation and handling reasons. A mass of 915 kg/m3 has thus been
adopted for the exercise.

The French philosophy for VLLW management was presented at the seminar in Lille on 13-14
November 1997 [SE97]. The costs for disposal of this kind of waste with a specific activity
below 100 kBq/kg at a dedicated repository were estimated by ANDRA at about 150 �WRQ
(1000 FRF/ton). Since the seminar in Lille, this value increased to about 225 �WRQ
(1500 FRF/ton), which is the value which has been used for the exercise (1998 value).

The same load of 915 kg/m3 as for LLW is used for containers to be disposed of at a dedicated
repository for VLLW in France.
To take account of the costs for technical and administrative preparation of the waste and its
packages as well as for transportation to the repositories, the fees mentioned above for disposal
in Germany, in Great Britain and in France are doubled.

������� 2WKHU�DVVXPSWLRQV



127

It has been assumed that in each of the three countries a licence application and a
decommissioning plan are requested by the authority for these types of accelerators. The
elaboration and presentation of these documents were estimated to need about 2000 engineer-
hours. Additional 200 engineer-hours are needed for the second licence application after a long
safe store period in the case of a deferred dismantling.

For facility shutdown activities such as decontamination of equipment, removal of operational
waste, etc., another 600 man-hours were foreseen in the evaluations. Furthermore, for the initial
characterisation of the concrete shielding structures, an average amount of one core sampling of
70 cm depth and a spectrometric analysis was foreseen every 3 m2. A higher density of
samplings is needed in areas where more activity is expected, whereas a less amount of
samplings would be needed for confirmation in areas with no or low activation.

A second characterisation campaign with core samplings is expected to be needed for
confirmation of the absence of activities after a long-term safe store.

During the long-term safe store period, an annual maintenance cost of 6580 �KDV�EHHQ�WDNHQ�LQWR
account. This cost covers the radiological surveillance, energy, insurance and some
refurbishment work every 25 years on the building structures.

Finally, the cost evaluations include a contingency factor of 10% on the global cost estimates.

������'HFRPPLVVLRQLQJ�HYDOXDWLRQ�WRRO

ONDRAF/NIRAS uses a company owned software to perform decommissioning evaluations for
any particular nuclear installation.

This integrated data processing system makes it possible:
- to record the physical and radiological inventory of an installation (called the basic inventory),
- to evaluate the decommissioning costs and the generated decommissioning waste volumes on

the basis of this inventory using auxiliary databases containing specific unit data on
decontamination or dismantling operational costs or waste generation, waste costs or labour,

- to generate different alternative decommissioning scenarios with regard to the standard
scenario defined by the basic inventory.

 
 To allow a homogeneous treatment of all nuclear installations, the sites are organised according
to a hierarchical top-down structure. Specific databases collect information at each level. Within
each zone, a physical and radiological inventory is set up and the data is collected in specific
databases according to the following classification:
- infrastructure (civil engineering and equipment for housing the process equipment),
- equipment (process equipment needed to perform the function assigned to the facility),
- waste in stock (waste and small items which may be removed without special

decontamination and dismantling effort),
- fissile material.

The scenario management tool makes it possible to create several scenarios based on the basis
inventory. These scenarios can be pessimistic or optimistic, can cover other criteria, as well as
deferred scenarios. In that case, the scenario management tool is able to estimate the radioactive
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decay of the activated structures for which a deferred scenario is foreseen, as well as the
resulting waste volumes per item. Decommissioning costs and total waste volumes can be
obtained by applying the evaluation tool to the scenarios.

������5HVXOWV�RI�WKH�HYDOXDWLRQV

The accelerator decommissioning is evaluated according to the following scheme:

)LJXUH����� Overview of decommissioning scenarios
The evaluation covers the whole decommissioning programme for equipment and structures
located within the contaminating area defined by the French philosophy for the zoning. It does
consider neither peripheral equipment nor structures outside this area e.g. around the accelerator
main rooms such as laboratories, workshops or other technical and administrative facilities, nor
stored operational waste that can be important in some cases.
The safe store periods for decay below the clearance levels in Great Britain were calculated for
each of the three accelerators. In fact, for the most activated areas of each of the three
accelerators, the evolution in time of the radioactivity of each radionuclide was calculated until
the clearance levels in force in Great Britain were reached.

The calculated periods are:
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- VUB-accelerator:  70 years
- IRMM GELINA-accelerator: 105 years
- CEA-SATURNE-accelerator:   75 years

A small amount of mechanical devices around the targets may not decay below the clearance
levels within a reasonable period. These pieces are dismantled immediately after shutdown,
which reduces furthermore the radiological exposure to the maintenance people during the safe
store period.

��������5DGLRDFWLYH�ZDVWH�EDODQFH

The amounts of radioactive waste to be generated during decommissioning of these three
accelerators within each of the analysed scenarios are given below (in tons).

It can be observed that:

- the French scenario provides the highest amount of waste due to the consideration that all
material within the "contaminating" area remains radioactive (very low level) waste;

- the IRMM accelerator provides the highest masses of waste, followed by the VUB
accelerator. This is due to the geometry of the accelerators as well as to the level of
activation within the structures;

- the higher clearance levels in GB, compared to the German levels, allow reduction of the
radioactive waste amounts;

- the deferred scenario limits the radioactive waste masses to the higher activated structures
around the targets which are considered to be dismantled immediately;

- the EC-recommended clearance levels considerably reduce the amounts of radioactive waste.
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ACCELERATOR
SCENARIO WASTE

VUB IRMM SATURNE

LLW
concrete

686 1468 612
German scenario

LLW
metals *)

5 27 1.3

LLW 14 28 1.3
French scenario

VLLW 2105 3130 1180

I
m
m
e
d
i
a
t
e British scenario LLW 648 850 342

D
e
f
e
r
r
e
d

British scenario LLW 0.005 6 1.3

LLW
concrete

74 X XGerman criteria,
EC-recommended
clearance levels LLW

metals *)
5 X X

LLW 13 X XFrench criteria, EC-
recommended

clearance levels VLLW 78 X X

I
m
m
e
d
i
a
t
e British criteria, EC-

recommended
clearance levels

LLW 91 X X

*) In the German scenario, radioactive metal is assumed to be molten and recycled
in the Siempelkamp facility, which reduces the amount of LLW.

