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1. INTRODUCTION

This Annual Report summarises the fusion reseacthitzes of the Latvian Research Unit of the
Association EURATOM-University of Latvia in 2008.

The activities of the Research Unit are dividedhe Fusion Physics Programme and Technology

under the Contract of Association and TechnologpgRrmme under EFDA.

The Physics Programme is carried out at IP UL 4itlie of Physics, University of Latvia, and at
ISSP UL - Institute of Solid State Physics, Uniugref Latvia. The research areas of the Physics

Programme are:

. Preparation of a gallium jet limiter for testingder reactor relevant conditions
. Characterization of the impurity concentration, firgg and erosion in ITER relevant
materials using laser ablation spectroscopy

. Theory and Code Development.

The Technology Programme is carried at ISSP UL&n&P UL - Institute of Chemical Physics,

University of Latvia. The technology research aesielopment under EFDA is focused on:

. Determination of tritium and analysis of carbondmhplasma-facing components before and
after their detritiation with different methods
. Effects of magnetic field, radiation and temperatan tritium release from the EXOTIC 8-

3/13 neutron-irradiated beryllium pebbles

Several Staff Mobility actions took place in 20G8: IPP Garching, FZK Karlsruhe, UKAEA
Culham, and ISTOK Lisbon.



2. FUSION PROGRAMME ORGANIZATION

2.1 Programme Objectives

The Latvian Fusion Programme, under the AssocidgdRATOM-University of Latvia, is
fully integrated into the European Programme, whiak set the long-term aim of the joint creation
of prototype reactors for power stations to meet tieeds of society: operational safety,
environmental compatibility and economic viabilitfyhe objectives of the Latvian programme are:
() to carry out high-level scientific and techngical research in the field of nuclear fusion, (@)
make a valuable and visible contribution to the dpean Fusion Programme and to the
international ITER Project in our focus areas. Ttés be achieved by close collaboration with

other Associations.

2.2 Association EURATOM-University of Latvia

The Latvian contribution to the European fusiongoamme began in 2000 in the form of
cost-sharing actions (fixed contribution contraststh EURATOM). The Association was

established on 19 December 2001 incorporatingtistileg cost-sharing actions into its work plan.

2.3 Fusion Resear ch Units

The Latvian Research Unit of the Association EURM-Oniversity of Latvia consists of

three Institutes of University of Latvia.

1. IP UL — Institute of Physics, University of Latvia
32 Miera St., Salaspils LV-2169, Latvia.
Phone +371 6 7944700, Fax. +371 6 7901214
2. ISSP UL - Institute of Solid State Physics, Uniutgref Latvia
8 Kengaraga St., Riga LV-1063, Latvia.
Phone +371 6 7187810, Fax. +371 6 7132778
3. ICP UL - Institute of Chemical Physics, UniversitiyLatvia
4 Kronvalda Blvd., Riga LV-1010, Latvia.
Phone +371 6 7033884, Fax. +371 6 7033884



2.4 Association Steering Committee

The research activities of the Latvian Associat®ldRATOM-University of Latvia are

directed by the Steering Committee, which comprieedollowing members in 2008:

Mr. Douglas Bartlett, EU Commission, Fusion asstmmagreements, Unit J4, DG Research
Mr. Steven Booth, Fusion association agreementg,JdnDG Research

Mr. Marc Pipeleers, Administration and finance, L%, DG Research

Mrs. Maija Bundule, Ministry of Education and Saien

Mr. Ivars Lacis, University of Latvia

Mr. Andrejs Silins, Latvian Academy of Sciences

The Steering Committee had one meeting in 2008 %P UL with remote participation of
EU Commission representatives, on Jul{.10

2.5 ThelLatvian Membersin the EU Fusion Committees

Consultative Committee for the EURATOM SpecificeResh and Training Programme in the
Field of Nuclear Energy-Fusion (CCE-FU)
Mr. Andris Sternberg, ISSP UL

EFDA Steering Committee
Mr. Andris Sternberg, ISSP UL

Science and Technology Advisory Committee (STAC)

Mr. Olgerts Dumbrajs, ISSP UL

Mr. Andris Sternberg, ISSP UL

Governing Board for the Joint European Undertakiiog ITER and the Development of Fusion
Energy, “Fusion for Energy” (FAE GB)

Mrs. Maija BunduleLatvian Academy of Sciences

Mr. Andris Sternberg, ISSP UL

EFDA Public Information Group



Mr. Maris Kundzins, ISSP UL

2.6 Public Information

Conferences

Results of fusion research were presented at:

. the annual scientific conference of University at\ia,
Exhibitions

Educational activities

Television, press

Presentatiom the TV programme “Science in Latvia”,

Presentation in the programme “Researchers’ Nighatvia” on 26' of September, 2008.
2.7 Funding and Resear ch Volume 2008

In 2008, the expenditure of the Association EURAT@MIiversity of Latvia was about
EUR, including Staff Mobility actions.



3. PHYSICS PROGRAMME — FUSION PHYSICS

The fusion physics work has been performed at twgbitutes in very close co-operation
with other EURATOM Associations, in particular EURAM-IST, Portugal, EURATOM-ENEA,
Italy, EURATOM IPP, Germany, and EURATOM- FZK, Gany

3.1. PREPARATION OF A GALLIUM JET LIMITER FOR TESTING UNDER
REACTOR RELEVANT CONDITIONS
Principal investigator<=.Platacis

ABSTRACT

In 2008 a paper [1] was published summarizing éselts of the work with a liquid gallium
jet limiter on the tokamak ISTTOK. These resulta ba characterized by a following citation from
the abstract “... It was stated that ISTTOK has bseccessfully operated with the gallium jet
without degradation of the discharge or a significalasma contamination by liquid metal. This
observation is supported by spectroscopic measuntsns&owing that gallium radiation is limited
to the region around the jet. Furthermore, the poseposited on the jet has been evaluated at
different radial locations and its temperature @ase estimated”. An additional practical
achievement should also be underlined - the fudly technology of preparation and introduction of
liquid gallium in the vacuum of the discharge chamtvas mastered. But ISTTOK is a typically
small size tokamak {major radius R=0.46m, minodiua r=0.085 m, toroidal magnetic field
B=0.45T, center electron temperaturg(0J=150 eV, centre electron density@)=5x13%m3,
plasma current,+6kA, loop voltage ¥~3V}. It means that in the sense of all the critittathe
process loads the mentioned results are givingsaohuch. To make a step towards more reactor
relevant conditions in 2007 a collaboration agresnanong three associations (ENEA, Frascati-
IST, Lisbon — University of Latvia) on the developm of liquid metal systems for protection of
plasma facing components was signed. A high magield, high plasma density, high current
tokamak, the Frascati Tokamak Upgrade FTREQ.93m, r = 0.28m, B=8T, 1=1.6 MA was
chosen for potential next step experiments. On Fdug, to reduced dimension, the power per unit

would be comparable even with that of ITER.



EXPERIMENTAL SETUP

On Fig.3.1.1a and 3.1.1b two schemes have beemparech how such an experiment on
FTU could look like. The geometry of ISTTOK pradetily allowed only for one version when the
jet is introduced through the upper port and evietli&rough the opposite lower one. In principle
such a directly downward directed jet could be rpooated also in the cross section of FTU.
However, at such a version the clearance insidelésggn becomes very limited, no more than a
few centimeters remain free from the jet to theeowtall and to the internal corner of the lower

port, it is difficult to find a place free for ir@tation of some additional units, etc.

Figure 3.1.1.a

But the cross section of FTU allows also for othensions when the jet is touching upon the
plasma under a definite angle and in the same &linthe constructive elements remain placed
outside the scrape-of layer. Under such condittbeget must be backed by some droplet trapping
sub-channel draining the liquid metal down into thain receiver installed in the lower port. It is
essential since at the beginning and at the erndeolpprox. 5 s long jets “discharge” the mass of
Ga will fall directly downwards. Additionally, itsi necessary to give a definite space for some
deflection of the jet by the plasma which was demn ISTTOK. In the version Fig.la the
feeding channel is also installed trough the lowmart. However, in such a case the
feeding/receiving unit looks rather complicatedthwiery little clearance inside, with a necessity t

come very close to the SOL. To ensure a gradugbeteeg of the jet into plasma a vertical
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displacement of the nozzle must be foreseen. Thesmonding mechanism also requires place. In
the second version Fig.1b the feeding channelswlied through the side port. In such a case the
outer hydraulic chain becomes more complicated,evew more clearance for all the components
can be found. A horizontal displacement of the t®zmust be foreseen, the deepening can be
started with a very low initial level. It can beeseon the figure that jets of the length L ~0.4m ar

needed, the loads are requiring the velocitiesherdvel v~ 10m/s. Break-up in droplets remains as
one of the tools for minimization of the MHD intet@n, however, it requires a very exact relation

between the velocity, length and diameter.

Figure 3.1.1.b

More flexible would be the version whee ttontinuity of the jet would be broken by means
of targeting it against a ceramic stopper. In aage¢ the geometry of the receiver should be
investigated rather carefully, to avoid back-spiagretc. The possibility to transfer to a multi-jet
version allowing to scrape-of already a real SOhusth also be remembered.

For both the versions together with the crossi@estof FTU schemes are given how the
system could be joint to the feeding Ga stand. Aydraulic scheme of the gallium jet limiter on
ISTTOK has been taken as a base. . It means thah#in liquid metal technologies mastered on
ISTTOK could be used also on FTU, that a definitenber of design units could be directly

transferred, that new in essence procedures atgiidbnot be needed.
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STABILITY OF LONG LIQUID METAL JETS.

The working length of the jet L will always be ghly proportional to the small radius of
the plasma. In the case of ISTTOK r = 85 mm anthéexperiments the length of the jet was kept
on the level L ~ 10cm. After a great number of nieasents with different metals (Hg, InGaSn
and Ga) a dimensionless dependence, charactetimnstability of the jet, was constructed: L/d =
4.2 WH"?, where L stays for the break-up length, d fordtemeter of the jet and Wb for the Weber
number. In the case of FTU r = 300mm, it means,vibeking lengths of the jet will be approx.
equal to L ~ 35 cm. It can be checked also on Fij\as not fully clear what will the behavior of
a liquid metal jet at such high values of the re&atength (L/d > 100). A corresponding experiment
was performed on our Ga stand. In the test seeati®@cm long glass cylinder was installed, instead
of the previous model of ISTTOK’s chamber (Fig.3.&,b). It was stated that the d = 3mm InGaSn

jet remains stable over all the length of the adin

l-upper tank; 2-7-valves; 8-flow
meter; 9-tube; 10-glass tube D45mm;
11-hot tank; 12-supply tank; 13-
photo camera
a b c

Figure 3.1.2.

As an example on Fig.3.1.2.c a photo of the lengtarval 30cm-40cm is presented. It
should be underlined that also the break-up lengguch long jets remains depending on the same
mentioned above relation. A conclusion can be drdnahgeneration of long enough Ga jets should
not cause essential problems. Additionally, to gateesuch long jets the equipment and methods
tested on ISTTOK and at IPUL could be directly &bl
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LIQUID METAL JETS IN STRONG MAGNETIC FIELDS.

The case of FTU specific are very high valueshefrhnain magnetic field, theoretically up to
8T.Therefore the question about the behavior sfijetstrong fields remains topical, in spite of the
fact that the general tendency was cleared alréadyne previous years - an orthogonal field
enhances, and essentially, the stability of theBasing on experiments with Hg and InGaSn jets in
an up to 3.4 T field (electromagnet with permendiglel concentrators) for the break-up length L a
following empiric dependence was developed: LA 1+0.75H&*Re%* where |y stays for the
BUL without a field, Ha and Re for Hartman and Ralgs numbers. In a 5.6 T field the enhanced
stability of a system of ten parallel InGaSn jesswdemonstrated. In these previous experiments an
ordinary N/He cooled superconducting magnet wasd.ué@ast year a modern cryogen-less
superconducting magnet with 6T in a D=30cm and =86 bore was acquired, mainly for fusion
related MHD investigations. In the very first séteaperiments the stable behaviour of an InGaSn
jet in high fields was demonstrated. Our many timgsd Incans stand was connected to the magnet
by a parallel hydraulic arm adapted for proper fieg@nd draining of the test section.

:

1o |

Figure 3.1.3.