7DEOH����� Waste volumes for the different scenarios (in tons)
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��������'HFRPPLVVLRQLQJ�FRVWV

The global costs for the decommissioning of the accelerators are given in k � LQ� WKH� IROORZLQJ
table:

ACCELERATOR
SCENARIO

VUB IRMM SATURNE

German scenario 7700 16010 6870

French scenario 4340 6320 1445

I
m
m
e
d
i
a
t
e

British scenario 3550 4540 1820

D
e
f
e
r
r
e
d

British scenario 980 1340 875

German criteria,
EC-recommended
clearance levels

1545 X X

French criteria, EC-
recommended
clearance levels

810 X X

I
m
m
e
d
i
a
t
e

British criteria, EC-
recommended
clearance levels

830 X X

7DEOH����� Decommissioning costs for each of the scenarios (in k �

For some public installations, cost savings may be possible using own personnel at lower unit
prices or for which the costs are covered by overall budgets within the institute.

The global costs for the decommissioning can be divided into two major parts shown in the
following tables:
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Costs for decommissioning without waste management:

ACCELERATOR
SCENARIO VUB IRMM SATURNE

German scenario 2000 3690 1810

French scenario 3220 4620 845

I
m
m
e
d
i
a
t
e

British scenario 1480 1820 720

D
e
f
e
r
r
e
d

British scenario *) 980 1320 870

German criteria,
EC-recommended
clearance levels

895 X X

French criteria, EC-
recommended
clearance levels

700 X X

I
m
m
e
d
i
a
t
e

British criteria, EC-
recommended
clearance levels

540 X X

*) The costs for deferred dismantling include amounts of respectively 500, 760 and 556 k �IRU�WKH�ORQJ�WHUP�VDIH�VWRUH�RI
the VUB, IRMM and CEA accelerators.

7DEOH����� Decommissioning costs excluding waste treatment (in k �
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Costs for waste packaging, transport and disposal:

ACCELERATOR
SCENARIO VUB IRMM SATURNE

German scenario 5700 12320 5060

French scenario 1120 1700 600

I
m
m
e
d
i
a
t
e

British scenario 2070 2720 1100

D
e
f
e
r
r
e
d

British scenario 0.02 20 5

German criteria,
EC-recommended
clearance levels

650 X X

French criteria, EC-
recommended
clearance levels

110 X X

I
m
m
e
d
i
a
t
e

British criteria, EC-
recommended
clearance levels

290 X X

7DEOH����� Total costs for waste treatment (in k �

It can be concluded that:

- the British scenario seams to be the most cost-effective one, not only due to the higher
clearance levels, but also mostly due to lower labour and waste management costs;

- the French scenario provides much lower costs compared to the German one owing to the
fact that the costs for very low-level waste management are assumed to be very low (1/10 of
the costs for low-level waste in France and about 1/25 of those costs in Germany). Due to the
high amounts of very low level waste in the French scenario, the results of this evaluation
could thus be quite different in case of cost increasing for this type of waste in France.
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- costs for deferred dismantling are lower than those for immediate dismantling. Nevertheless,
this scenario needs to be handled carefully because the costs for long-term safe store depend
greatly on the context within which the installation needs to be maintained. The feasibility of
maintaining the installation during such long periods under regulatory control within a
changing surrounding needs also to be evaluated carefully. Furthermore, the implementation
of the EC-recommended clearance levels together with the exemption levels for concrete
competes with the deferred scenario from the point of view of decommissioning costs, if
authorised by national authorities;

- the use of these maximum clearance levels would considerably reduce the costs for
decommissioning accelerators due to the very low level of activity in the structures. This
illustrates the sensitivity of the setting of clearance levels. This conclusion is specific for
accelerators and cannot be extended to other types of facilities where the ratio of very low
level waste to other radioactive waste could be quite different.

������)LQDO�FRQVLGHUDWLRQV�RQ�WKH�FRVW�RI�DFFHOHUDWRU�GHFRPPLVVLRQLQJ

The decommissioning of particle accelerators can be considered to be a technical operation
without any particular difficulty. In fact, the low level of radioactivity within the structures of the
equipment and the surrounding shielding material allows the use of hands-on techniques in a
radiological protected area similar to that during maintenance and repairs. No strengthened
protective measures are required for decommissioning, except for avoiding the spread of activity
during dismantling operations (e.g. use of explosive techniques, special attention for 65Zn).

The amounts of radioactive waste can however be considerable due to the activation of
significant masses of the shielding structures. Consequently, the philosophy of clearance from
regulatory control and the levels for clearance in those countries where this clearance is possible,
largely influence the costs of the decommissioning programme. The sensitivity in the various
philosophies and differences in legal and/or recommended values for clearance, has been
highlighted in this report trough the results of the evaluations.

Furthermore, the important differences in labour costs and waste management costs within
European countries also influence the results of the economic analysis.

Finally, it need to be highlighted that the decommissioning costs for accelerators amount to
about 50 to 100% of the today’s investment costs for such accelerators. This fact has probably
been undervalued by the operators of accelerators, which can be illustrated by the results of the
questionnaire. More attention for building up financial provisions for the later decommissioning
seems to be necessary, even if technological development reduces the beam losses in new
facilities reducing activation in the surrounding biological shielding.
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������2SWLRQV�IRU�SUHYHQWLRQ

The results of the three extensive case studies presented in Chapter 4 show that the major part of
long lived radionuclides present in the waste around particle accelerators are due to neutron
induced reactions. The resulting radiological burden to workers during exploitation of the
accelerator and the immense economical consequences of dealing with the nuclear waste at
decommissioning asks for important measures to reduce or prevent activation of machine parts,
infrastructure or shielding in a cost effective way. The improvement in design of accelerators and
changes in the concept of set-ups for lowering the neutron production particularly yield a
reduction of activation and of the waste to be disposed off at dismantling. Equally important are
measures to minimise the probability of interaction of these neutrons with materials prone to
activation. A judicious choice of construction techniques adapted to the specific requirements for
zonewise dismantling of nuclear installations is necessary. Use of local shielding around target
stations and flexible, modular construction of main shielding walls are recommended options.
Around existing installations often no major reduction of neutron source term or remodelling of
irradiation vaults is possible. A mere awareness of the activation problem will incite
implementation of measures that are likely to decrease further activation of the infrastructure or
concrete shielding.

As was mentioned in Chapter 2, the technological concept of linear accelerators and
synchrotrons ensures that beam losses, and hence unwanted spurious neutron generation, in the
accelerating phase are minimal. Only during final beam transport, at target stations or beam
dumps, important interactions of the beam with material take place resulting in nuclear threshold
reactions and neutron production. Not much change in activation of machines or shielding can
hence be expected by new concepts of the working principles of these accelerators.
For cyclotrons on the contrary important beam losses exist in the accelerator itself and at
extraction in particular. They are often used for commercial production of huge batches of
radionuclides needing high beam loads. As cyclotrons constitute about 60% of the EU
accelerator park, the increase of efficiency of beam extraction and the overall improvement of
accelerator design is essential for prevention of activation around future installations. The
developments in this domain in the recent past and some new ideas from a major manufacturer
of cyclotrons are described in the next section.

������,PSURYHPHQWV�LQ�WKH�GHVLJQ�RI�SDUWLFOH�DFFHOHUDWRUV��F\FORWURQV�

In the field of particle accelerators, radiation losses and secondary particle generations are
directly linked to beam losses. Of course, the minimisation of beam losses has always been an
important design criterion for accelerators. This is not just in view of its decommissioning, but
mainly in view of optimising the beam current and of the very important aspect of maintenance.
The success of the IBA cyclotrons, using H- acceleration in a deep valley magnetic structure
(large variation between highest and lowest magnetic field along one particle orbit), is exactly
based on these factors. Another remark concerns the future of particle accelerators, and in
particular of proton accelerators. It becomes more and more evident that future applications of
particle accelerators will require strongly increasing amounts of beam power. In such a context it
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is clear that a very strong reduction of all beam losses is a vital element in the design of new
particle accelerators. The passage through a particle accelerator has 3 phases: injection,
acceleration and extraction.
All 3 phases may be responsible for beam losses, and each will be treated separately.

�������,QMHFWLRQ

Beam losses at injection are detrimental for the final beam intensity. However, radiation loss and
generation of activated machine parts or shielding is of minor importance because of the low
energy and of the self-shielding of the machine.

��������$FFHOHUDWLRQ

Several beam loss mechanisms may be active during this phase.

8.2.2.1. Vertical defocusing
Insufficient focusing properties, especially in the vertical plane are often encountered in
cyclotrons. Vertical focusing is strongly related to the ratio between hill and valley field in the
magnetic structure of the cyclotron. Using a deep valley design, vertical focusing is much
improved. This not only reduces vertical beam losses in a direct way, but it also makes machines
more compact, thus contributing to a reduction of the amount of waste (accelerator yoke) at
decommissioning.

8.2.2.2. Betatron resonances
These can not be avoided in a cyclotron, but by an extensive use of simulation tools during the
design, the effects of resonances may be minimised to nearly zero.

8.2.2.3. Lack of isochronism
Here again, a thorough simulation during the design phase and careful magnetic field
measurements and arrangements allow obtaining a fully isochronous machine before any beam
testing.

8.2.2.4. Stripping.
In the case of H- acceleration, stripping is a possible beam loss mechanism. It occurs due to rest
gas or to electrical fields, and may be avoided by good vacuum and by an adequate limitation of
the magnetic guide field (the higher the energy, the lower the acceptable magnetic field).
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��������([WUDFWLRQ

In the case of H- machines, extraction occurs by stripping and is virtually loss-free. For high
beam currents however, H+ machines are more powerful. For high energy, H+ machines are also
more compact since they do not suffer from electromagnetic stripping. In this case, a
sophisticated extraction mechanism must be used, and optimised to minimise the extraction
losses. One needs high turn separation, a careful septum design or a self-extracting beam
condition, and a well-matched extraction channel. High performance extraction design is a very
actual field of R&D and will be tested in the near future.

��������&RQFOXVLRQ

The implementation of design practices and of mechanisms that effectively reduce the radiation
losses in particle accelerators is a hot topic in present day accelerator design. The main driving
force is the fact that high current accelerators can only exist in conditions of very low beam
losses. From a point of view of waste disposal this means that the contribution of mass of
activated metal coming from the accelerators itself will definitely decrease when compared to the
total amount of radioactive waste around an accelerator facility.