The test section was based on a glass cylindér avil=3mm nozzle in the centre of the
upper lid (Fig.3.1.4.). In the lower lid an openifg draining was foreseen, rather simple by
configuration, newer the less, working surprising#gll, especially in the presence of strong fields.
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Without the field the behaviour of the liquid mejad was familiar, typical to any liquid jet, with
definite fluctuations, splashing, etc. Already i1 R field the jet was like a string in view, withiou

any remarkable by eye fluctuations and outlet $phes This picture remained practically
unchanged also at values of the field 2, 3, 4 afd 5

B=1T 1T 2T 3T 4T 5T
Figure 3.1.4.
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3.1.1. SPECTROSCOPY OF LIQUID Ga JET VAPOURS IN THEACTOR
PLASMA

Principal investigatot. Tale

UPGRADE OF THE EQUIPMENT FOR DETECTION OF THE INPUR DISTRIBUTION
AND DECAY KINETICS IN THE POLODIAL PLANE OF VESSEL.

A new design of the light accepting optics conaggnmodification of the optical fiber
bundle has been provided. (Fig.3.1.1.1). It théyesxperiments only four fiber groups of possible
seven were used to perform the scan in the polgittaie of tokamak. This was due to the
geometric magnification of the signal at the filbendle exit end. This problem was solved by a
new fiber bundle, which also allows performing bdtie stationary and the time-resolved
spectroscopic measurements of ISTTOK plasma. Tharee end of the fiber bundle consists of
two rows total 2x15 fibers. One of the rows appegiat the exit end is devoted to the stationary
spatially resolved measurements. The other 15dilaee divided into three bundles having five
fibers each ready to be coupled either to the mmooeator of the interference filter. The separated
the Ga line intensities are detected by three pholiiplier tubes. Afterwards the PMTs signal will
be acquitted using digital storage oscilloscopee Time resolved signals from three different
regions in the poloidal plane will be obtained.

8888888‘88888888 < Entran
e \
4@ \ < Exi
—®
j

Figure 3.1.1.1. The fiber configuration in the blend
At the entrance two fiber rows total 2x15 fiberdect the plasma emission.
At the exit end:
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. Row 1 exit: the integrated spatially resolved emissspectra measurements using
spectrograph and CCD camera.
. Row 2 exit: Time resolved spectroscopy from thrédéeent regions in the poloidal (or
thorodial) plane. Three bundles each having fibers over monochromator or interference filter
are coupled to separate photomultiplier tubes. iMillannel digital storage oscilloscope is to be
used for acquisition of the fluorescence decay tuitte resolution 1 ns.
The fiber bundle was fabricated at the Enterprisdéight Limited”, Livani, Latvia.
Characteristics of the fiber bundle for simultarewoeagistration of the spatial distribution
and average concentration of the impurities inmpasave been approved at the experimental setup

for investigation of laser ablation plasma at 15i8.3.1.1.2).

Sample
posicionier Laser

CCD camera, Spectrometer

Lense \\F/ber Photomultiplier /

\

Pressure controller Entry lens

Ablation equipment Plasma emission spectrometer

Figure 3.1.1.2. The equipment for time resolvedspscopy of plasma at ISSP

Simultaneously can be registered:

. Plasma emission spectrum using ANDOR Shamrok srj@&:trogaph equipped with
ANDOR type NEWTON CCD camera
o Decay kinetics of the single element line eithegigen one of four positions in the plasma

plume or integral emission at four positions usitgTRONIKS TDS 684A oscillograph equipped
with fast photomultiplier type FEU-103 (Russia).

Fig.3.1.1.3 represents decay of C- line dependmthe distance from surface of the carbon
tile (ASDEX Upgrade tokamak).
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Carbon tile

At =10"s

Figure 3.1.1.3 Decay of the C Il line of carboetASDEX upgrade
Results of the test experiments certificate that upgraded plasma emission collection
system is ready for time — resolved spectroscogya¥apors at the tokamak ISTTOK Portugal.
Realization of the experiments planed during th882@ue to the technical problems at
ISTTOK in installation of the multi-jet liquid Gabarce has been postponed to 2009.

DEVELOPMENT OF THE TECHNIUE FOR THE Ga VAPOR DISTBRUTION WITH THE
MULTIJET Ga JET AT THE TOKAMAK FTU FRASCATTI

Experience in spectroscopy of impurities in theatokk plasma during investigations of the
single liquid Ga jet provided at tokamak ISSTOKtBgal has been used for design of experiments
at tokamak Frascatti.

The design of optical fiber bundle developed fandiresolved spectroscopy at ISSTOK is
planed to use for experiments at Frascatti.

According to the construction of the horizontaltpanmd present design of the multijet liquid
Ga jet, proposed by the Institute of Physics ULdp&cal measurements only in the polodial plane
are possible. Information of the vapour distribntlmefore and after position of the Ga-jet is planed
to obtain by linear changing of the position of tpical system lens-fiber bundle entry in thorbdia
direction.

Sketch of implementation of the system for measergmof plasma emission is shown in Figure
3.1.1.4.

17



Figure 3.1.1.4. Design sketch of the plasma emmsaidhe view port 1 of tokamak FTU Frascatti

CONCLUSION

The optical system (lens-optical fiber bundle) tiare resolved core-exchange spectroscopy
of impurities in the tokamak plasma has been d@eslo

Characteristics of the optical system are appra@tddstitute of Solid State physics UL.

The system is available for planned experimenteeatokamak ISSTOK and at the tokamak

FTU Frascatti.

18



3.2. CHARACTERIZATION OF THE IMPURITY CONCENTRATION, PROFILING AND
EROSION IN ITER RELEVANT MATERIALSUSING LIBS

Principal investigatort.Tale

ABSTRACT

Several methods of analyzing the surface and irpaoantent in the near-surface layers are
currently employed. An alternative method of essdihg the impurity content in solid materials is
laser-induced breakdown spectroscopy. This poweokll for spectra-chemical analysis provides
both impurity content analysis and layer-by-layespith profiling. Here we present spectral
information and discuss questions regarding théhdgfiles of the impurities.

INTRODUCTION

Laser-induced breakdown can be defined as the goerof a practically totally ionized
gas (plasma) by the end of the laser pulse. Theraation of a high-power laser pulse with a
condensed phase target leads to a wide range éheanphenomena. According to the simplified
model, when the laser beam hits the surface obditid sample, a portion of the incident light is
transformed into heat energy, which raises thetreles to higher energy levels and transfers the
energy to the surrounding surface by electron impdus is followed by the eruption of material at
high velocity and the formation a crater on a salisface. The interaction mechanism between
laser radiation and the matter depends on the mdeasnof the laser beam, such as wavelength,
pulse rate and duration, as well as the chemicalposition and physical properties of the target
material.

In fusion devices, plasma-facing materials (PFM®) lsombarded and heated up to high
temperature by high fluencies of energetic hydrogers and neutrals. This interaction causes
erosion and penetration of impurity atoms into pleesma and subsequent deposition back onto the
wall surfaces. Such impurities form layers with staintially different properties compared to those

of the original material.
EXPERIMENTAL SETUP

A schematic diagram of the experimental setup dset-induced ablation spectroscopy is

shown in Fig. 3.2.1.
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Figure3.2.1. Schematic of the experimental setup

As the laser-induced plasma source, a Q-switcheY ANd laser (SL-312, EKSPLA) with
an emission wavelength of 1064 nm was used. ltadpgrat a pulse repetition rate of 10 Hz, pulse
width of 135 ps, and tuneable pulse energy up @rd3. The diameter of the output laser beam is 1
cm. A convex quartz lens with a focal distance of 300 mnthe visiblefocused the beam at a
distance of 3 mm inside the samp¥hich was fixed on a rotating sample holder in Yaeuum
chamber The vacuum system comprises of a turbomoleculanp (Ilmvac) and MicroPirani
pressure sensor (MKS Instrument§he average energy of the laser beam was monitoyed
power/energy meter (Ophir, model PE25BB-DIF). Anidens projected the plume image of the
laser-induced plasma onto the entrance of the atlore which was placed in the image plane of
the plume. The collected light was imaged via tilieef bundle onto the vertical slit of Andor
Shamrock sr-303i spectrograph with a grating of0l@dmm. The spectrograph was equipped with
an Andor CCD camera. The depth of the craters wtmated by Dektak 150 Surface profiler
(Veeco Instruments, Inc.).

The samples used in this study were cut from ttaphgte R6710 inner wall of the
ASDEX Upgrade tokamak.

The laser beam was focused at a distance of 3 nmmdbéhe sample surface in order to
increase the diameter of the crater relative tolégsth, and to avoid spark ignition in air. In case
slight defocusing of the beam, the ablation of thmimal amount of mass can be achieved
(Fig.3.2.2.). If the focus of the laser beam isedily at the surface of the sample, the layer

containing deuterium evaporates too quickly.
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Figure 3.2.2. Laser beam focusing onto the sample

SAMPLES
Two types of samples were used: samples cut fifengtaphite R6710 divertor of the
ASDEX Upgrade tokamak after a boronization procass graphite R6710 samples to provide a

reference spectrum of carbon.

RESULTS

The experiments were carried out at three diffepgassures in a vacuum chamber, and at
the atmospheric pressure. A sequence of 10 lasseegpafi=1064 nm at the pulse energy of 25 mJ
were applied on the targets. Obtained spectra emgodstrated in Fig.3.2.3. The legend on each
series of laser-induced ablation spectra indicttespressure value. For each pressure, 10 spectra
were recorded, and 3 spectra were registered atnmespheric pressure.

The spectra taken at the pressure value Sf T@r is the richest in lines. As the pressure
increases, the number of detected spectral linesndihes. The spectra taken in the atmospheric
pressure show the least amount of the spectras,linat their relative intensities are increased
almost twofold compared to those recorded at lopressures. This may be explained with the
models of propagation of laser-induced plasma plulemonstrating the development of high
pressure region at the leading edge of the plumatospheric pressure, laser-induced plasma is
confined at the region next to the surface of thiatad material. The front edge of the ablation
plume interacts with the background gas specissitirg in elevated brightness of the plume in the

imaging point.
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Figure 3.2.3. Line spectra of different elementsaasneed at different gas pressure for ASDEX

Upgrade tiles R6710 after boronization.

This leads to increasing of the relative intensityspectral lines observed at atmospheric
pressure. It has also been shown that lower bagkdgr@ressure results in a lower laser energy
threshold for ablation. That is why the spectrahaf sample in atmospheric pressure taken under
otherwise same conditions demonstrate smaller atrafuthetected spectral lines comparing to the
rest of the spectra in the Fig. 3.2.3.

To record laser-induced plasma emission spectrdasiy pulses of energy of 10 mJ were
applied on the both samples. Both of the speciargpresented in Fig.3.2.4. The spectrum of a
graphite sample containing no impurities was reedras the reference. The spectrum of the
ASDEX Upgrade sample shows a substantial numbemptrities. Tungsten lines are detected.
The reason for the appearance of B 1l (345.130 &84.927 nm) lines might be a process of
boronization of plasma-facing components (surfagedtioning). Fe | 390.294 nm and Ni IV
444519 nm might come from the stainless steel corapts which are not shielded from the

plasma.
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Figure 3.2.4. Laser-induced plasma emission speofrgraphite R7610 reference and ASDEX

Upgrade sample. Carbon lines are not specifiednanfigure

Figure 3.2.5. Appearance of,856.285 nm line in the laser ablation spectrum $DEX Upgrade
sample. The numbers on the right side corresporidegandex number of the pulse in the sequence.

The inset shows the decay of@6.285 nm line intensity.

Although both of the spectra were recorded under shme conditions, the relative
intensities of the spectral lines belonging to tdkerence sample are considerably lower than those
of the ASDEX Upgrade sample. This might be dueudase differences in the ablated samples.
Reference graphite R7610 sample was polished siyoothcontrast to the ASDEX Upgrade
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sample, which is much rougher and demonstratesrdlces of erosion after the plasma discharge.
Also, the ablation rate differs substantially fteese samples. For ASDEX Upgrade sample the
average material removal rate was aboutudbper single laser pulse. However, for pure graphit

sample this value was close to 70 nm. This is ireegent with the fact that target reflectance
determines the amount of laser pulse power absdpedde material. Additionally, surface defects

are of great importance as they contribute to @desong the laser intensity threshold required to
initiate vaporization of the surface.

Weak [, 656.285 nm line has also been detected in the ASDRgrade sample. To follow
the evolution of the appearance of deuterium Imthe spectrum, signals in the spectral window of
580-680 nm were recorded. Fig.3.2.5. representstrspeorresponding to thé'ithe 2 the &, the
5" and the 19 consecutive laser pulses applied at the samedfpie sample. The signal was
recorded after each pulse.

D, line appears after thelaser pulse. Afterwards, the decrease of deutesignal in
comparison with the carbon line is observeglidbe has nearly vanished after applying thelaser
pulse. The inset demonstrates that by the endeo$ehies of laser treatment the intensity plibe
has decreased almost two-fold compared to that thfte ' pulse. After a sharp decreasing of the
intensity of deuterium line, the signal becomescpeally equal to the background level. This
happens as the impurity layer on the ASDEX Upgraaget is removed by the ablation process.
The layer could be as thick as (3 + 4) x mateahoval rate, which is around Oun per laser
pulse (Fig.3.2.6.).