������,PSURYHPHQW�RI�VKLHOGLQJ�DQG�LQIUDVWUXFWXUH�GHVLJQ

Unavoidable radiation losses and generation of spurious neutron fluxes always exist at the
collimators, target stations or beam dumps for any type of accelerator. Prevention or diminishing
the amount of activated material in the decommissioning waste is however possible by a
selective choice of materials and by adapting the shielding concept. Overcoming prejudice in
material use is one of the obstacles to full implementation of some of the suggestions given
below, while increase of the short time radiological burden to personnel responsible for
maintenance and experiments at the accelerator facility may in fact be the limiting factor. This
problem could be solved by global optimisation of as well operational dose as waste generation.

��������/LPLWLQJ�QHXWURQ�JHQHUDWLRQ�E\�FKRLFH�RI�PDWHULDOV�

For a number of applications the use of adapted materials for collimators, beam stops or parts of
target holders and irradiation set-ups can greatly reduce the unwanted secondary neutron
production. The best example is the replacement of Cu and stainless steel by pure carbon in a
low energy charged particle environment. The threshold at 18 MeV of the (p,n) reaction
guarantees a lower total neutron yield for incident beams up to about 25 MeV proton energy and
nearly no long lived activation products. Even at higher energies, the yield of secondary neutrons
is always lower for C than for other materials used for the same purpose. A possible negative
aspect is the generation of high activities of short lived β+ emitters limiting rapid access to the
vicinity of the irradiated C-parts and the inferior properties concerning degassing and ultimate
vacuum. Similar considerations exist for the use of Al.
��������/LPLWLQJ�JHQHUDWLRQ�RI�ORQJ�OLYHG�DFWLYDWLRQ�SURGXFWV�LQ�LQIUDVWUXFWXUH�E\�FKRLFH�RI

PDWHULDOV.

As mentioned above it is often interesting to limit the total inventory of neutron induced long
lived activation products in the machine parts or in the infrastructure. The results presented in
section 4.3 show that especially Co, Zn, Ag, Mn, Bi traces present in the structural materials
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result in important amounts of activated decommissioning waste. Minimal quantities of
galvanised steel or stainless steel and low Ag content in contacts or solder will guarantee lower
specific activity at the end of the operational life of the facility. Replacement by low Co-steel, Al
or plastic materials for structural materials is recommended. Attention has to be paid to the type
of corrosion protection applied to steel: applications of paints or coatings containing metal
traces, which can be activated hence creating possible surface contamination hazards, have to be
avoided.

������� � /LPLWLQJ� JHQHUDWLRQ� RI� ORQJ� OLYHG� DFWLYDWLRQ� SURGXFWV� LQ� VKLHOGLQJ� E\� FKRLFH� RI
PDWHULDOV

From the analysis in the three case studies it became clear that the bulk of activated waste at
decommissioning is due to the concrete shielding around the accelerator and the irradiation
rooms.
The main causes are:
- the traces of 151,153Eu (1 ppm) in the sand and aggregates of the concrete;
- the sometimes very high concentrations of 132Ba in heavy concrete;
- the rather large amounts of 59Co found in the reinforcement bars (100 ppm) but also

“contaminating” the concrete (3-30 ppm) partly in the pouring process.

Any measures resulting in lowering the presence of these elements will hence result in drastic
reduction of activated waste.
Contacts with representatives of cement and concrete industry yielded no results in
recommendation for sources of low Eu containing sand. The prevalence of the rare earths seems
to be rather homogeneous in the western world as was supported by the analysis of concrete
samples originating in different parts of the world (see Tables 4.3 and 4.4). Formation of
152,154Eu with their half lives of more than 10 years will hence never be avoided.
The 10.5y half-live 133Ba in the heavy concrete is on the contrary a result of the voluntary
addition of barite in proportions up to 30%. The main advantage of this practice, increase of
attenuation of γ-radiation per unit length at low additional cost, has an adverse radiological and
economical outcome at decommissioning. In particular in neutron rich environments a cost-
benefit evaluation and life cycle analysis should be performed for each specific application of
scrap Fe or Ba adjunction in conjunction with the measures proposed in 8.3.4 and 8.3.5 [Eg97].
In case of important neutron fluxes impinging on concrete containing iron reinforcement bars,
the generation of 60Co (T1/2 = 5.2 years) can also be reduced. It is clear that minimising or totally
suppressing the amount of iron in the superficial layers of concrete (typical activation extends to
50-60cm depth) and avoiding contamination with rust particles while pouring the concrete will
significantly influence the activation level. The reinforcement bars should be placed at greater
depths or simply omitted.
Using reinforcement bars made from not standard low Co-steel can be a costly alternative.
�������/RFDO�VKLHOGLQJ�DURXQG�H[SHULPHQWDO�VHW�XSV