Figure 3.2.6. Process of the ablation of impuritieASDEX Upgrade target.

When the laser pulse interacts with the targetaserfthe elements of the impurities appear
in the spectrum. In the beginning of the ablatioacpss, the intensities of the spectral lines of
deuterium and boron are higher than those of thigooa The relative intensities of spectral lines
corresponding to the impurities and carbon chamgstidally when the number of laser pulses
applied to the same spot increases. The signahefstibstrate of the ASDEX Upgrade target
remains consistent or increased. The first pulkesvonly the most intense CIlI 588.977 nm line,

while the other C I-Il lines start to appear aftex end of the B pulse.
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These observations are in agreement with the madedsexperimental results of laser-
induced plasma plume propagation. In atmosphessure, the plasma is constrained to small
volumes close to the target surface. As the fostessaining the high pressure region of the plume
dissipate, the propagation decelerates and th¢ édge relaxes. This leads to a portion of plume
material being deposited back on the target surfdoee volatile elements will condense out of the
cooling plasma later than more refractory phasbs dondensed material presents a source of the

refractory element enriched material which is sad@lt the later stages of ablation.

CONCLUSION

Qualitative elemental analysis of ASDEX inner wilits was performed by laser-induced
plasma spectroscopy. The main advantages of thithatheare: its simplicity, its ability to
simultaneously monitor all elements in plasma, ttmsample preparation is required, and that it is
able to analyse any material, irrespective of itgsical state. The thickness of the ablated layer i
the case of the PFM was around (b per laser pulse, but for the polished refereacepte about
70 nm. The spectra show a decrease of deuteriumalsignd an increasing signal of the substrate
during the layer-by-layer ablation process. Thessults show that laser-induced breakdown
spectroscopy is a potential method of analysis mfrating materials and co-deposited layers of
PFMs. The quantitative characteristics of this @ff@ill be the subject of further investigations.
Additionally, laser scanning can be used as a piweeof deuterium removal from co-deposited

layers.
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3.3THEORY AND CODE DEVELOPMENT
3.3.1 HYSTERESIS IN MODE COMPETITION IN HIGH POWER 0 GHZ GYROTRON FOR
ITER

Principal investigato©.Dumbrajs.

ABSTRACT
Hysteresis in mode competition in high powiEfOGHz gyrotrons for ITER is studied.
Specific examples of hysteresis with respect taatian of magnetic field, current, electron beam

radius and beam voltage are given.

INTRODUCTION

Gyrotrons are microwave sources whose operatiopaged on the stimulated cyclotron
radiation of electrons oscillating in a static meiyn field. Gyrotron devices are now able to
generate several orders of magnitude as much p@ateanilimeter wavelength as classical
microwave tubes, and can operate at frequencid®ghipan are conveniently available from other
types of tubes. Gyrotron oscillators can have aveigplication, including technological processes,
atmospheric sensing, ozone conservation, artifiesospheric mirror, extra-high resolution
electron spin resonance spectroscopy, nuclear rtiagresonance spectroscopy, hew medical
technology spectroscopy, etc. However, the mainiaimn of powerful gyrotrons is electron
cyclotron resonance plasma heating in tokamaksstaildrators and the noninductive current drive
in tokamaks.

The study of one very interesting phenomenon —ehngsts - is relatively limited, although
perfect understanding of hysteresis is importantannection with mode competition, frequency
tuning, voltage overshooting, amplitude modulatdrthe signal, etc. In gyrotrons hysteresis is the
phenomenon that causes the amplitude of oscilstionlag behind the magnetic field and the
voltage, so that operation regions of modes fangigand falling magnetic field and voltage are not
the same.

In the present work, we generalize our single mbg&eresis calculations to multimode
case with particular emphasis on mode competitioh70GHzgyrotrons for ITER. The theory is

illustrated by a number of specific examples.
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FORMALISM

Theoretically hysteresis can be studied most caewéyg using a time-dependent equation
for the oscillation amplitude. In such calculatiaghe equation is solved for a given fixed value of
the parameter of interest until the onset of statip oscillations. After this, this parameter is
increased by a small amount and calculations antimeged until again the onset of stationary
oscillations. This is repeated until the desirechpeeter value is reached. Next such calculatioas ar

carried out in the reverse direction with decreg@arameter values.

SPECIFIC EXAMPLES

For a better understanding of various hysteresengimena, let us consider two specific
modes: the operatindEss 10 mode at frequencyt70.00GHzand the parasitidEs4 10 mode at
frequencyl67.25GHz

HYSTERESIS WITH RESPECT TO MAGNETIC FIELD.

Oscillation regions for these modes are shownguaré 3.3.1.1.

Figure 3.3.1.1. Oscillating regions of the operati(34,10) and parasitic (34,10) modes. Here
Up=65kV anda=1,24

Suppose that the operating current=45A. It is seen that for this current the maximum

efficiency , = 60% is at the magnetic fielB~6.65T However, due to the “wall” created by the

parasiticTE,;,, mode one cannot approach this point from the leld fside. One has to start at
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B~6.75T and decrease the field #8~6.65T. The corresponding hysteresis loop is shown in
Fig.3.3.1.2.

Figure 3.3.1.2. Hysteresis loop for the operatifig,,,, and parasiticTE,;,, modes

It is seen that aB = 6.75T (starting point) the gyrotron oscillates in the @img mode with
the output powetO0kW . By reducing the magnetic field t® = 665T it is possible to obtain the

maximum output power of aboulOOOKW Further reduction of the magnetic field to

B = 664T leads to the switch over to the parasitic mode \ath output power. The power in the

parasitic mode can be increased by further decrgadithe magnetic field. However, if we want to
regain high power oscillations in the operating mogde have to increase the magnetic field down

toB = 6.73T , where oscillations return to the operating maoae the hysteresis loop is closed.
It is remarkable that precisely such a scenario amsimilar hysteresis loop have been

observed in the recent experiment with;, ; as an operating mode afé,,; as a parasitic mode.

HYSTERESIS WITH RESPECT TO BEAM VOLTAGE.
Let us discuss hysteresis with respect to the bedrage. This effect can be easily observed

also in gyrotrons with diode guns. We keep agaerttagnetic field fixedB = 665T and change

the beam voltage. The corresponding hysteresisitosipown in Fig. 3.3.1.3.
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Figure3.3.1.3. Hysteresis loop with respect tolikam voltage

By raising during the start-up the voltage to ab@8tkV we reach the optimal operating

point with output power abolil00kW . However, due to hysteresis we have to be abdplstee

that no large “oscillations” in the voltage occdue to imperfections of the power supply. Indeed,

overshooting ovel68kV will lead to the loss of operating mode and to lketodns in the parasitic

mode with low output power. Oscillations in the ggagng mode can be recovered only at about

55kV with low output power. At this point one can resuctimbing up the hill to high voltages and

output power. The described picture means alsoithgyrotrons with power modulation due to

hysteresis one has to be cautious with overshaoting

CONCLUSIONS

Various hysteresis manifestations in the competitietween the operatingE, , and parasitic
TE, ., modes have been explored. Specific examples hease diven for the operatintg,,,, and

parasiticTE,;,, modes in the high powéi70GHz gyrotron for ITER.
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3.3.2. LINEAR AND NON-LINEAR INSERTS FOR GENUINELWIDEBAND CONTINUOUS
FREQUENCY TUNABLE COAXIAL GYROTRON CAVITIES

Principal investigato©.Dumbrajs

ABSTRACT

We consider two continuous frequency tunable CWkiebagyrotron oscillators, one 330
GHz with 3 GHz bandwidth and output power 50 — AB0for scientific applications and one
30 GHz with 0.4 GHz bandwidth and output power 4048 kW for industrial applications. The
continuous tuning of both gyrotrons is achievediyving the linearly tapered inner conductor in
the axial direction in combination with the proejustment of the operating magnetic field. We
consider also a non-linear tapering, which makesssible to reduce the length of the insert and to

improve efficiency of the device.

INTRODUCTION

Frequency step-tunable gyrotrons for Electron Qyofo Resonance Heating (ECRH) of
magnetically confined fusion plasmas and for Etati€yclotron Current Drive (ECCD) in plasmas
were considered already earlier.. In recent yeaesy exciting applications of gyrotrons have
emerged beyond fusion plasma applications. For pigrdynamic Nuclear Polarization (DNP) to
enhance signal to noise ratio in Nuclear MagnetsdRance (NMR) and Electron Spin Resonance
(ESR) spectroscopy experiments as well as maternatessing in the industry. In all these
applications, the possibility of tuning the gyratrisequency is a great advantage.

There are several possibilities to change the Brqu of a gyrotron oscillator by changing:
i) the accelerating and modulation voltages (eleaitrtuning), ii) the magnetic field (magnetic
tuning) and iii) the physical dimensions of theilbator using a split cavity structure or a movable
piston (mechanical tuning). Recently, an operaitiotme higher order axial modes was proposed for
a smooth variation of frequency within a particidaral mode and between adjacent axial modes. It
should be emphasized that as long as the cavitmgey is not changed during the operation, the
tuning is possible only in discrete steps, whick determined by the difference between the
eigenvalues of the modes. The exception is thealleecfrequency pulling by changing the electron
beam parameters while keeping the oscillating métbevever, the latter method has no practical
applications, because the bandwidth is inversatp@rtional to the diffractive quality factor of the
cavity, and thus is extremely small.

Coaxial cavity gyrotrons open new possibilitiesuning the frequency in a truly continuous

way. This is achieved by moving a tapered innerdaotor in the axial direction. We apply this
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method in a 330 GHz gyrotron useful for NMR expemts and in a 30 GHz one for industrial
applications. In addition, we examine the posgiptlb decrease the length of the insert and to keep

the output power almost constant by means of alinearly tapered inner conductor.

LINEARLY TAPERED INSERT

Fig. 3.3.2.1. shows a coaxial gyrotron cavity wathinearly tapered insert that is movable
along the longitudinal axis. By moving the conigadert to the left the outer to inner radii ratio
C =Rcayo/Rno decreases, leading to a relevant change to thenaese frequency, and the
diffractive quality factorQgir, which strongly depends not only on the radiiaabut also on the
slope of insert.

A

Figure 3.3.2.1. The geometry of a coaxial cavitihvain axially movable tapered insert

THE 330 GHZ GYROTRON FOR NMR EXPERIMENTS

A 330 GHz step frequency tunable gyrotron with theerating mode Tk, has a
conventional cavity and its resonance frequenciesdry fixed values that are determined by the
distance of the axial T& , modes. Here, we consider a similar coaxial cawiti the geometrical
details given in the first column of Table 3.3.2Thble 3.3.2.2. presents the dependence of the
frequency and the quality factor on the axial dispment of the insert (positive displacement
values correspond to the movement of the insetttédeft). Here as the cavity geometry changes,
the magnetic field is readjusted to remain in res@e with the given mode and to maintain the
optimum coupling between the electron beam andrRthéeld.

Table 3.3.2.1. Geometrical characteristic of theitawith the linear insert
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Geometrical 330 GHz gyrotron for
Parameter NMR applications
Reavo 1.62 mm
Rino 0.961 mm
L, 2.73 mm
L, 11 mm
L3 8 mm
Z 3°
& 3°
On -0.rr
Rel 1.2 mm

Table 3.3.2.2. Resonance frequencies and qualdtpifa for the 330 GHz cavity with the linear

insert.
Shift (mm) fo (GHz) Quiff
0 332.880 1382
5 332.166 1543
10 331.539 1742
15 331.008 1986
20 330.560 2287
25 330.200 2660
30 329.914 3126
35 329.707 3696

It is evident that for the maximum shift of 35mmalive being chosen arbitrary) the
frequency decreases by 3.173 GHz. Since the qudabtyr of the cavity is high in the whole tuning
range, one can expect high efficiencies at allfemgies. Indeed, the calculations with the opegatin
parameters/=20 kV, I=50 mA, pitch factora=2 andRe=1.2 mm, confirm this and predict high
output power for the whole tuning range, as shawhig. 3.3.2.2. It should be emphasized that the
results presented in this figure have been obtawmigd a fixed operating current 50 mA. With
larger currents it should be possible to maintanstant output power in the entire tuning range. It
should be noted that the proposed tuning is gehuamatinuous. The tuning range is limited by the
length of the insert and by the mechanical feastbdf the proposed design, which should be
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optimized for any specific inverted Magnetron Intjec Gun (MIG), whose emitter is fixed, but the
coaxial insert movable.
It is important to mention that mode competitiordeiberately ignored in our study, since

the spacing between the neighbouring low-order magl&arge enough to neglect this problem.