A further possibility in limiting the volumes of activated waste is to reduce the space in which
the neutrons can interact with infrastructure and shielding. This can be realised by placing local
shielding around the targets or other neutron sources. The penetrating character of the fast
neutrons necessitates however that important thicknesses of moderating and absorbing materials.
This is the reason why the biological shielding around accelerator vaults and irradiation rooms
always consists of several meters of concrete, a nearly ideal material for reducing neutron doses
and absorption of the γ-radiation originating from the (n,γ) caption. It must however be realised
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that the dose reduction factors needed for radiation protection of personnel in operating
conditions often are of the order of 105 - 106 while the highest specific activity in normal
concrete found in the study is only about a factor 100 above the proposed EU exemption level
[EC98]. Adequate local shielding resulting in reduction of the neutron flux by a factor varying
from 10 to 100 will assure that the main shielding walls will not be activated. Even if only partial
absorption is reached, lower specific activation will result. Especially when the mean energy of
the neutrons is reduced, lower penetration in the concrete and hence important reduction of waste
volumes is the result. On the other hand the scattering of the neutrons in the shielding material
will result in a more uniform activation of the main shielding.
Achieving an efficient local shielding asks for a case specific study, taking into account the
spectral and angular distribution of the original neutron flux and the geometry of the irradiation
room
A combination of materials will be necessary to produce a good local shielding. They should
include materials with large cross sections for inelastic scattering of fast neutrons (e.g. iron) and
hence reducing the mean energy, materials having important cross sections for medium energy
neutrons allowing further moderation and thermalisation in rather short distances (e.g. containing
H) and materials having good (n,γ) absorption characteristics (e.g. paraffin, polyethylene, borate
water, Cd). Activation of these materials is unavoidable but the total waste volume generated is
limited and controlled.
The major drawback of local shielding is that it will limit accessibility and visibility to the target
stations and collimators, which often need maintenance and changes.
A trivial way of limiting the activation of the main shielding walls is to increase the distance to
the neutron producing targets. Construction of oversized irradiation vaults with all infrastructures
as far as possible away from the beam interaction points could be an option if initial building
costs are not a limiting factor. Local shielding has to be avoided in this case.

Optimisation of design and use of local shielding is necessary taking into account all the above
mentioned factors and the installation specific conditions and constraints. It has to be stressed
that any material not absolutely needed in an irradiation room should be removed and stored
safely away from any neutron source to avoid additional, unnecessary, activation (Pb blocks).
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If prevention of activation of the main walls of the shielding is not possible, judicious modular
construction will limit the volume of activated material and ease the distinction and segregation
of nuclear from industrial decommissioning rubble. The main idea is to build all walls (except
perhaps the ceiling) in a minimum of two layers.
The innermost layer, closest to the neutron-generating target, will act as neutron absorber with
little structural function. This part of the wall should ideally be built of modular blocks thick
enough to reduce the neutron flux to levels below the critical ones for inducing specific
activation higher than the clearance levels. Dimensions should be such that easy removal at
dismantling and compliance with regulations for disposal of nuclear waste, as set by regional
competent authorities, will be met. Material composition should be adapted to the characteristics
of the neutron flux and chosen carefully so to have maximal neutron absorption for minimal
thickness. A composite structure consisting of several sub-layers with different characteristics
and composed of materials as suggested in 8.3.4 will limit the volume of material needed to
obtain the required neutron absorption. The probable higher investment at construction will be
counterbalanced with minimal activated waste and low technical difficulties in the dismantling
phase.
Floors can be constructed on the same principle provided sufficient anchor points for supporting
infrastructure or machine and beam line parts are foreseen.
Rather lightweight constructions offering protection for the ceiling (absorption of slow neutrons
by H-rich materials) can always be included. The practical possibility of realisation of further
modular concepts of the ceiling will depend on size and geometry of the irradiation vaults.

The second, mainly structural layer can be executed either in ordinary, massive, reinforced
concrete, either in modular blocks. The thickness of this wall can already be reduced in
comparison to normal shielding as the first layer, needed for radioprotection, will ensure an
important part of the dose reduction. Only γ-rays and neutron beams strongly reduced in energy
and flux can reach this wall.
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To evaluate the real radiological and economical impact of future dismantling of particle
accelerators no sufficient information was available in literature, in data-bases nor at the
individual accelerator facilities. This project mainly tried to gather quantitative and scientifically
sound data about the state of a number of accelerators in the EU. It was the aim to estimate the
status of activation, to evaluate the awareness for the possible problems at dismantling and to
make a cost evaluation for full scale decommissioning. The general conclusions from our study
are summarised below.

�����,QYHQWRU\

��������2YHUYLHZ�RI�UHVXOWV

From our knowledge of the different applications of accelerators potentially generating important
quantities of activated waste at dismantling, and using a study of existing accelerator lists
([IA98], [Co96]), four classes of accelerators were defined, according to type of accelerator,
maximal particle energy and size of the facility:

class 1 Van de Graaff and 

class 2 Medium energy cyclotrons essentially (including
radionuclide production machines)

class 3 High energy cyclotrons and linear accelerators

class 4 Very high energy m

Nearly 200 accelerator facilities, corresponding to these 4 classes (not including medical electron
linear accelerators used for radiotherapy) were identified in the 15 EU member states. A
questionnaire (with reminders) was sent to all these facilities, yielding 91 (i.e. 40%) partial or
total answers. The results of the questionnaire represent an indication of the status, but no
complete picture of the present situation and use of accelerators in the EU.

The major part of the accelerators (questionnaires sent) is situated in 3 countries: Germany (91),
France (35) and GB (20).
The confirmed answers show only 5-6 commercially owned cyclotrons from class 2 and a couple
of rhodotrons (class 1).
The vast majority is operated either in public research institutes or in hospitals (with sometimes
partial commercial exploitation).
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- The accelerator park in the EU is ageing.
- In a number of institutes a rather new accelerator is already in operation while the older one is

not yet decommissioned but in standby or in reduced use.
- The existence of a decommissioning plan or provision for dismantling cost is an exception
- The awareness of the dismantling and long term waste problem is almost inexistent.
- The availability of basic information on the radiological status or legal obligations is very low.
- The shielding is in most facilities made of massive ordinary concrete walls without movable

blocks.
- The majority of facilities has not taken any special measures for prevention of activation. There

is no planning to implement this prevention even for new installations, except more attention
for improving beam efficiency and radiation losses.

- The financial implications of decommissioning will essentially concern “public” funding (most
accelerators are used for education, research and health care).