Magnetic Field (T)
1225 1222 122 1216 1215 1213 1211 12.09
400 T T T T T T 333

350 -

4332
300 -

250

4331
200 -

Power (W)
(zH9) Aousnbai4

150
330

100 —=— Power

—o— Frequency
1

50

1 1 1 1 1 329
0 5 10 15 20 25 30 35
Insert shift (mm)

Figure 3.3.2.2. Dependence of the frequency, thpubypower and the optimal magnetic field on

the axial shift of the linear inner conductor ftwet330 GHz gyrotron

NON-LINEARLY TAPERED INSERT

The realization of a cavity with a movable insetch as those presented in the previous
section, could be constrained by the length ofitisert. A possible solution to this problem is the
use of a non-linear tapering profile, for which tmevement to the left will result in a combined
change of the radii ratio and the tapering slogaré&hing for a tapering profile that is almost éine

at its beginning, we selected the following fanafycurves

Ri(2=Ry1-(Z $u)
whereR; is the radius of the insert at positiba 0 mm andS,.x and v are parameters regulating the
slope of the tapering.
Keeping intact the outer wall of the 330 GHz gyoaticavity, we replaced the linear insert
with a non-linear one with the geometric paramekyrs 0.973 mm Syax = 200 mm andv = 1.
Cold cavity calculations presented in Talde.2.3 show that with this insert it is possible to
achieve the previous 3 GHz bandwidth with the s#fiff0 mm,which corresponds to a 43% length

reduction of the inner conductor. Unfortunateig quality factors now are smaller than in theecas

33



of a linear insert. As a consequence, the beanemuhas to be increased in order to maintain the
output power constant (Fig. 3.3.2.3.).

Table 3.3.2.3. Resonance frequencies and quabttgriafor the 330 GHz cavity with the non-linear

insert with B = 0.973 mm, S.x= 200 mm and/= 1.

Shift (mm) fo (GHz) Quiff
0 332.878 975
5 331.892 1146
10 331.083 1393
15 330.448 1760
20 329.980 2327

Magnetic Field (T)
12.25 12.22 12.19 12.16 12.13
T T 333

332

331

Power (W)
(zH9) Aduanbaiy

330

50 —a— Power

105 mA

—o— Frequency
1

L L 329
0 5 10 15 20

Insert shift (mm)

Figure 3.3.2.3.Dependence of the frequency, the output powertlamaptimal magnetic field on
the axial shift of the non-linear inner conductar the 330 GHz gyrotron with R 0.973 mm,
Snax=200 mm and’ =1

34



20 ' RY 15t non-linear insert with
. R =0.973mm, S__=200mm
\ 0 max
| and v=1.0
1.8F I
1
| ' V222 2nd non-linear insert with
- outer wal | =0.956mm, S_ =300mm
£ t Il RD 0.956 Smax 300
l
g 16 | and 1=1.25
~ 1
[%2] 1
= '
T 1.4 .
L L
= : | boundary of the E
10 , conventional coaxial
P o ! structure
SRS :
0.9 BRI RRLIERS
. X KKK KRS KKK KKK
oot atetotetotototetotetotetotetotetoel
S SRS SERT
eI 55
Q5 QRRLIHKS e
08 T T T T T
40

longitudinal position (mm)

Figure 3.3.2.4Representation of the two movable non-linear itssproposed

In the previous case the inner conductor is sightn-linear (Fig. 3.3.2.4.) and as a matter
of fact we could obtain quite similar results bgreasing the slope of the linear insert and by
balancing the decrease of the length of the ingedecrease to the efficiency. However, it is
possible to benefit much more from the non-linegreting in another way. Consider the previous
cavity with tapering parametef® = 0.956 mm,Spax= 300 mm andv = 1.25. It is obvious from
Table 3.3.2.4that the quality factor of this cavity is of thensa order for all shifts and one can
expect to obtain almost constant efficiency inwhmle frequency range, which is not very different
from the previous cases. Fig. 3.3.2.5.which shdves dependence of the frequency, the output

power and the optimal magnetic field on the axmilt ©f the insert confirms this expectation.

Table 3.3.2.4. Resonance frequencies and quabttgriafor the 330 GHz cavity with the non-linear

insert with B = 0.956 mm, S.x= 300 mm andr= 1.25.

Shift (mm) fo (GHZz) Quiff

0 332.894 2478

332.513 2379
10 332.123 2358
15 331.736 2387
20 331.364 2456
25 331.012 2562
30 330.688 2706
35 330.395 2892
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Figure 3.3.2.5. Dependence of the frequency, thpubypower and the optimal magnetic field on
the axial shift of the non-linear inner conductar the 330 GHz gyrotron with R 0.956 mm,
Snax= 300 mm and’ = 1.25.

ALIGNMENT AND OHMIC LOSSES

The dimensions and weight of the proposed innedeciors are rather small, close to a size
and weight of a needle. This should make easydolre alignment problems in specific practical
mechanical designs of the cavity. On the other h#éimd smallness can cause some difficulties
related to overheating of the insert. For the 3Bx @yrotron, where the predicted output power
does not exceed 40 - 400 W, estimates show thatethsity of Ohmic losses at the insert surface
are not larger than 0.05 — 0.5 kW/crithis should make it possible to operate the ggroin long
pulse and CW regimes.

CONCLUSIONS

The genuinely continuous tuning of coaxial gyrofrohy moving the tapered inner
conductor in the axial direction and by adjustinge toperating magnetic field has been
demonstrated for two cases. In both cases, thaesflly remains high in the whole frequency range
and it is possible to retain constant the outpwtgraby increasing the beam current properly. The
length of the inner conductor can be significastiprtened by increasing the slope of the tapering
or by using a non-linear profile. The latter optiprovides better possibilities to keep the output

power almost constant over the entire tuning range.
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3.3.3. HYSTERESIS IN SAWTOOTH CRASH IN ASDEX UPGRADO OKAMAK

Principal investigato®©.Dumbrajs

ABSTRACT

A hysteresis model is used to describe experimafatd on sawtooth crash in theASDEX
Upgrade tokamak. The model is based on hysterdsishvarises due to the fact that the value of
the current density gradient (approximated for thenode discharges studied here, by the
temperature gradient) at the=1surface required to turn on the instability is geeahan the
gradient required to maintain the instability, ontas turned on. The value of the hysteresis
parameter can be chosen such that the model reggedeorrectly the two time scales of the
sawtooth crash in the ASDEX Upgrade tokamak: tlevgise time (~7mg and the rapid crash
time (~50us).

INTRODUCTION

Under a wide range of operating conditions tokaneakssubject to a relaxation oscillation
in the centre of the plasma. This appears as aos#wbscillation of the temperature and density
and is also observed on other plasma parametermilne stable ramp phase heating raises the
temperature and at the collapse the associatethdh@mergy is released to the outer part of the
plasma in the form of a heat pulse. Usually itsswuaned that the collapse is due to an instability

which has am=1, n=1 structure and is associated with the existenca Q& 1 surface in the
plasma. The sawtooth oscillations usually startmdg = 1 surface first appears. Thggprofile also

oscillates with a sawtooth-like behavior. During ttamp phase the current density around the axis

increases and at the collapse it is reduced. Qurekngly the central value ajfalls during the

ramp and rises at the collapse.

In spite of the huge amount of both the experimeaa the theoretical work devoted to
studying of this phenomenon, sawtooth oscillatiaresfar from being completely understood.

Recently we investigated non-complete sawtooth meection in the ASEDEX Upgrade
tokamak. Such reconnection phenomena are assoeutednternal m/n= 1/1kink mode which
does not vanish after the crash phase (as woulthdde&ase for complete reconnection). It was
shown that this sawtooth can not be fully describgdpure m/n= 1/1 mode and that higher
harmonics play an important role during the sawtawash phase. Here the Hamiltonian formalism
was employed to reconstruct perturbations to madebmplete sawtooth reconnection. It was

demonstrated that stochastization appears due dibagan of low- order resonances which are
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present in the correspondinpprofiles inside theg =1 surface which reflects the key role of tge

value. Depending on this value two completely défe situations are possible for one and the

same mode perturbations: (i) the resonant surfage@resent irgprofile leading to stochasticity
and sawtooth crashqf~ 0.7+ 0.]); (ii) the resonant surfaces are not present wigans no
stochasticity in the system and no crash evept(0.9+ 0.05). Accordingly central safety factor

value is always less than unity in case of non-detepsawtooth reconnection. With such a
stochastic model we could well describe experimestiaervations. Next we derived heat diffusion
coefficient in a stochastic magnetic field and sdithe nonstationary diffusion equation which
allowed us to study time evolution of sawtooth brasASDEX Upgrade.

In this paper we demonstrate that different timkeescan a natural manner can be explained
by means of the hysteresis phenomenon. We use \tsterbsis model based on the transport
catastrophe. In that model the sawtooth is shovwetmdependent of the growth of the=1 mode
and is related to a catastrophic bifurcation of éim®malous transport coefficient. The magnetic
component in fluctuation increases as the plasnesspre increases. If the pressure gradient
exceeds a certain threshold, a magnetic stochgssets in and the thermal conductivity is
enhanced. The increment of the transport associatiill the strong magnetic perturbation
continues until the pressure profile is flattenétysteresis behaviour of transport flux to the
pressure gradient is obtained. The current pradilmfluenced by the enhanced current diffusivity

from the same mechanism, but the change ingpeofile remains small. We use experimentally

inferred values for the heat conductivity in thenppup and the crash phase to model the
experimentally observed time scales.

THEORETICAL MODEL

To describe experimental data on sawtooth craghSDEX Upgrade we adopt the model
which has been used for studying avalanches inraann driven dissipative systems. The model is
based on the following system of equations:

o°T(r,1)
= y(t
ot 40 or?

+5(r) (1a)

ox(t) _Q(aT/or|)—x(t)
ot T

(1b)
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Zmn» lOwstate |0T /or| < pk

1
highstate |oT/or|>k (1c)

max?

Q(|oT /or |)={

Here T(r,t) is the temperature,y(t )is the diffusion term, S(t )is the source term,
andy .« >> ¥mn- 1he function Q is double valued and dependent upon the history
for pk <|6T/8r| <k, wherek is the instability threshold afik f < . The value of Q remains in
the low stateQ = y,,, until the sIop@T/ar| >k, whereupon it undergoes a transition to the high
state. However, when in the high stQes; y,..., it will not make the transition to the low stasetil

the slop({ﬁTlar| < pk. ThusQ acts very much like a physical instability in thiae value of the
slopek required to turn on the instability is greaterriithe slopefk required to maintain the
instability once it is turned orhysteresigl When Q changes 1g,.,, @ magnetic stochasticity sets
in and the diffusive terny(t egins to rise towarg,,,.
It should be noted that our model employs the nsomple heat conduction equation (1a).

This is justified because we wish to study onlyfaetént time scales in the sawtooth crash

disassociating from accompanying changes of plgsarameters.

ASDEX UPGRADE SAWTOOTH DATA
The experimental temperature profile at ASDEX Upgrabefore the sawtooth crash

(#20975, t=4.13s) can be parameterized as follows:

T(r/a)= 2.46-(1—&] ] | 2)

Here a= 05m is the minor radius of the plasma. The- sudrface is located afa= 0.3. This
allows us to determine the instability thresholdEq. (1c)k = 3.6 keV/m. Analyzing sawtooth
crash in ASDEX Upgrade by means of the ordinarjudibn equation we found in Ref. 8 that
Zmn *IM? /s and y,. ~2500m°/s and that during the crash time 40us the central
temperature drops @218keV .

For the source term we choose the following form:

r/a

S(r/a)zso(l—aj,r/as 03 (3)

which means that it increases the slggie/ or| linearly.
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As a result we have two free parameters in theesystf equations (1a-1c): the strength of

the sourc&, and the hysteresis paramefer By changing these two parameters we can try to

reproduce the experimental number for the full eyof the sawtooth crash in ASDEX Upgrade
which is about ihs

CALCULATIONS

We impose the Neumann boundary condition at thenpdainterior:

oT
2 =0
or |, 4)
and the Dirichlet boundary condition
T(% = O.30,tj — 218keV 5)

at the position of the =1surface.

We start the calculations at the moment when thshcis completed, i.e., the temperature
profile is flat (T = 218keV) and the diffusion coefficient is maximay & 7,..,)-

The results of the calculations with (3}, =240keV/s and g = 050are shown in Figs.

3.3.3.1.-3.3.3.6. In Figs. 3.3.3.1 and 3.3.3.2 care see characteristic time scales for the instabil
The rise time of the temperature is about 0.8QFig. 3.3.3.1), while the crash time is about
0.00005s (Fig. 3.3.3.2). In other words, the central tenapare (Fig. 3.3.3.3.) rises from 2.k8V
up to 2.55keVin about 7ms but drops from 2.5keVto 2.18keVin about 5Q:s. This is related to

the behavior of the diffusion coefficient as illked in Figs. 3.3.3.4 and 3.3.3.5. It appears
“suddenly” after about fhs(Fig. 3.3.3.4) and decays to zero in about 15Q(Fig. 3.3.3.5).