�����([SHULPHQWDO�VWXG\�RI�UDGLRORJLFDO�VWDWXV�RI���UHIHUHQFH�FDVHV

��������-XVWLILFDWLRQ�RI�WKH�DSSURDFK

- The 3 chosen accelerators represent a wide range of applications, dimensions of rooms, beam
types and total beam power; moreover the VUB case shows in one facility the different levels
of activation due to different uses of the irradiation rooms and their dimensions.

- The chosen experimental method, core drilling and γ-spectrometric measurement of samples,
allows a good characterisation of the nuclides present in the shielding.

- A low detection limit of around 50 Bq/kg is achieved for 1 hour of measurement, which is well
below the strict clearance level of 100 Bq/kg, used in Germany.

- Samples can be measured as well from blocks as from powder, while iron reinforcement rods
should be measured separately.

��������2YHUYLHZ�RI�UHVXOWV

- The activation essentially occurs through (n,γ)-caption of near thermal neutrons on impurities
in the concrete (1 ppm natEu, 3 ppm 59Co).

- The highest specific activation is found at locations closest to targets: up to 90 kBq/kg for 152Eu
and 30 kBq/kg for 60Co in normal concrete.

- The specific activation reaches 300 kBq/kg in reinforcement rods.
- Long lived 22Na (T1/2= 2.5y) can be produced by fast neutrons, if large amounts of Na or Al are

present.
- High concentrations of Ba or Fe (up to 50% weight) are very unfortunate adjunctions.
- The type of activation of metal infrastructures and machine parts is essentially the same:

activation by slow neutron occurs on certain components of the metals.
- The nuclides 60Co, 52Mn and 65Zn are essentially present in the different types of steel used in

the infrastructure.
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- Lead blocks used for local shielding become highly activated and can contribute significantly
to exposure of maintenance personnel.

- The main bulky machine parts (magnet yokes) are not very activated due to the low Co content
of the steel used for the magnets.

- Some internal machine parts (targets and -holders, beam dumps, collimators) are directly
activated by charged particles. They become so active that immediate removal to a central
treatment centre for radioactive waste has to be preferred after cooling for short-lived nuclides.

- An exploratory study around a medical linac did not show any activation of the concrete
shielding, while parts of the accelerator infrastucture in the primary beam (e.g. machine head)
are activated above clearance levels. The bremsstrahlung conversion target is highly activated
(26x103 kBq/kg 181W).

��������&RQFOXVLRQV

- The specific activation in a large part of each installation is above existing or proposed
clearance levels for the different countries. This yields large volumes of radioactive waste from
shielding.

- Decay cooling times of 50 to 100 years are needed to decrease activity below clearance levels.
- Certain accelerator rooms or parts of rooms are not or only slightly activated or below

clearance levels and could be disposed off as industrial non-radioactive waste if basic criteria
for radiation protection and waste management are met.

- The results found for the three cases are well comparable when normalised to beam load,
concentration of impurities in concrete and distance between neutron producing targets and
walls.

- The maximum specific activity is always observed at shallow depth (10-20 cm). The important
thermal flux at these locations is not yet well understood.

- An exponential decrease is observed at greater depths in concrete and reinforcement rods.
- Reliable, sufficient and careful sampling is necessary in all walls, floor and ceiling to identify

the depth of activated sections and to allow segregation of final dismantling waste.
- Measurements should extend to at least 70 cm depth in zones where important activation is

expected, as detected by surface counting, to allow reliable extrapolation.
- In highly activated zones steep gradients can exist depending on dimensions of rooms and

variation of distances to target; a sampling every 2 m2 is necessary. In other zones less samples
are needed; on the average 1 core sampling for every 3 m2 is sufficient. This will still result in a
large number of drillings and γ-assays for each facility.

- A 3-dimensional representation of specific activation by mathematical models or interpolation
is possible from the sampling.

- Multiple sources, complicated irradiation room geometry and self-shielding by accelerator and
infrastucture are limiting the accuracy of the extrapolations.

- Core sampling in rooms, which are still in use, can pose radiation dose hazard to workers due
to the presence of activated machine parts and infrastructure.

- In real decommissioning circumstances only low exposure levels are to be expected from
shielding and infrastructure, once the few machine parts, activated at values above 1 MBq/kg,
have been removed.

- There is a need for prevention of internal and external contamination, particularly from 65Zn, in
case of early dismantling (gloves, overshoes, dust mask, light protective clothing). A daily
check of surface contamination of workers has to be performed.



144

- Core drilling and lab measurements can be replaced by in-situ measurements for identification
and global quantification.

- Combination of drilling and in-situ measurements seems ideal once the background (coming
from machine parts and infrastructure) has been reduced.

��������5	'�QHHGV

- Improved development of computer codes and validation for in-situ measurements.
- Experimental work to improve the characterisation of the low energy neutron spectrum below

100 keV and in the vicinity of targets.
- The contribution, importance and waste relevance of β--activation (3H) needs to be clarified.

������&RPSXWDWLRQV
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- The French concept of zoning and disposing of the waste in special VLLW repositories is
based on computation of the expected activation. The radiation protection office of the CEA-
SATURNE has performed such a zoning project while preparing preliminary documents for
future dismantling. According to these computation only 2 straight extraction sections have to
be considered as activated. This was confirmed by in-situ dose rate measurements and by the
spectrometric analysis of drill core samples. The Monte Carlo codes used (Fluka, Morse,
Darwin/Pepin) predicted specific activation levels within a factor of 2.

- By a full scale neutron transport calculation in the concrete, SCK•CEN was able to reproduce
the relative depth profiles of the experimental activation for the 3 major nuclides found at
IRMM. A complicated geometric modellisation and considerable computer time was needed to
provide the results. The calculated absolute values however still differ considerably from the
experiments due to insufficient knowledge of neutron beam characteristics.