Figure 3.3.3.1. The periodic crash and build-updiof the central temperature are demonstrated
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Figure 3.3.3.2. Temporal dependence of the cetgraperature in the vicinity of the first peak in
Fig. 3.3.3.1.

Figure 3.3.3.3. Temperature profile before andratibe crash

Figure 3.3.3.4. Temporal evolution of the diffuscarefficient
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Figure 3.3.3.5. Temporal dependence of the diffusaefficient in the vicinity of the first peak

In Fig. 3.3.3.6 we illustrate the hysteresis pheaoom as described by the model

corresponding to Eq. (1).

Figure. 3.3.36. Hysteresis in sawtooth crash.Temperature gradieed curve) rises until the

instability threshold aB.6keV/m. At this moment=t, the instability is turned on by switching
the function Q (green curve, arbitrary units)#q, . The central temperature (black curve) begins

to decrease and diffusion coefficient (blue cuarbjtrary units) begins to increase. During further

evolution due to hysteresis the function Q is s$witicback toy,,, not att=t, when temperature
gradient passes again the instability threshold; &ut =t, when temperature gradient becomes

equal togk = 1.8keV/ m

By changing the values of the parametggsand £ it is possible to regulate the width and
the height of sawtooth peaks. Here larggr values shorten the sawtooth period, but larger

values prolong it.
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The form and the strength of the source term cadiffierent in different experiments. We
have chosen it as (3) only for illustrative purpdéthe source term is taken from experimentnthe
our model contains only one free paramgtefter fitting it so that Fig. 1 correctly reproces
experimental observationg’(= 05), we can claim that during the crash the tempegajtadient at
the q= 1 surface in ASDEX Upgrade drops from3.6 keV/m to zero. This is a subject of

experimental verification.

CONCLUSIONS

A hysteresis model has been used to describe exgetal data on sawtooth crash in
ASDEX Upgrade . It is based on hysteresis whicsesridue to the fact that the value of the
temperature gradient at thg@= surface required to turn on the instability is geeahan the
temperature gradient required to maintain the bty once it is turned on. The value of the
hysteresis parametef and the source term have been chosen such thanddel reproduces
correctly the two time scales of the sawtooth ciasASDEX Upgrade : the slow rise time (/1§
and the rapid crash time (~g9).

In further studies one should analyze other ASDEXtdde discharges, as well as sawtooth
discharges in other tokamaks, by means of the gexpmodel in order to determine “universality”

of § and S, and to understand the physical naturegsof
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3.3.4. RADIATION STABILITY OF REACTOR MATERIALS
Principal investigatoE.Kotomin

OBJECTIVES

The experimental studies of novel materials foritation of radiation resistant materials
for nuclear reactors suggested for study of oxideetsion strengthened steels (ODS) as reduced
activation ferritic-martensitic structural matesalfor prospective fusion reactorfeduced
activation steels strengthened by yttria precipgadre considered as promising structural materials
for future fusion- and advanced fission-reactors.phrticular, application of oxide dispersion
strengthened (ODS) steels for fusion reactor blargteicture allows increasing its operation
temperature by ~100°C. Both size and spatial tistions of oxide precipitates significantly affect
mechanical properties and radiation resistance 0% Qteels. However, the mechanism of ODS
nanoparticle formation is still not well understodche aim of our theoretical study has been to
continue the first principles modeling of ODS steelccompanied by kinetic Monte-Carlo
simulations, in order to clarify a growth mechaniemODS nanoparticles and conditions of their

stability inside thdcciron lattice.

INTRODUCTION

Some recent experiments indicate that at least gfagtttrium oxide particles might be
dissolved in the steel matrix during mechanicabyafig. If so, yttrium dissolved above its
equilibrium solubility limit will precipitate durig hot isostatic pressing of mechanically alloyed
powder. Slow diffusion of large substitutional yitn atoms is probably a limiting factor for
yttrium oxide particle growth. Diffusion of intersal oxygen is much faster and, therefore, cannot
delay the growth w Y-vacancy pair as a simplestudihg yttrium-containing complex. In our
model iron matrix is represented by a face-centetdycy-Fe lattice, which is stable at typical hot
isostatic pressing temperatures. We have performederies of large-scale first principles
calculations on perfegt-Fe lattice as well as that containing a singleatean vacancy, O and Y
impurity atoms. Our calculations have shown thate¢hs a considerable binding between yttrium
atom and vacancy at some distances. This allovis dstermine the pair-wise energies necessary
for further kinetic Monte Carlo simulations, aimadunderstanding the yttrium oxide precipitation

process.
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RESULTS

VASP-4.6computer code with a plane-wave basis set has bsed for large-scale first-
principles calculations on both perfect and deteditc lattice of high-temperatureFe phase. The
Perdew-Wang-91 GGA (Generalized Gradient Approxiomt non-local exchange-correlation
functional and the scalar relativistic PAW (ProggeAugmented Wave) pseudopotentials have been
used for these calculations performed in paragime with a total geometry optimization. The
pseudopotentials describe the core electrons of(4§lé3d7 outer shell), O (§2p4) and Y
(4524p65514d2) atoms with 8, 6 and 11 external electrons, respdy. Magnetic effects were not
taken into account since a culyid-e is known to be paramagnetic in the temperatmge of its
stability as mentioned above.

A series of preliminary calculations has been pentx to define the parameters of the
calculations reproducing the experimental datas Tincludes an analysis how the convergence of
the results depends on the supercell size, thef€etergy and th&-point set of the corresponding
Brillouin zone. We have found that the calculatiofishe commonly used 27 atorn3<3 supercell
are still inaccurate, due to a small size of thpestell which causes the noticeable elastic
interactions between defects and its periodicagen& hus, the supercell has been extended to 64
atoms with the 44x4 dimensions. For the calculations on the yttriwmma pair inside the iron
lattice, even larger, at leask4k6 (96-atom) supercell is required with a lower sy@my as
compared to #4x4 structural unit. The cut-off energy has beenadfrom 300 to 1200 eV and the
k-point set from 64 (4x4x4) to 4096 (16x16x16). #shbeen found that the results are reliably
converged only beginning with the unusually large-aff energy of 800 eWs default cut-off
energy of 267 eV, while varying thepoint set, it has been found that at least 12x22mesh
allows us to obtain plausible results.

We have calculated key parameters of the atomicedgrtronic structure: The equilibrium
lattice constant and cohesive energy for cubicrpagmeticy-Fe lattice have been calculated to be
3.44 A and 4.96 eV/atom, respectively. The enerfgyacancy formation for 4x4x4 supercell has
been found to be 2.37 eV with 0.75% inward relatiOur calculations performed for the 4x4x4
v-Fe supercell have shown that oxygen atoms regideitberO (six nearest Fe neighbors) &r
(four nearest Fe neighbors) interstitial positidtie latter has been found to be ~0.1-0.2 eV less
favorable than the former). Y impurity atom canyoslbstitute Fe atom in its vacancy (in the
center of cuboctahedron formed by the nearest ®vEly atoms) serving as a donor of electronic
density (~1e). At the next step, the interaction of 2 Y sulgiitnal atoms at different inter-
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distances (1-NN, 2-NN, 3-NN and 4-NN) has beenuwated. Fig. 3.3.4.1. shows the model of Fe
fcc supercell containing the two Y substitutes atfitst nearest neighbors (1NN) positions.

Figure. 3.3.4.1. 4x4x4 supercell of face-centereddic (Fm3m) structure of-Fe containing 2 Y

substitute atoms in the 1NN positions

The binding energies between the two Y substitutere calculated for all aforementioned
configurations. Our calculations have clearly shdvtleat no bonding exist between the two Y

atoms inside th&c Fe lattice. The results discussed are presentédhle 3.3.4.1.

Table 3.3.4.1. Formation and binding energies @hd E) calculated for the fcc Fe 4x4x4

supercell containing two Y substitute atoms aedkifit inter-distances.

' _ 4x4x4 supercell
Configuration

E«(eV) En(eV)

Y-Y 1-NN 1.72 -0.73

Y-Y 2-NN 1.43 -0.45

Y-Y 3-NN 1.44 -0.46

Y-Y 4-NN 2.03 -1.05
Eovy = Brvy =24y (1a)

N-1
EfY = Ecoan N Econfid - Ecth (lb)
N-2

EfY—Y = Ecoan—Y _T Econfid - Ecth (1C)
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whereN is the number of atoms in the supercé], ., the total energy of the calculated ideal
configuration, E,,, the cohesive energy of ¥, and E,,_, the formation energies of one and
two Y atoms in the Fe lattice, respectively, ., and E,_, the total energies of the calculated

supercell with one or two Y substitutes, respetyivend E,, , the binding energy of the two Y

atoms in the-Fe lattice.
Then the interaction of Y substitutional atom amdvacancy at different interdistances has
been calculated. The configurations of Y - Fe vaggmair in the 1-NN positions before and after

the relaxation are shown in Figs. 3.3.4.2.a, 34respectively.

a) b)

Figure. 3.3.4.2. a) 1-NN configuration of the Y-Facancy pair in the Fe fcc lattice before the

relaxation, b) 1-NN configuration of the Y-Fe vacwmpair in the Fe fcc lattice after the relaxation

The results of these calculations are presentethbie 3.3.4.2.which clearly shows that
inside thefcc lattice attraction between the Y atom and Fe vegasccurs at 1-NN and 3-NN
distancesj.e., the bonding is expected to be found for the 1-MNNN and 4-NN configurations

while the repelling is observed for 2-NN configuoat

Table3.3.4.2. Formation and binding energies @hd E) calculated for the fcc Fe 4x4x4

supercell containing the Y substitute atom and&aancy at different mutual distances.

' _ 4x4x4 supercell
Configuration
Ef(eV) Eb(eV)
Y-Fe vac. 1-NN 1.19 1.67
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Y-Fe vac. 2-NN 3.07 -0.21
Y-Fe vac. 3-NN 2.57 0.30
Y-Fe vac. 4-NN 2.47 0.40
EbY—Vac = EfY—Vac - EfY - Ef\/ac (2a)
N-2
Ef Y-Vac = Ecoan—Vac _T Econfid - Ecth (Zb)
N-1
EfY = Ecoan _T Econfid - Ecth (20)
N-1
EfVac = Ecoanac - T Econfid (Zd)

whereN is the number of atoms in the supercé], ., the total energy of the calculated ideal
configuration, E,, the cohesive energy of ¥, and E;,_,,. the formation energies of one and

Y-Fe vacancy pair in thécc Fe lattice, respectivelyg the total energy of the calculated

confY

supercell with one Y substitut&_ ., .. the total energies of the calculated supercel witFe

vacancy pair and,, . the binding energy of this pair {aFe lattice.

The results presented in Table 3.3.4.2 confirm esf@ntioned expectations. Relative
displacement of Y atom in the 1-NN configuratiosgtie most significant (1.25 A) and the binding
energy is the largest (1.67 eV). In the 2-NN camfadion there is no bonding between the Y
substitute and Fe vacancy and in the 3-NN and 4d¢Nfigurations of this pair the binding
energies are 0.30 eV and 0.40 eV, respectively.

SUMMARY
Series of large-scale first principles calculatiams perfecty-Fe lattice as well as that

containing a single Fe atom vacancy, O impurityrgtone or two Y substitutional atom as well as
Y-Fe vacancy pair have been performed. This allmssto determine the pair-wise energies
necessary for further kinetic Monte Carlo simulasioSince the interstitial migration of O atom is
significantly faster than yttrium self-diffusiorhd slow transfer of the oversized Y substitute atom
is a rate-determining process inO4 nanoparticles formation. Our preliminary LKMC réswshow
that the dissolved Y atoms tend to precipitate foren of particles coherent with the iron matrix.

Currently, we have begun modelling of the vacargsisded yttrium diffusion.
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4. EFDA FUSION TECHNOLOGY PROGRAMME

The fusion technology physics work has been perorim close co-operation with other
EURATOM Associations, in particular with EURATOM-WAEA, Culham, EURATOM- FZK,
Karlsruhe, and EURATOM-FOM, Petten.

4.1. DETERMINATION OF TRITIUM AND ANALYSIS OF CARBON-BASED PLASMA-
FACING COMPONENTS BEFORE AND AFTER THEIR DETRITIATION WITH
DIFFERENT METHODS

Principal investigatorG.Kizane

INTRODUCTION

Carbon is considered as a prospective plasma-faoiwagerial for the International
Thermonuclear Experimental Reactor (ITER) owingittofollowing advantages. A low atomic
number, Z, of C (Z=6) reduces the detrimental e$fef impurities in the plasma. Because of the
ability of carbon to withstand high heat flux and favourable thermomechanical properties
(carbon sublimes rather than melts during disrunstior edge localised modes), carbon tiles have
been widely used for the first wall of the Join &uean Torus (JET) and are the candidate material
for the lower vertical targets of the divertor pistof ITER. According to the present design of
ITER, the use of beryllium on the main wall (708)ntarbon on the high flux areas (56)mand
tungsten on the lower flux areas (106) wf the divertor are foreseen. The erosion ofdison of
the first wall by D-T plasmas leads to a codepositof hydrogenated carbon films mainly on the
colder parts of the surfaces of the plasma chaimbegiuse of a high affinity of carbon to hydrogen
isotopes. This immobilises substantial amount oiutn (up to 1 atom of tritium to 1 atom of
carbon) in thin layers that are not accessiblaitthér erosion. The formation of such co-deposited
tritiated layers constitutes a major issue for IT&RIit will tend to increase the tritium inventory
trapped inside the fusion machine. Due to the marintritium inventory allowed inside the ITER
machine, removal of trapped tritium will be reglyanecessary to continue operation. Beryllium is
also subjected to significant erosion under plasperating conditions; therefore a mixed Be-C
film may form. Tritium depth profiles reported iberature for JET divertor carbon fibre composite
(CFC) tiles revealed that a large fraction of thlt tritium retained by a tile >61% had diffused
deep into the bulk of the tile. For the reasonsadé operation of a fusion machine and safe disposa
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of the used first-wall materials (FWM), the tritiunetention and recovery from FWM require
further investigations. The coring/full combustitgthnique is for the most part used in literature
for determination of tritum depth profiles. Analysof selected samples of plasma-facing
components (PFCs) in order to support particle spart studies and development of in-situ
detritiation methods has been proposed as the JBibri- Technology activities in the frame of the
EFDA 2008 Workprogramme. Investigations of promsrtof the tritium trapped in the deposited
films, in the surface layers and in the bulk of CHEs with respect to temperature, radiation and
magnetic field can contribute to the developmerdeifitiation methods.
EXPERIMENTAL METHODS AND TECHNIQUES
PREPARATION OF SAMPLES FOR TRITIUM ANALYSIS

Samples for tritium analysis were prepared by abiding of tiles with a hollow drill of the
diameter 10 mm and the cutting path of 1 mm in idthen the cylinders obtained were cut into
discs of 0.8 mm thickness using a diamond-grindiisg with a cutting path of 1 mm in width. The
workplace for mechanical treatment of carbon-bases used for this study is shown in Fig. 4.1.1.
Core drilling positions of tile 14BWG4B for tritiumnalysis in a poloidal direction is shown in Fig.

4.1.2. A cylinder and discs cut are shown in Fig.3!

Figure 4.1.1. Workplace for mechanical treatmentarbon-based tiles
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Figure 4.1.2. Core drilling positions of tile 14 BB

a) b)
Figure. 4.1.3. Cylinder 1 (a) and discs 1-3 of mgliér 1 (b) of tile 14BWGA4B.

COMBUSTION OF SAMPLES FOR TRITIUM ANALYSIS

In order to determine the tritium content in thebca samples, we use the combustion
technique proposed by Vance et all and employeddudy JET-P(99)53. Two sets of the glassware
of this apparatus were received from JET and ohefdhis apparatus was made by ourselves at the
University of Latvia. Each of these 3 apparatusas aquipped with the necessary hardware for its
operation — with a tube furnace of an approprige and a split hinge design, with a thermocouple
(2 type S and 1 type K thermocouples are usedh®i3tapparatuses), with a temperature control
unit made by ourselves at the University of Lat@aemperature control units were made for the 3
apparatuses). Thermo-emfs of the type S and K thewaples are measured with an Agilent
34970A multichannel digital voltmeter with an Agite34902A multiplexer and recorded with a
personal computer (PC) using the Agilent-Benchld@ta-Logger 3 software. The temperatures of

the cold junctions of the type S thermocouples weeasured with type J thermocouples connected
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directly to the Agilent 34902A multiplexer. A canpdased disc for combustion is placed into a
qguartz crucible above the CuO wire bed in the quaabe of the Vance apparatus (Fig.4.1.4.). A
fume hood was set up and connected to a ventilaywtem for safe operation of 3 Vance
apparatuses (Fig. 4.1.5). A new blower was purchaserder to increase a draught.

The combustion was normally performed under theditmms given in Table 4.1.1. The
tritium was collected in two bubblers (Fig.4.1.98-99 % of trittum was collected in the first
bubbler. The time of a complete combustion, 4-8dpends on thickness of the carbon-based disc

being combusted.

Table 4.1.1. Conditions of combustion of carbonedlasamples

Combustion temperature, °C: 860

Flow rate of moistened air, mL/min: 15-20

Time of a complete combustion, h: 4-6

Cleaning time of the system, h: 15-20 (overnight)
Volume of distilled water in the®1bubbler, mL: 200

Volume of distilled water in the"2bubbler, mL: 100

After each combustion 5 mL water aliquots were makem each of the two bubblers. Each
of these aliquots was mixed with 15 mL of an Ulti@ald scintillation cocktail and analysed for

total tritium with a TRi-Carb 2910TR counter. Medsg time was 30 min in each of 3 cycles.
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Figure 4.1.4. Scheme of a modified Vance apparfétusthe combustion of carbon samples
(adapted from report JET-P(99)53)

Figure 4.1.5. General view of fume hood with seblip Vance apparatuses
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THERMAL DESORPTION OF TRITIUM

An apparatus for investigations of thermal desorpof tritium up to 1100 °C was set up in
a laboratory at the University of Latvia. The expemtal set-up comprises a cylinder with purge
gas He + 0.1% KHfrom AGA and a pressure regulator from Linde, de€farmer 150-mm brass
flowmeter with a high-resolution valve, a quartbeuwith a type S thermocouple of 300 mm in
length and a compartment containing granulated ffmm Aldrich operated at 390-400 °C, and
tritium monitor TEM 2100A with gas flow-through prortional detector DDH 32 from MAB. The
guartz tube consists of two compartments: a saogigpartment of a 22 mm outside diameter and
430 mm in length with an inner quartz tube for petys thermocouple, and a zinc compartment of
less than 17 mm outside diameter and 140 mm intheridhe sample compartment of the quartz
tube is heated from the outside with a “NabertheRm"50-250/13 tube furnace controlled with a P
320 controller. The zinc compartment is heated frihra outside with a tube furnace of an
appropriate size and a split hinge design. The laa@ttconverts tritiated water to molecular gaseous
tritium (HT, DT, and traces of;J. The temperature of the zinc bed is measured withipe K
thermocouple. The cold junction of the type S thmrouple is measured with a type J
thermocouple.

In normal operation, the flow rate of purge gas H&.1% H is 15 L/h, the sample
temperature is initially increased linearly witmé at the rat@=5 °C/min up to an end temperature
of max. 1100 °C, which is kept constant for a pe¢tednined time (e.g. for 1 h).

The purge gas flow rate is controlled and recordezhually. The temperatures of the
sample (thermo-emfs of the type S and J thermoesypind the Zn bed (thermo-emf of the type K
thermocouples) are continuously measured with aileAig34970A multichannel digital voltmeter
with an Agilent 34902A multiplexer and recordedtwda PC using the Agilent-BenchLink Data-
Logger 3 software. The tritium activity in the pargas, which is derived from the count rate of
proportional counter DDH 32, is continuously measluwith tritium monitor TEM 2100A at the
counting time of 120 s and registered with a P@Qgaisin RS-232 serial printer interface of TEM
2100A. The count rate is corrected for the systagkfground as determined at the start and the end
of each experiment. The tritium release rate ofghmple is calculated from the corrected count
rate and the measured flow rate of the purge gas 61€% H. The total released tritium activity is

calculated by integrating the release rate ovetithe region where a release is measurable.
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RESULTS AND DISCUSSION
RESULTS FROM TG AND DTA ANALYSIS

In order to check conditions for the combustiorcafbon-based samples, thermogravimetric
experiments were carried out under laboratoryramf27 °C to 1002 °C at the rate of temperature
increase of 5 °C/min using a Seiko Exstar 6300 egipsa (Fig. 4.1.6). It is evident from curves in
Fig. 4.1.6 that the combustion reaction reachesmiéximum rate at 803-808 °C. Therefore a
temperature of 850 °C is a reasonable choice foteimperature of the combustion of carbon-based

samples in a Vance apparatus.
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Figure 4.1.6. Thermogravimetric (TG), differenttilermogravimetric (DTG), differential thermal
analytic (DTA) curves of a CfC sample of 5.991 mgii

DETERMINATION OF TOTAL TRITIUM IN CARBON-BASED DISG BY FULL
COMBUSTION

Distribution of tritium activity in cylinder 11 dile 3BBWGA4A of total thickness of 36.2 mm
is shown in logarithmic scale in Fig. 4.1.7. Carb@sed tile 3BWGA4A has been taken out of the
MkIl Gas Box divertor of the JET, operated durimg tyears 1998-2001. This cylinder was core
drilled out of the tile and cut into discs in theitilm Laboratory Karlsruhe. These discs were

analyzed on tritium activity in our laboratory hetUniversity of Latvia.
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99.9% of tritium is located in the first disc Al oylinder 11 of tile 3BWG4A, the mass
activity of the plasma-facing surface disc A1 was GBqg/g, but that of the next disc A2 was 0.17
MBq/g, for disc A3 — 96 kBqg/g. Then the tritium &ty gradually increases in the sequence of
discs A3 to A17 and finally to the rest of the ader, i.e. for disc A17 — 0.17 MBqg/g and for the
rest — 0.32 MBqg/g. The mass activity of tritiumlinear scale for discs A2-A17 and the rest of
cylinder 11 of tile 3BBWGA4A are shown in Fig. 4.1.8.

Residual ash was observed after combustion ofitstedisc A1 of cylinder 11 of tile
3BWGA4A, but its weight was very little — below tiveighing error (<0.00006 Q).

Figure 4.1.7. Distribution of tritium activity inyiinder 11 of tile 3BWG4A

Figure 4.1.8. Mass activity of tritium for discs-A27 and the rest of cylinder 11 of tile 3BBWG4A

56



14BW G4B, Cyl 1

log 10[ mass
activity [kBg/g]]

1 3 5 7 9 11 13 15

Disc number

Figure 4.1.9. Distribution of tritium in cylinder d@f tile 14BWG4B

Discs of cylinder 1 core-drilled out of the tileBWG4A were analysed. Most of tritium
was detected in the first and second discs — Al BIBg/g and A2 20.03 kBqg/g respectively.
Tritium activities for discs A3, A7 and A16 wereuitd to be approximately equal to 10 kBg/g.
Distribution of tritium in cylinder 1 of tile 14BW@B is shown in Fig. 4.1.9.

X-RAY DIFFRACTION ANALYSIS

Figure 4.1.10X-ray diffraction pattern of untreat€éC tile 10057 G2
X-ray diffractometer (XRD) Bruker D8 Advanced wased for phase analysis of untreated

CFC tile 10057 G2 (Fig. 4.1.10.). The X-ray difftiaa pattern reveals only presence of graphite.

SURFACE ANALYSIS BY SCANNING ELECTRON MICROSCOPY EB)

SEM — EDAX Hitachi S-4800 and JSM 6490 was usedaimalysis of surface structure.
Scanning electron micrographs of a disc from umtekaCFC tile 10057 G2 are shown in Fig.
4.1.11. The micrographs show fibred structure ef@C tile. Two types of fibres of different size

- fine and coarse - are visible. Orientations effibres are different. Fine particles are obsexwed
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the surface of coarse fibres. Diameter of fineeffocan be estimated as 7-11 pum, diameter of coarse
fibres — about 50 - 55 um.