- A simple physical model with worst case assumptions on neutron characteristics has allowed a
first order computation equivalent to the French zoning concept. As only thermal neutrons
were considered the maximal specific activity is always found at the surface with an
exponential decrease in the concrete. In this very simple approach the calculation at any point
was possible with an overestimation of the maximal specific activation with a factor 20 due to
oversimplification of neutron source characteristics.

��������&RQFOXVLRQV

- Complete substitution of measurements by calculations needs a full source term model
considering realistic neutron spectra, spatial distributions and scattering contributions on walls
and infrastructure elements. All interactions (scattering, moderation, nuclear reactions) in the
concrete shielding have to be taken into account. A precise composition of concrete (major and
minor elements) and a profile of the water content are needed.

- A complete and accurate inventory of irradiations, including details on location and importance
of beam losses, is necessary to allow evaluation of the total magnitude of the neutron source
term.

- All changes in set-up and lay-out of irradiation rooms have to be recorded and documented.
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- Computation is in principle possible for activation of infrastructure and machine components.
The main problem is the self-shielding of large metal masses (magnet yokes).

- A rule of thumb for estimating the magnitude of the waste problem referring to beam load can
be derived from computation and comparison with experimental results. If a specific activity
level for clearance of 1 kBq/kg is assumed, a beam load on a Cu- target, lower than 5 Coulomb
should be of minor concern for all concrete at distances greater than 1m from the target for a
30 MeV proton beam. A scaling with distance and angle with respect to beam direction and
particle energy will allow evaluation at every point of the shielding. No activation occurs for
proton beams lower than 8 MeV and electron beams lower than 10 MeV. In case stricter
clearance levels should apply, a larger region of the concrete should be assessed.

������'LVPDQWOLQJ�WHFKQLTXHV�DQG�XQLW�FRVWV

- The preparation of a licence application for decommissioning and/or a decommissioning plan
for approval by competent authorities implies a time consuming process (1/2 man-year
engineer).

- A small team consisting of 2-3 engineers (management, co-ordination and radiation
protection/clearance measurements) and 2-3 technicians is needed for the dismantling
operation.

- Mobile equipment (saws, cutters, compactors) and disassembling will allow the dismantling of
the accelerator and the infrastructure.

- A dismantling of concrete structures by only removing activated layers above clearance can be
done by gentle detonation or sawing.

- The choice of the most adapted technique depends on the depth of the activated layer to be
removed.

- The generation and spread of secondary waste in cooling fluids or dust, if unavoidable, can be
controlled.

- A large part of the concrete shielding to be decommissioned is not activated. It can be left in
place for another use without dismantling or could be treated as classical demolition rubble.

- Unit prices for dismantling and packing activated concrete are about 8 times higher than for
non-activated concrete.
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- There is an international expert consensus supported by IAEA and EC on the basic principles
for clearance. However, no internationally accepted regulations exist yet on clearance levels.
The national authorities are expected to determine clearance levels and conditions for the
authorisation of decommissioning practices in the near future.

- Several national practices exist with varying concepts on clearance levels and waste
management policies.

- The 3D specific activity distribution measured or calculated for the three reference cases have
allowed to evaluate virtual immediate decommissioning in different scenarios (clearance
levels, waste management prices and labour costs) based on real situations that occur in
European countries (F, D, GB).

- Volumes of LLW or VLLW generated (all metals and concrete) vary from 133 tonnes to 3000
tonnes.

- The IRMM accelerator provides the highest masses of waste, followed by the VUB accelerator.
This is due to the geometry of the accelerators as well as to the level of activation within the
structures.

- Costs for the VUB cyclotron have been estimated between 7700 and 830 k �
- Costs for IRMM are estimated at about the double, while for SATURNE (high energy

synchrotron, modular shielding structure) costs are estimated slightly lower than for the VUB
cyclotron.

- The calculation for a deferred scenario shows that the radioactive waste masses are limited to
the higher activated structures around the targets which are considered to be dismantled
immediately

��������&RQFOXVLRQV

- The higher clearance levels in GB, compared to the German limits, allow estimation of the
impact of a change in clearance levels on the amounts of radioactive waste. The British
scenario seems to be the most cost-effective one, not only due to the higher clearance levels,
but also due to lower labour and waste management costs.

- The French scenario provides the highest amount of waste due to the consideration that all
material within the "contaminating" area remains radioactive (very low-level) waste and no
segregation in the depth of a wall is allowed. The French scenario has a lower cost than the
German one due to the fact that the costs for very low-level waste management are assumed to
be low. The results of this evaluation would thus be quite different in case of increasing cost
for this type of waste in France.

- The maximum levels for clearance, the exemption levels recommended by [EC96] of the EC,
could under certain conditions be allowed by national authorities, following EC-guidance.
They would considerably reduce the amounts of radioactive waste. It is however expected that
they will only apply for limited quantities per facility and per year in order to respect the basic
radioprotection criteria for clearance.
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- The use of these levels would considerably lower the cost for the decommissioning of
accelerators. This conclusion applies for accelerators and cannot be extended to other types of
nuclear facilities where the ratio of very low level waste to the total radioactive waste can be
quite different.

- The cost for deferred dismantling is lower than for immediate dismantling. This scenario needs
to be handled carefully because the evolution of costs for long-term safe-storage and the
feasibility of maintaining the installations under nuclear control for such extended periods can
be uncertain.

- The diversity between clearance practices in different countries still indicates the uncertainties
related to public acceptance of clearance. The future attitude of regulating authorities to the
waste policy for large quantities of activated materials, as will be the case in accelerator
dismantling, could increase considerably the quantities and costs in case of deferred
dismantling compared to the assumptions made here, which are strictly applicable to small
quantities.