Scanning electron micrographs of a disc from areiinpart of CFC tile 3BW G4A are
shown in Fig. 4.1.12. Fig. 4.1.12.a shows coaise$i of different orientations. Interfibre porosity
is visible. Fibre diameter can be estimated to @40 um. A view of a separate coarse fibre is
shown in Fig. 4.1.12.b. A multilayered concentriusture of the fibre around a core of diameter

about 7-10 um is visible.

b)
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Figure 4.1.11. Scanning electron micrographs ofst drom untreated CFC tile 10057 G2
a) b)

Figure 4.1.12. Scanning electron micrographs ofst drom an inner part of CFC tile 3BW G4A

TRITIUM RELEASE BY THERMAL DESORPTION

Figure 4.1.13. Tritium release by thermal desorptioom disc Al of cylinder 4 of tile 14BWG4B

Curves of tritium release at annealing of disc Atyinder 4 of tile 14BWG4B at a rate of
5 °C/min to 1050 °C in a flow of He + 0.1% ldt a rate of 15 L/h are shown in Fig 4.1.13. The
tritium release started at 140 °C, and its ratehed a maximum at 620 °C. At the end of the
experiment, the total release of tritium was 0.3BdWFig 4.1.13.) corresponding to the mass
activity of tritium of 2.7 MBqg/g. In this experimértritium release took place at lower temperatures
than those in the case of disc Al from cylinderdsrf JET tile 004/2-20 (report JET-P(99)53, page
21).
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CONCLUSIONS

1. 99.9 % of tritium is located in the first dis¢ oylinder in plasma exposed side of
3BWGA4A tile, the mass activity of the plasma-facsugface disc A1 was 0.6 GBqg/g.

2. The tritium activity gradually increases in $equence of discs A3 to A17 and finally to
the rest of the cylinder, i.e. for disc A17 — OMIBqg/g and for the rest — 0.32 MBq/g.

3. Amount of tritium in the cylinder 1 of tile 14B®BAB gradually decreased from 1st to 3rd
disc and then remained constant.

4. X-ray diffraction analysis of untreated CFC @057 G2 shows only graphite.

5. Carbon fibres of two different sizes were obsdrigy SEM.
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4.2. EFFECTS OF MAGNETIC FIELD, RADIATION AND TEMPERATURE ON
TRITIUM RELEASE FROM THE EXOTIC 8-3/13 NEUTRON-IRRADIATED
BERYLLIUM PEBBLES

Principal investigatorG.Kizane

INTRODUCTION

Beryllium pebbles are considered as a neutron pigltiaccording to the reference concept
of the helium-cooled pebble-bed (HCPB) blankethie European Breeding Blanket Programme for
the DEMO design. Tritium accumulation in berylliupebbles as a result of neutron-induced
transmutations is a significant technological, saéand waste handling issue of the HCPB blanket.
Considerable tritium retention can affect the uri breeding and cause an environmental hazard in
emergency and problems with utilization of usedylliem. Under the real operating conditions of
the HCPB, the multiplier Be pebbles will be subgecto action of a high temperature up to 920 K,
intense fast neutron radiation of 2.4 MW iti.e. 13® n m? s%), and a high magnetic field (MF) of
7-10 T. Tritium and helium release from neutromdgiated beryllium pebbles at annealing was
explored previously. The present study is a coation of our previous investigations of radiation
and magnetic field effects on tritium release froeutron-irradiated beryllium pebbles. In our
previous investigations, we found that tritium esde from the EXOTIC 8-3/13 Be pebbles proceeds
in general at lower temperatures than that from BERYLLIUM pebbles. In this study, we
investigated effects of radiation and magnetiadfieh tritium release from the EXOTIC 8-3/13 Be
pebbles at temperatures up to 770 K as well asmwestigated chemical forms of tritium after
treatment of EXOTIC 8-3/13 Be pebbles and startednalyse chemical forms of tritium in PBA
Be pebbles received from NRG (Petten) in the y8ag2

EXPERIMENTAL METHODS AND TECHNIQUES
SAMPLES INVESTIGATED

The beryllium pebbles irradiated in the EXOTIC &83/and PBA (Pebble Bed Assembly)
experiment were investigated in this study. Thadiation programme EXOTIC (EXtraction Of
Tritium In Ceramics) and PBA was carried out in HHgh Flux Reactor (HFR) in Petten, the
Netherlands. EXOTIC 8-3/13 pebbles of a diametet-0.2 mm have been manufactured by
spraying molten beryllium in an inert atmosphergei gas atomization process, IGA) at Brush
Wellman Inc. Their grain size is 40 to 20M. The main impurities are 3400 ppm BeO, 100 ppm
Mg. The Be pebbles were irradiated for 449.8 daythe HFR at temperatures 800-900 K with a
neutron fluence of 2.7xfdn m? (E > 0.1 MeV) of a fast fission spectrum. Tiée content of 285
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appm and théH content of 1.16 appm (i.e. 138 MBd)cat the end of the irradiation in the year
2000 were calculated on the basis of the irrachdtistory. The PBA pebbles of a diameter 0.9-1.1

mm were irradiated 294 full power days in the HFR.

TRITIUM RELEASE AT ANNEALING

Annealing of Be samples about 9-13 mg was performeal continuous flow of the purge
gas He + 0.1% Hof the rate 14-15 L/h without and in MF of 1.7 mdéor 5 MeV fast-electron
radiation of the dose rate P=14 MGy-in a special rig. The MF of 1.7 T was applied bgams of
a water-cooled electromagnet with a direct curcdr@0-65 A. The electromagnet has the interpolar
gap of 20 mm in width and the channel of 20 mmiangeter in one of the poles for electron beam.
A linear electron accelerator ELU-4 was used asuace of electron beam. The accelerator emits 4
Ks pulses of 5 MeV electrons at the frequency &f B@. At the normal operation, the average
current of electron beam in the interpolar space @& YA, which corresponds to the dose rate of
14 MGy:-h' for uniform absorption in the material up to 2&%£ni. In the case of simultaneous
action of electron radiation and MF, interactionetédéctrons with MF was minimized by directing
the electron beam along the magnetic field linehénrig.

The tritium released was measured continuously aviglas flow-through proportional meter
TEM 2102A with a detector DDH 32 of the operatirgume 300 crii In order to estimate a pure
contribution of radiation in the tritium releasengples of Be pebbles were subjected only to the
action of fast-electron irradiation for 3 h withoamy additional heating. Temperature of the Be
pebbles in these irradiation experiments was fdortse below 550 K. The tritium release under the
electron radiation was compared with the tritiunease at the temperature ramp of 5 K/min to 553
K, then at 553t 5 K for 3 h, then the heater was switched off, Hredsample was left to cool in a
flow of the purge gas. In the second type of aringaxperiments, the temperature programme was
5 K/min to 770 K, then at 770 £ 5 K for 1 h, théme theater was switched off, and the sample was
left to cool in a flow of the purge gas. In the €ad application of electron radiation in these
experiments, the electron radiation was switchedoor8 h within 45-230 s after the start of the
temperature programme 5 K/min. In the case of apptin of MF, MF was switched on before the
start of the experiment and switched off, whengémmple cooled below 370 K. The radioactivity of

tritium released was calculated as MB{tg 1 g of the sample of Be pebbles.
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LYOMETHOD OF TRITIUM ANALYSIS

In order to determine the total tritium activitychabundance ratios of chemical forms of
tritium (T, T°, T') in irradiated beryllium pebbles, two weighed amisuabout 2-4 mg of the
pebbles were dissolved in pure 2 mol/kS@, and in a solution of 2 mol/L #$0, + 0.5-1 mol/L
Na,Cr,0O; in a special setup. At the dissolution in puredathe & and P localized in the Be
pebbles transfer as,#HT into a gas phase, its rate of release was medswontinuously with a
meter TEM 2100A with a detector DDH 32" [Bcalized in a Be layer remains in the solutiofteA
the Be pebbles had completely dissolved, the mnitactivity in the solution was measured with a
liquid scintillation method. The total tritium acitiy in the pebbles is a sum of the tritium in thees
phase and in the solution. In order to determieecttemical forms rand T separately, dissolution

experiments with the scavenger df @° — 0.5-1 mol/L NaCr,O; were performed.

RESULTS
TRITIUM RELEASE AT TEMPERATURE553 K

Tritium release from the EXOTIC 8-3/13 Be pebblestha temperature ramp of 5 K/min to
553 K and then at 553 K for 3 h both without and/ii of 1.7 T is shown in Fig. 4.2.1.a. Under the
given conditions, tritium was released in a sifgiead peak starting with a steep increase at 410 K,
reaching its maximum at 480-553 K, and then dewnjjriike an exponent towards a background
level. The samples of the pebbles were found tdiggmilar with respect to the initial total tritru
activity 2.5-4.5 MBq- @ and to the tritium fractional sum release at theealing 10% - 19% (Fig.
4.2.1.a). The initial total tritum activity in MBg* was calculated to 1 g of the sample of Be
pebbles as the sum of the activity of tritium rekxhunder the given temperature and/or irradiation
programme and the total activity of tritium remalna the pebbles determined by dissolving them
in pure 2 mol/L HSO,.

Tritium release from the EXOTIC 8-3/13 Be pebblesier the action of electron radiation
of 14 MGy- K" for 3 h without any additional heating and with®ff is shown in Fig. 4.2.1.b. The
electron radiation was switched on at the experirtisre 30 min and switched off at the time 210
min. Temperature given in the curves in Fig. 412i&.the temperature of the sample measured with
a thermocouple of type S. The thermocouple wagdodcheneath the sample and was not within a
direct electron beam. According to the temperatunees in Fig. 4.2.1.b, the sample temperature
increased rapidly to 440-478 K within 10 min afssvitching the electron radiation on, then the
temperature was in a range 420-550 K. Under thatrele radiation, tritium was released in a single
comparatively narrow peak starting with a steepdase shortly after the switching on of the

electron radiation, reaching its maximum at <50@HKg then declining like an exponent towards a
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background level. The initial total tritium actiyibf the pebble samples was 2.6-4.6 MBY-and
the tritium fractional sum release was 17% - 2694.(F.2.1.b).

Tritium release from the EXOTIC 8-3/13 Be pebblesler the simultaneous action of
electron radiation of 14 MGy-hfor 3 h and MF of 1.7 T without any additional tirg is shown in
Fig. 4.2.1.c. The shape of the tritium release esing qualitatively similar to that in Fig. 4.2.1.b
The samples investigated in this series were caatigaly similar with respect to their initial total
tritium activity 4.7-5.3 MBg-g. The tritium fractional sum release from these glaswas 21% -
29% (Fig. 4.2.1.c).

It is worth noting that the dissimilarity of the tbh of the EXOTIC 8-3/13 Be pebbles
investigated may be characterized by the fact tha&t batch contained also some coarse
agglomerates of the pebbles containing 10-19 MBopf tritium, having also a high tritium

fractional sum release about 50% at annealing 2Gr 3 h without radiation and without MF.

TRITIUM RELEASE AT TEMPERATURE 770 K

Tritium release from the EXOTIC 8-3/13 Be pebblethe temperature ramp of 5 K/min to
770 K and then at 770 K for 1 h both without andMRk of 1.7 T is shown in Fig. 4.2.2.a. Two
distinct peaks are evident on the curves of theumni release rate in Fig. 4.2.2.a. The peak
temperatures are summarized in Table 4.2.1. Thialitotal tritium activity of the pebble samples
was found to be 3.6-5.3 MBq*gand the values of the tritium fractional sum askeare 17% - 24%
without MF (curves 1 and 2, Fig. 4.2.2.a) and 28%F of 1.7 T (curve 3, Fig. 4.2.2.a).
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Figure. 4.2.1. Tritium release at annealing of séespof the EXOTIC 8-3/13 Be pebbles in a
continuous flow of 14-15 L/h of He + 0.1 % Hinder the following conditions: a) — at the given
temperature programme without MF (1, 2) and in MF1lo/7 T (3); b) — the action of electron
radiation of 14 MGy-f for 3 h without additional heating and without M€} — the simultaneous
action of electron radiation of 14 MGy*Hor 3 h and MF of 1.7 T without additional heatirihe
curves of the tritium fractional release have beafculated for the following values of the initial
total tritium activity for 1 g of the sample, MBd:dl — 2.52; 2 — 4.50; 3 — 4.06; 4 — 2.62; 5 — 4.56;
6—-5.31,7-4.67
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Figure 4.2.2. Tritium release at annealing of sagspbf the EXOTIC 8-3/13 Be pebbles in a
continuous flow of 14-15 L/h of He + 0.1 % Hinder the following conditions: a) — at the given

temperature programme without MF (1, 2) and in MFLd/ T (3); b) — at the given temperature

programme under the action of electron radiationldf MGy-F' for 3 h without MF; c) — at the

given temperature programme under the simultanewmtisn of electron radiation of 14 MGyth

for 3 h and MF of 1.7 T. The curves of the tritifnactional release have been calculated for the

following values of the initial total tritium acity for 1 g of the sample, MBgtgl — 5.34; 2 —
4.31,3-3.62;4-5.23;5-8.61,6-5.84

Table 4.2.1. Temperatures of the peak values dfithen release rate in Fig. 4.2.2a.

m

o Temperature of the minor Temperature of the maximu
Curve no. in Fig. 4.2.2.af,. MF, T
peak, K peak, K
1 0 485-496 753-764
Not shown 1.7 490-505 725-734
2 0 484-495 724-733
3 1.7 484-499 718-727

Tritium release from the EXOTIC 8-3/13 Be pebblesier the action of electron radiation

of 14 MGy-h' for 3 h and the temperature programme but witlftis shown in Fig. 4.2.2.b. The
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first peak in the curves of the tritium releasesrist at the temperature below 470 K. At the first
maximum, i.e. at the time 60 min, 4.2% - 6.6% d ihitial total tritium activity was released (Fig.
4.2.2.b). Evidently, that this maximum is causedstiyoby the electron radiation as there is no
maximum of this kind at the temperature <470 Kha tritium release curves of the experiments
without electron radiation. The second peak is aathr peak at the temperature >470 K,
corresponding to the simultaneous action of tenipera>470 K and radiation. Patterns of the
tritium release were found to be highly dissimilar the four samples of the EXOTIC 8-3/13 Be
pebbles investigated in this series of experimehk® initial total tritium activity of the pebble
samples investigated in these experiments was .8.%Bq-g', and the values of the tritium
fractional sum release were found to be in theedf96 - 71%. The tritium release curves given in
Fig. 4.2.2.b illustrate this dissimilarity.

Tritium release from the EXOTIC 8-3/13 Be pebblesler the simultaneous action of
electron radiation of 14 MGy+hfor 3 h, the temperature programme and MF of 1i§ §hown in
Fig. 4.2.2.c. Similarly to the curves in Fig. 4.B,2he two distinct peaks are present in the cofve
the tritium release rate given in Fig. 4.2.2.c i first maximum at the temperature <470 K, ite. a
the time 60 min, 6.6% - 7.6% of the initial totatitm activity was released (Fig. 4.2.2.c). The
initial total tritium activity of the pebble sampglenvestigated in these experiments was 4.0-5.8
MBg-g*, and the values of the tritium fractional sum aske were found to be in the range 32% -
37% (Fig. 4.2.2.c).

CHEMICAL FORMS OF TRITIUM IN THE BE PEBBLES

The abundance ratios of the separate chemical famntse pebbles change after tritium
release at annealing the pebbles under action diittean and magnetic field separately and
simultaneously.

In the presence of radiation and magnetic fieldratealing of the EXOTIC 8-3/13 pebbles
at relatively low temperature 553 K for 3 h, 20%0of the localised tritium was released, in the
presence of ionizing radiation of fast electronp, to 20 % of tritum was released, but at
temperature only 10-15%. After such treatment enghesence of magnetic field and radiation, the
abundances of the chemical forms of the residitairtr had the following values - the amount of
molecular tritium in the pebbles decreased to 304@5the atomic tritium to 20-30 %, but the
amount of tritium in the ionic form did not changecomparison with an initial amount of tritium.
At such a low thermo-annealing temperature 553K amount of residual molecular tritium did not
change, and only release of atomic tritium was ofesk In the case of annealing under action of

radiation (R, T), we can conclude that the fasttebm radiation in experiments cause radiolysia of
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fraction of T, in bubbles (3—T°+T°), but temperature is too low for larger releasé&itftim. In the
case of annealing under action of all the thre®facsimultaneously (R, MF, T), residual amount of
molecular tritium reduces much more because thenstagfield can cause spin transformation
(S—T) in the pairs of radicals generated by radiolysis; the efficiency of recombination of atomic
tritium decreases, and diffusion of tritium in foohatomic tritium T increases.
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Figure. 4.2.3. Chemical forms of tritium in EXOT8c3/13 beryllium pebbles after the treatments:
R, MF, T — radiation, magnetic field and temperatuR, T — radiation and temperature; T —
temperature only; initial — the pebbles withoutaiment. Radiation — accelerated 5 MeV electrons,
14 MGy-R:; MF — 1.7 T, temperature 553 K, time — 3 h.

Annealing the EXOTIC 8-3/13 pebbles at a higherpgerature 770 K for 1 h, 17 — 24 % of
localized tritium was released into the gaseous@h@he abundance ratios of the chemical forms
of the residual tritium change to the following wa$ — the molecular tritium — 30-55 %, atomic —
40-45 %, ionic form — 10-14 %. At annealing EXOT3€3/13 pebbles at 770 K in the simultaneous
presence of magnetic field and radiation, the abooes of the chemical forms of the residual
tritium changes with the same trend as at 553 Ke-amount of molecular tritium in the pebbles
decreases considerably down to 30-40 %, the attitilon decreases to 20 - 30 %, but the tritium
in the ionic form does not change substantiallye Thanges in the chemical forms as a result of the
treatments of EXOTIC 8-3/13 pebbles are larger thase of BERYLLIUM pebbles determined in
the previous investigations.

The main form of tritium in the PBA Be pebbles isletular tritium T. Untreated PBA Be pebbles
contain molecular tritium F— 90-95 %, atomic tritium — 2 - 5 % and ionic foaftritium T" — 2-5
%, the activity of tritium in 1 gram of PBA Be pdbb is 2-4 GBq/g.

DISCUSSION
It is worth noting that, similarly as in, an appedide fraction of tritium is released at
temperatures lower than the irradiation tempera®®@900 K. A minor peak at 550 K, where the

tritium release rate is about by a factor of 4 Iowean that in the largest peak at 1173 K, was
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observed at a constant heating rate of 7 K/miflme reason of this phenomenon could be the fact
that at the EXOTIC neutron irradiation the ratetium production is higher than the rate of
tritium release and some post irradiation relaxatibstructure could take place.

The data on the initial total tritium activity amlde tritium fractional release given in Figs.
4.2.1 and 4.2.2 are summarized in Fig. 4.2.4. Tdrapdes of the EXOTIC 8-3/13 Be pebbles
investigated were found to be dissimilar with retpéo these parameters. Likewise to
BERYLLIUM pebbles, the dissimilarity of the EXOTIB-3/13 Be pebbles could be explained by
the different contents of tritium and impuritiesBe pebbles caused by different temperatures and
neutron fluxes of separate pebbles and also bgrdiff pebble microstructures. The total tritium
activity of our samples of the EXOTIC 8-3/13 Be plets was found to be 2.5-19 MB@: gvhich is
many times lower than the tritium activity 88 MBd-én the year 2008, corresponding to 138
MBg-g* calculated on the basis of the irradiation hisfonthe year 2000.
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Figure 4.2.4. Values of the fractional releaserdfum from the samples of the EXOTIC 8-3/13 Be
pebbles having the initial total tritium activity525.3 MBq-g (a) and 3.6-8.6 MBqg(b) at the
temperature<53 K for 3 h (a) and 770 K for 1 h (b) without with electron radiation of P=14
MGy-h! for 3 h and without or with MF of 1.7 T. Valuestioé initial total tritium activity (MBq-Q)

are given as labels to the data points
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Nevertheless, we can conclude a trend that theérefecadiation causes a higher fractional
release of tritium than a simple thermal treatm@né longer duration and a higher temperature
(Fig. 4.2.4.a) or a similar temperature programntbaut the electron radiation (Fig. 4.2.4.b), and a
trend that at a given temperature programme thel&meous action of the electron radiation and
MF of 1.7 T causes a higher fractional releaserittimn than a similar electron radiation of the
same duration but without MF. A similar trend wdsserved for the tritium release from neutron-
irradiated beryllium pebbles and for the detribatiof D-T-plasma-exposed beryllium tiles from
JET.

At the tritium release at annealing the pebbleseurdtion of radiation and magnetic field
separately and simultaneously, the abundance rafigeparate chemical forms in the pebbles
change. It is related to radiolysis of localizedifito pairs of radicals of ®rand MF-induced spin
transformation S>T in pairs of radicals resulting in an increasecohcentration of §— main
diffusing particles in beryllium metal.

CONCLUSIONS

1. The samples of the EXOTIC 8-3/13 Be pebblesshgated were found to be dissimilar
with respect to the initial total tritium activitgnd the tritium fractional release under the given
conditions.

2. A trend that the electron radiation causes adridractional release of tritium than the
same temperature programme without the electraatrad was observed.

3. A trend that the simultaneous action of thetedecradiation, the temperature programme
and magnetic field of 1.7 T causes a higher fraetioelease of tritium than the simultaneous action
of the electron radiation, the temperature prograrbot without magnetic field can be concluded.

4. At annealing EXOTIC 8-3/13 pebbles at 770 K an853 K in the simultaneous presence
of magnetic field and radiation, the abundanceghef chemical forms of the residual tritium
changes, but the tritium in the ionic form does wbange substantially. The changes in the
chemical forms as a result of the treatments of EXIO8-3/13 pebbles are larger than those of
BERYLLIUM pebbles determined in the previous invgations.

5. The main form of tritium in the PBA pebbles islecular tritium B, Its abundance ratio
(90-95 %) is larger than that of the beryllium plelsbfrom the BERYLLIUM (85-94 %) and
EXOTIC 8-3/13 (41-71 %) irradiation experiments.
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5. STAFF MOBILITY ACTIONS

5.1. STAFF MOBILITY VISITS
OlgertsDumbrajs
Aleksgjs Gopg enko

Gunta Kizane

AigarsVitins

Yurijs Zhukovskis

GuntarsZvegnieks

worked atlPP Garching from St October until 3l November
worked at Forschungszentrum Karlsruhe fronf' May until
18" June

took part in the Task Force PWI 2008 Annual MeetihgT,
Culham, from 2% until 24" July, in the Workshop on PIE of
HIDOBE irradiation programme, NRG, Petten froni"18util
21 August, and in the Kick-off Meeting “EUROBREED” RZ
Karlsruhe from  until 5" November

took part in the Task Force Fusion Technology Ganer
Meeting, JET, Culham from 2until 258" April, and in the 7
Annual Meeting of the EU-PWI Task Force, ENEA, feats
from 28" October until I November

worked at Forschungszentrum Karlsruhe front" 1t 22
March and from 8 until 18" October.

took part in the ITM Euratom Meeting, Frascati &wdtici from
9" until 19" September, 2008.
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6. OTHER ACTIVITIES

6.1. CONFERENCES, WORKSHOPSAND MEETINGS

OlgertsDumbrajs

Alekse s Gopejenko

GuntaKizane

AigarsVitins

Maris Kundzins

6.2. VISITORS

took part in the Solvey workshop dedicated to mgnodRadu
Balescu, Brussels, 6 - 8 March, Belgium, in the BEE
International Conference on Plasma Science, Wdrésr
Germany, June 15 - 19, in thd" International Workshop
"Strong Microwaves: Sources and Applications” Jaly —
August 2, Nizhny Novgorod, Russia, and in the 33rd
International Conference on Infrared, Millimeteand
Teraherz Waves, California, USA, September 15 - 19.

took part in the 24" ISSP scientific conference (Riga, Latvia,
March, in the B International Conference "Information
Technologies and Management", IT&M'2008 (Riga, Latv
April, 2008), and in the 2% International Symposium on
Fusion Technology, Rostock, Germany, Septembei8.200
participated in the 24th Scientific Conferencehsd tnstitute of
Solid State Physics of the University of Latviadated to
commemoration of 30 years of the Institute of Sdithte
Physics (Riga, Latvia, February 20-22, 2008), ine th
International Baltic Sea Region Conference “Fummlo
materials and nanotechnologies 2008 (FM&NT-2008&iga,
Latvia, April 1-4, 2008)

participated in the 25th Symposium on Fusion Teldgyg
(SOFT-25), Rostock, Germany, September 13-21, 2008.
participated in the Public Information Group megtihisbon,
May 8-9, 2008.

Dr. Christian Grisolia, Dr. Joseph Paul Coad and Bicolas Bekris visited the Institute of
Chemical Physics of the University of Latvia foetKick-off meeting of task JW8-FT-1.12 on 28-

30 January 2008.
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6.3. VIDEO CONFERENCES

1. EU-HPC (High Performance Computing) meetingilich, February 1%, 2008.

2. EURATOM - University of Latvia Steering Commigtdleeting in Riga, July 19 2008.
3. Lisbon — Frascati — Riga "Fusion Physic DisaussiDecember 1% 2008.

6.4. TELEPHONE-CONFERENCES

1. Semi annual monitoring meeting | — JET Fusioohfelogy on the task JW8-1.12- thé"12
June 2008.

2. Semi annual monitoring meeting Il - JET Fusi@tinology on the task JW8-1.12- tH2 4
December 2008.

7. PUBLICATIONS 2008

7.1 FUSION PHYSICSAND PLASMA ENGINEERING
7.1.1 PUBLICATIONS IN SCIENTIFIC JOURNALS

1. O.Dumbrajs, V.lgochine, and H.ZohnDiffusion in a stochastic magnetic field in ASDEX
Upgrade’, Nucl. Fusiom3, 024011 (2008).

2. D.Constantinescu, O.Dumbrajs, V.lgochine, and B.¥8ew, "On the accuracy of some
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