- The implementation of the EC exemption levels as maximum clearance levels for immediate
dismantling makes this option compete with the deferred scenario from the point of view of
decommissioning costs. A spread in time of the clearance of low level waste to maximum
acceptable quantities for each installation per year could be considered for authorisation in
future.

- It is expected that the amounts of radioactive waste at decommissioning of accelerators will no
longer be determined by the philosophy for clearance, which is taking a definite form at
present. The result of scenarios for the release in the environment of the rather large quantities
of rubble with particular isotopic spectra will determine the outcome of this problem. This has
to be clarified in authorisation processes between the responsible companies and competent
authorities, following future guidance of the EC art.31 group.

- The decommissioning of particle accelerators can be considered to be a technical operation
without particular difficulties. The low level of radioactivity of materials to be handled allows
the use of hands-on techniques in a radiological protected area similar to that during
maintenance and repairs.

- The important differences in labour costs and waste management costs within European
countries have considerable impact on the results of the economic analysis.
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- Not much attention has been paid in any existing installation to prevention of waste at
decommissioning.

- The source term can be limited around the accelerator itself by using newer technology
especially for cyclotrons (better control of vertical focusing and high efficiency extraction).

- The activation in collimators, target stations, beam dumps cannot be avoided.
- An optimised choice of construction materials for accelerators or infrastructures can reduce

activation. Stainless steel, Co-rich steel, and the activation of Ag and Mn in the metal
components by fast neutrons should be avoided.

- The increasing distance between targets and any infrastructure or wall will decrease specific
activation level. An optimisation of this practice is needed if reduction of total waste volume
has to be achieved.

- Local shielding against neutrons (slow and fast) will reduce activation of walls and
infrastructure. Neutron flux reduction of a factor of 80 will mostly be adequate to avoid any
neutron activation of the walls above a practical detection. Composite structures for maximal
moderation of fast neutrons (Fe, H-rich materials) and maximal caption (H-rich materials, Cd,
B) with minimal local shielding volume are needed. An optimisation of composition and
geometry is case specific.

- If the activation of main shielding walls cannot be avoided, these walls should be conceived
modular and multi-layered.

- The inner wall should be built of highly neutron absorbent material or ordinary concrete. It
should have no important structural function and be assembled by easily handled blocks fitting
in containers for nuclear waste. Iron reinforcement has to be avoided. The wall must be thick
enough to allow total absorption of neutrons (50-70 cm).

- The outer wall is the real structural wall. It can contain normal reinforcement bars.
- Ba and Fe scrap additions should be avoided, except in local, easily removed modular

shielding.
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$V�IXWXUH�GHFRPPLVVLRQLQJ�RI�DFFHOHUDWRUV�ZLOO�SXW�D�KHDY\�ILQDQFLDO�EXUGHQ
RQ�WKH�³RSHUDWRU´�RI�WKH�IDFLOLW\��WKH�VWHHULQJ�FRPPLWWHH�RI�WKLV�SURMHFWV�IHHOV
WKDW�IROORZLQJ�UHFRPPHQGDWLRQV�FRXOG�EH�PDGH�

$� 5HFRPPHQGDWLRQV� IRU� PDQDJHPHQW� RI� H[LVWLQJ� DQG� IXWXUH
DFFHOHUDWRU�IDFLOLWLHV

��� $ZDUHQHVV�LQ�GXH�WLPH�RI�WKH�SUREOHP�KDV�WR�EH�HQFRXUDJHG�VR�WKDW�DOO
LQIRUPDWLRQ�QHHGHG�IRU�IXWXUH�GLVPDQWOLQJ�LV�UHFRUGHG�DQG�GRFXPHQWHG
E\�WKH�RSHUDWRU�

��� 1DWLRQDO� FRPSHWHQW� DXWKRULWLHV� VKRXOG� DJUHH� LQ� DQ� LQWHUQDWLRQDO
IUDPHZRUN� RQ� WKH� ZDVWH� PDQDJHPHQW� DW� GHFRPPLVVLRQLQJ� RI
DFFHOHUDWRUV��:HOO�GHILQHG�TXDQWLWDWLYH�FOHDUDQFH�OHYHOV�DFFRPSDQLHG�E\
FOHDU�FRQGLWLRQV�DQG�FRQVWUDLQWV�IRU�DSSOLFDWLRQ�DUH�UHFRPPHQGHG��7KH
FRQGLWLRQV�IRU�ZDVWH�PDQDJHPHQW�DQG�GLVSRVDO�IRU�DOO�W\SHV�RII�PDWHULDOV
VKRXOG� KHOS� WR� UHVSHFW� EDVLF� UDGLDWLRQ� SURWHFWLRQ� DQG� HQYLURQPHQWDO
FULWHULD�

��� 5HJXODWRU\� DXWKRULWLHV� VKRXOG� HQIRUFH� SUHSDUDWLRQ� RI� SUHOLPLQDU\
GLVPDQWOLQJ�SODQV�LQ�DQ�HDUO\�VWDJH�RI�WKH�DFFHOHUDWRU�RSHUDWLRQ�
�� 0HFKDQLVPV� DQG� IXQGV� IRU� SURYLVLRQLQJ� GHFRPPLVVLRQLQJ� FRVWV
VKRXOG�EH�IRUHVHHQ�DQG�HQIRUFHG�

% Recommendations for management, operators and constructors of new accelerator
facilities

5. The optimisation in the use of nuclear techniques and life cycle analysis of
concepts of installations and materials used can decrease the future impact of

the waste production.
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PRGXODU�FRQVWUXFWLRQ�FRQFHSWV�WR�OLPLW�WKH�ZDVWH�YROXPHV�DQG�FRVWV�


