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!BSTRACT
The programme of the Research Unit of the Fusion
Association Euratom - Risø National Laboratory covers work in fusion
plasma physics and in fusion technology. The fusion plasma physics
group has activities within development of laser diagnostics for fusion
plasmas and studies of nonlinear dynamical processes related to
electrostatic turbulence and turbulent transport in magnetised plasmas.
The activities in technology cover investigations of radiation damage of
fusion reactor materials. These activities contribute to the Next Step, the
Long-term and the Underlying Fusion Technology programme. The
technology activities also include contibutions to macrotasks carried out
under the programme for Socio-Economic Research on Fusion (SERF).
A summary is presented of the results obtained in the Research Unit
during 1997.

ISBN 87-550-2438-6
ISBN 87-550-2439-4 (Internet)
ISSN 0106-2840
ISSN 1396-3449

2

Risø-R-1070(EN)

#ONTENTS


0REFACE 



&USION 0LASMA 0HYSICS 


)NTRODUCTION 


,ASER 0LASMA $IAGNOSTICS 
2.2.1 Collective scattering turbulence measurements at the W7-AS stellarator 7
2.2.2 Theoretical analysis of two-point collective scattering correlation
functions using a drift wave model 9
2.2.3 Spectral analysis of plasma turbulence time series 11

.ONLINEAR $YNAMICS OF &USION 0LASMAS 
2.3.1 Full three-dimensional simulations of the Hasegawa-Wakatani model 13
2.3.2 Numerical simulations of drift and flute modes in cylindrical and toroidal
geometry 14
2.3.3 Diffusion of ideal particles in electrostatic turbulence and the relation to
coherent structures 16
2.3.4 Models of dynamics of plasmas confined by curved magnetic fields 17
2.3.5 Anomalous cross-field current and fluctuating equilibrium of magnetised
plasmas 17
2.3.6 Turbulent equipartition and plasma transport 18
2.3.7 Model of cold pulse propagation with sign inversion in tokamaks 19
2.3.8 Multidomain pseudospectral scheme for full-wave calculations in
complex geometries 20
2.3.9 Ion temperature gradient vortices in shear flow 21
2.3.10Equilibrium and movement of ideal MHD plasmas in magnetic fields 22

%XTERNAL 0ROJECTS 
2.4.1 Pellet Injectors 22
2.4.2 Laser anemometry for power-curve measurement and control of wind
turbines 22


0ARTICIPANTS IN &USION 0LASMA 0HYSICS 


0UBLICATIONS 
2.6.1 International Publications 25
2.6.2 Conference Lectures 25
2.6.3 Publications for a Broader Readership 26
2.6.4 Unpublished Lectures 26


&USION 4ECHNOLOGY 


)NTRODUCTION 


.EXT 3TEP 4ECHNOLOGY )4%2 4ASK 4%5 
3.2.1 Effect of Bonding and Bakeout Thermal Cycles and Neutron Irradiation
on Physical and Mechanical Properties of Copper Alloys 29
3.2.2 Post-irradiation Annealing Effects 35
3.2.3 Effect of Neutron Irradiation on Tensile and Fracture Toughness
Behaviour of Copper Alloys 37

,ONG 4ERM 4ECHNOLOGY 
3.3.1 Effects of Neutron Irradiation on Microstructure and Mechanical
Properties of Iron and Low Activation Steels 41
3.3.2 Dislocation Decoration and Cascade-Induced Source Hardening 45

5NDERLYING 4ECHNOLOGY 
3.4.1 Post-irradiation Annealing and Defect Recovery 46

Risø-R-1070(EN)

3

3.4.2 Effect of Recoil Energy on Defect Accumulation 49
3.4.3 Defect Accumulation and Radiation Hardening in Monocrystals of Mo
and Mo-5% Re Alloy 51


0ARTICIPANTS IN &USION 4ECHNOLOGY 


0UBLICATIONS AND #ONFERENCE #ONTRIBUTION 
3.6.1 International Publications 54
3.6.2 Danish Reports 55
3.6.3 Foreign Books and Reports 55
3.6.4 Conference Lectures 56
3.6.5 Unpublished Lectures 56


4

3OCIO %CONOMIC 2ESEARCH ON &USION 3%2& 


-ACROTASKS 



3CIENTIFIC STAFF 

Risø-R-1070(EN)

 0REFACE
The activities in the Research Unit cover two main areas:
&USION 0LASMA 0HYSICS which includes:
• ,ASER PLASMA DIAGNOSTICS Development of laser diagnostics for
spatially localised turbulence measurements. In collaboration with IPP
Garching successful measurements have been performed on the
W7-AS stellarator with a new collective scattering diagnostic.
• .ONLINEAR DYNAMICS OF FUSION PLASMAS. For the interpretation of the
results from the laser diagnostic, extensive computer simulations are
carried out of the plasma density fluctuations under various types of
electrostatic turbulence. These simulations are also used for studies of
coherent structures and their influence on turbulent transport.
&USION 4ECHNOLOGY which includes:
• Experimental and theoretical investigations of the effects of irradiation
on the microstructural evolution and on the physical and mechanical
properties of metals and alloys relevant to the Next Step, the Long
Term and Underlying Fusion Technology Programme.
• Contributions to macro-tasks carried out under the programme of
Socio-Economic Research on Fusion (SERF).
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 &USION 0LASMA 0HYSICS
 )NTRODUCTION
The activities in this area have been carried out under the Plasma Physics
and Fluid Dynamics Programme in the Optics and Fluid Dynamics
Department. The main objective of the research is to contribute to the
understanding of turbulent transport in fusion plasmas. In the work
towards this objective, the programme interacts with other activities in
the department in the fields of optics and fluid dynamics to the mutual
scientific benefit of the projects involved.
The main results obtained during 1997 can be summarised as follows:
In collaboration with the Max-Planck-Institute for Plasma Physics in
Garching, Germany, the first successful measurements with Risø’s laser
diagnostic on the Wendelstein 7-AS stellarator of two-point correlations
in plasma turbulence have been carried out. These experimental
investigations were supported by a number of theoretical and numerical
studies. Theoretical studies have been carried out on the spectral analysis
of plasma turbulence time series, and fully three-dimensional numerical
simulations of various types of plasma turbulence have been conducted.
New results have also been obtained on particle diffusion in electrostatic
turbulence and on the theoretical description of inward transport via the
concept of ‘Turbulent Equipartition’.
A brief description is included of two external projects, which are
derived from the main scientific programme. These projects are: 1) Pellet
injectors and 2) Industrial spin-off of laser anemometers for wind
turbines.

6
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 ,ASER 0LASMA $IAGNOSTICS
 #OLLECTIVE SCATTERING TURBULENCE MEASUREMENTS AT THE 7 !3
STELLARATOR
7 3VENDSEN - 3AFFMAN " 3ASS * 4HORSEN
Work continued on collective scattering turbulence measurements on the
W7-AS stellarator experiment at the Institute for Plasma Physics in
Garching. The instrument, which is based on a two-point correlation
measurement technique1, has been designed to give enhanced spatial
resolution of large scale turbulence. Relatively small scale turbulence is
measured at two points in the plasma. When looking at small scales the
spatial extent of the measurement volume can be reduced, which
improves the spatial resolution. The two points are separated by a
distance corresponding to the large scale turbulence that is important for
transport in the plasma. Measuring the cross-correlation of the signals
from the two measurement points allows the group velocity at large
scales to be inferred. The limitation to the spatial resolution that can be
achieved depends on the presence of measurable fluctuations in the
plasma at small scales.
During 1997 measurements were performed at wavenumbers lying in
the range of roughly 10 to 150 cm-1. A typical example of the temporal
variation of the measured turbulence intensity is shown in Figure 1.

Figure 1. Time resolved turbulence spectra showing high turbulence intensity at the
beginning and end of the discharge. Data are from shot 41908, and were obtained at 22
cm-1.

It is seen that there are strong bursts of turbulence at the onset and
cessation of the discharge, as well as a considerably lower turbulence
level from 200-300 msec. The strong turbulence levels at the ends of the
discharge window were observable at large wavenumbers up to about
150 cm-1. On the other hand the lower turbulence levels occurring under
stationary, or quasi stationary, plasma conditions generally required
measurements at smaller wavenumbers, of not more than 20 - 40 cm-1 in
order to obtain good signal to noise ratios.
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Figure 2 W7-AS plasma discharge number 40774 of 29 September 1997. From top to
bottom: diamagnetic energy [kJ], electron temperature [eV], line integrated electron
density [10-19 M-2], and neutral beam injection power [kW].

Results obtained when measuring turbulent fluctuations centered at
κ = 36 cm-1 are shown in the following figures. At these wavenumbers
the spatial extent of the measurement region corresponded to a long
pencil with diameter of 4 mm, and characteristic length of order one
meter. Some parameters of a plasma discharge with neutral beam
injection at W7-AS are shown in Figure 2.

Figure 3. (A) Measured power spectrum vs. time and (B) H-alpha signal.

The discharge lasts about 400 msec, with the highest temperatures and
densities obtained in the latter part of the discharge. Measurement results
from the discharge are shown in Figure 3. The measuring points were
placed in the upper half of the plasma, and were separated in the poloidal
direction by 13.8 mm. At each measuring location, fluctuations centred at
κ = 36 cm-1 and with a spread in κ of about 10 cm-1 were detected. The
beams were oriented to measure fluctuations travelling in the poloidal
direction. Figure 3A illustrates the temporal development of the
measured power spectrum in the two channels. A strong signal is
obtained at the end of the discharge. The strong central peak in the power
spectrum is due to a small parasitic leakage between the local oscillator

8
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and primary beams. Figure 3B shows the H-alpha diagnostic signal
which is an indicator for the particle and energy flow out of the plasma.
The sharp peak in the H-alpha signal indicating a burst of energy out of
the plasma occurs at the time where the collective scattering turbulence
signal is largest.

Figure 4. Power spectrum measured at t=370 msec.

The power spectrum has a maximum at about -250 kHz as seen in
Figure 4. This corresponds to a poloidal phase velocity of about 450
M/sec, in the electronic diamagnetic drift direction.
The power spectra are asymmetric, with the largest part of the
turbulence intensity corresponding to propagation in the electron
diamagnetic drift direction. It can also be seen in Figure 3 that the
direction of propagation of the major part of the turbulence changes
during the plasma discharge.
It is interesting to note that the observation of asymmetric turbulence
spectra is evidence for a degree of spatial localisation less than the size of
the plasma. If this were not the case, we would expect equal
contributions from above and below the plasma centre line, and hence
symmetric spectra. Partial localisation is obtained despite the fact that the
characteristic length of the measurement volume defined by the optical
set-up is of the size of the plasma. Correlation analysis of this, as well as
other data, in order to extract the effective group velocity of the
fluctuations is currently in progress.
1. L. Lading, M. Saffman, S.G. Hanson, and R.V. Edwards, * !TMOS
AND 4ERR 0HYS. , 1013 (1996).
 4HEORETICAL ANALYSIS OF TWO POINT COLLECTIVE SCATTERING
CORRELATION FUNCTIONS USING A DRIFT WAVE MODEL
. (EINEMEIER AND - 3AFFMAN
The principle behind two-point collective scattering as a turbulence
diagnostic has previously1 been described in detail. The basic idea is that
small-scale fluctuations are measured at two adjacent points in the
plasma. A localised fluctuation at the first point will give a certain
detector signal, and as the fluctuation propagates to the second
measurement point, the same signal is recorded by the second detector.
Since the distance is known, the time delay between identical signals can
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be used to estimate the group velocity. The comparison of signals is done
by time-crosscorrelation. In principle, the crosscorrelation function will
have a sharp peak at the time-of-flight, but the function is distorted by the
effects of fluctuation decay and instrumental uncertainty in the
measurement wavenumber. Hence, it is preferable to have an expected
correlation function that can be fitted to the measured function, allowing
the extraction of the group velocity. Such a function has previously1 been
calculated for measurements with collective scattering in a normal fluid.

Figure 5. The real and (negative) imaginary part of the dispersion relation for drift
waves. The so-called filter function is determined by the experimental setup. It
determines which wavenumbers contribute to the signal, and is shown here for a typical
setup of the collective scattering diagnostic at W7-AS. Also shown are the linear
approximations to the real and imaginary parts of the dispersion relation. The
approximation is seen to be good for the wavenumbers allowed by the filter function.

We have calculated the expected crosscorrelation function for
fluctuations in a plasma, using a drift wave model. The crosscorrelation
can be written2,3 as an integral of the space-time fluctuation power
spectrum times a filter function that describes the extent of the
wavenumber spectrum that is measured. The time evolution of the power
spectrum can be described using the appropriate dispersion relation.
From the linearized Hasegawa-Wakatani equations, it is possible to
obtain such a relation for drift waves4. In our analysis, we have assumed
infinite plasma conductivity, which corresponds to neglecting the growth
towards instability. Instead, we have concentrated on the damping due to
ion viscosity. The starting point is thus a dispersive and dissipative
relation between frequency and wave number. To obtain an analytic
expression for the crosscorrelation function, we linearize the real and
imaginary parts of the dispersion relation around the measurement
wavenumber. If the filter function is not too broad, this can be done with
only a small error.
The resulting crosscorrelation is basically a Gaussian function with a
peak at the time-of-flight and a width proportional to the beam diameter.
This is multiplied by an exponential decay term, resulting in a
displacement of the peak towards shorter times. The different decay
times of fluctuations at different wavenumbers alters the shape of the

10
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function even further. Due to the long extension of the measurement
volume signals may arise from waves propagating in both the electron
and ion diamagnetic drift directions, resulting in peaks at both positive
and negative time displacements.

Figure 6. The expected crosscorrelation function, normalised by the maximum
crosscorrelation for the case of no decay. The function is shown for realistic plasma and
beam parameters, except the decay constant, which has been exaggerated to exhibit the
effect of fluctuation decay on the crosscorrelation more clearly. The vertical lines mark
the time-of-flight of the fluctuations, and the crosscorrelation is seen to peak at shorter
absolute times. The function is shown for weight factors 0.7 and 0.3 of fluctuations
propagating in the positive and negative measurement directions, respectively.

1. Association Euratom - Risø National Laboratory Annual Progress
Report 1995.
2. L. Lading, R. V. Edwards and M. Saffman, /PT ,ASERS IN %NG. ,
531 (1997).
3. L. Lading, J. Adin Mann, Jr., and R. V. Edwards, * /PT 3OC !M A
, 1692 (1989).
4. H. L. Pécseli, %LECTROSTATIC $RIFT 7AVES, Lecture notes, University of
Oslo.
 3PECTRAL ANALYSIS OF PLASMA TURBULENCE TIME SERIES
4 *ESSEN AND 0 + -ICHELSEN
A hybrid Doppler/time-of-flight laser anemometer has recently been
developed at Risø, and has been installed at the Wendelstein 7-AS
stellarator. The experiment yields time series of the fluctuating plasma
density at two neighbouring measurement volumes. The subsequent data
analysis and interpretation have prompted the development and
implementation of a new spectral data analysis technique.
The spectral analysis has been applied to model time series, obtained
by numerically solving the Hasegawa-Mima equation for plasma drift
wave turbulence as shown in Figure 7. Model data are useful for an
initial test and verification of the basic mathematical machinery. Noise
and other experimental effects can be added to the data and their
influence on the analysis can be studied. In particular, the effect of
scattering geometry (e.g. the size, shape, alignment and distance of
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measurement volumes) in the actual experiment can be investigated.
From the model simulation, time series XT YT of the plasma density at
two probe positions are obtained. A preanalysis step involves
decomposing each series into an ensemble of elementary series, weighted
by a window function that minimises amplitude leakage. The data are
subsequently fast Fourier transformed to frequency space, where the
actual analysis is performed.
The cross-power spectrum and cross-correlation are first computed.
The two-point correlation is used to estimate the time-of-flight of density
fluctuations between the two probes and, hence, to estimate their typical
propagation speed. A more refined correlation analysis, applied to each
individual frequency component, yields the frequency-dependent phase
velocity WK and thus the dispersion relation K  KW . In combination
with the power spectrum we can then estimate the wave number
spectrum. Therefore, the two-probe systems allows us to resolve and
identify oscillations in both frequency and wave number space, and to
find their interrelation.

Figure 7. Example output of spectral time series analysis. The Hasegawa-Mima
equation was solved to yield an ensemble of 256 plasma density time series to be
analysed. Left (top): typical plasma density fluctuations, (middle) ensemble average
power spectrum showing the presence of linear modes with minor peaks due to
nonlinear wave coupling, (bottom) probe-pair coherence spectrum detects oscillations
coherent over distances exceeding the probe separation to be included in the correlation
analysis. Right: bicoherence spectrum reveals nonlinear wave triplet interactions at the
dominant 200 kHz range.

Nonlinear wave dynamics is identified by bispectral analysis. The
bispectrum directly measures the nonlinear coupling between wave
triplets and vanishes for uncorrelated waves. It is found to be a useful
indicator of nonlinear effects, by studying the transition from linear to
strongly nonlinear wave dynamics in the Hasegawa-Mima model.
Bispectral analysis can consequently detect and identify nonlinear effects

12
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such as three-wave coupling, spectral cascades and formation of coherent
structures.
The spectral techniques outlined here are now being employed in the
analysis of W7-AS fluctuation data.

 .ONLINEAR $YNAMICS OF &USION 0LASMAS
 &ULL THREE DIMENSIONAL SIMULATIONS OF THE
(ASEGAWA 7AKATANI MODEL
3 " +ORSHOLM AND 0 + -ICHELSEN
Drift wave turbulence is believed to be a good explanation for the
anomalous transport of particles out of a fusion plasma. A model
describing these drift waves is the Hasegawa-Wakatani model. In this
model the drift waves are linearly unstable and are driven by the density
gradient at the edge of the plasma. The model is described by two partial
differential equations in the perturbations of the density, N, and the
electrostatic potential, φ . The equations are coupled through a term of
the form

∂2
(φ − N) , where Z
∂Z2

is parallel to the magnetic field.

Previous simulations have been performed using this model in a twodimensional geometry. Since
r r it is assumed that the motion of the
particles is only due to % × " -drift (i.e. in a plane perpendicular to the
magnetic field), this was believed to be a fairly good assumption. The
coupling between the equations has thus been done under the assumption
of only one significant wave to number, K . Recent simulations showed,
however, that full three-dimensional solutions of the equations were
necessary. A full three-dimensional code has now been developed using
accurate spectral methods in a tripple periodic geometry, and an example
of the results is shown in Figure 8. The resolution of the fields has
naturally been smaller than in the two-dimensional case, but as many as
96×96×64 modes in the X Y-Z directions have been used. The difference
from the two-dimensional case is significant. After an initial phase of
exponential growth due to the linear instability, the system saturates into
a quasi-stationary turbulent state. The total energy is nearly constant and
is mainly transferred into the K  0 mode. This corresponds to the
formation of so-called convective cells. In the present model/geometry
these reduce the particle flux. The convective cells are large coherent
structures and are apparently formed irrespective of the initial conditions.
Z

Z
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Figure 8. A plot of isosurfaces of the potential perturbation after saturation in the quasiturbulent state. The simulation was started with low level noise as initial condition. The
structures are parallel to the Z-axis corresponding to very low KZ.

 .UMERICAL SIMULATIONS OF DRIFT AND FLUTE MODES IN CYLINDRICAL
AND TOROIDAL GEOMETRY
6 .AULIN 0 + -ICHELSEN AND 3 " +ORSHOLM
Most current numerical simulations of plasma turbulence do not consider
the influence of boundaries onto the flow. However, the use of periodic
boundary conditions makes it impossible to describe any backreaction of
the turbulence onto the background quantities. The appearance of
ballooning modes in the presence of magnetic curvature and the
subsequent buildup of a poloidal shear flow, as shown for a twodimensional simulation in Figure 9, is an example of a global mode,
which reacts onto background quantities. For drift modes, a backreaction
can only be described in a fully three-dimensional context. To approach
this problem, whose understanding is crucial for the construction and
design of fusion machines, effective numerical codes have to be
developed. At present the necessary computational power is only
available at reasonable cost through the use of parallel machines. Such a
code has been developed for use on the IBM SP2. First results obtained
for a fixed density profile, thus describing only fluctuating quantities
have been obtained. The data produced by a system of equations

14
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comparable to the well-known Hasegawa-Wakatani equations show that
the dynamics change significantly with the imposed boundary conditions.
The nonlinear polarisation drift produces a charge separation along the
density background density gradient. By this, a poloidal shear flow (or
counter-streaming) develops. This is a feature connected to the L-H
transition in Tokamak machines. Figure 10 shows a typical result of one
of these early simulations. In the ongoing project, the next step is to
include in an appropriate way the magnetic field configuration of toroidal
machines and by this to be able to perform fully nonlinear simulations
including the dynamics of the background quantities.

Figure 9. Development of ballooning modes and poloidal counter-streaming in the
presence of magnetic curvature.
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Figure 10. Density and potential fluctuations in a part of a cylindrical plasma.

 $IFFUSION OF IDEAL PARTICLES IN ELECTROSTATIC TURBULENCE AND THE
RELATION TO COHERENT STRUCTURES
6 .AULIN ! ( .IELSEN AND * * 2ASMUSSEN
The diffusion of particles in the presence of self-organised vortical
structures, which are capable of trapping them, is a long-standing
problem. Here we look at ideal particles in a 2D Model of electrostatic
turbulence. The motion of charged particles in this situation is not only
important for the understanding of the observed anomalous transport in
fusion machines, but also for the diagnostic of fast alpha-particles leaving
the reaction zone of a fusion device. Furthermore this problem is strongly
connected to transport processes in the oceans and atmosphere. The
reason for numerical simulations is that within this framework it is easy
to distinguish between regions containing particles trapped in a vortical
structure and regions with particles being convected by the fluctuating
velocity field. While there are some simulations concerning particle
diffusion in marginally disturbed static velocity fields, decaying
turbulence, or a mixture of linear waves, we used turbulence driven by an
internal instability to obtain the velocity field by which the ideal particles
are convected. A large number of particles were followed through the
flow using an accurate spectral scheme to evaluate the velocities at the
particle positions. Furthermore it was evaluated if particles are within
coherent structures at a time. Particles trapped in moving structures show
a superdiffusion type in this type of turbulence, since the structures move
in a non-random fashion. Simulations using more artificial velocity fields
showed that nonlinear structures reduce the particle transport, since there
is no motion of the structures themselves. For the free particles, we find
normal diffusion setting in after a short ballistic phase. As the coherent
structures only have a finite lifetime, there is a second ballistic time-scale
after which the transport is again of the diffusion type. Recently1 this
type of “diffusion” has also been used to explain unexpectedly high
concentrations achieved during mixing processes.
1. G. Vailati, .ATURE , 262 (1997).
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 -ODELS OF DYNAMICS OF PLASMAS CONFINED BY
CURVED MAGNETIC FIELDS
+ 2YPDAL / % 'ARCIA  5NIVERSITY OF 4ROMS¸ .ORWAY 6 .AULIN
AND * *UUL 2ASMUSSEN
Magnetically confined plasmas exhibit plasma turbulence with
intermittent, large, coherent structures. While the modes with a vanishing
parallel component are driven by, e.g., the interchange instability, which
is due to magnetic field curvature and a density gradient, drift waves with
parallel wave number different from zero are driven unstable by density
and/or temperature gradients in combination with finite parallel
resistivity. Models for flute modes as for resistive drift waves are well
established. Here we are developing a three-field model that describes the
evolution of the electrostatic potential, the plasma density and the
electron temperature. As limiting cases the two simpler models
mentioned above are included. Thus, we will be able to describe
fluctuating quantities as well as the evolution of the background profiles.
Moreover, by formulating this extended model, the range of validity of
the various reduced models can be investigated. A proper reduction
describing a given experimental set-up can then more easily be found.
A second problem one can only access with this kind of model, as it
describes the plasma not only locally as the reduced models do but
globally, is the investigation of the influence of boundary conditions on
the plasma dynamics. Even though a vast amount of work has been
performed as regards the evolution of sheets, the backreaction of the
walls onto the plasma turbulence has not yet been considered in detail.
 !NOMALOUS CROSS FIELD CURRENT AND FLUCTUATING
EQUILIBRIUM OF MAGNETISED PLASMAS
+ 2YPDAL / % 'ARCIA AND * 6 0AULSEN  5NIVERSITY OF 4ROMS¸
.ORWAY
Anomalous cross-field transport of mass and energy due to low
frequency, electrostatic fluctuations is known to influence the formation
of equilibria in magnetically confined plasmas. It has not been generally
recognised, however, that anomalous cross-field current plays a similar
role in some plasma discharges. By simple physical arguments and
simulations based on a fluid model we have shown1 that low frequency,
electrostatic, flute-mode fluctuations can sustain a cross-field plasma
current in addition to transport of mass and energy. The results show that
this current determines essential features of the fluctuating plasma
equilibrium, and explain qualitatively the experimental equilibria and the
coherent flute-mode structure observed in a simple magnetised torus.
1. K. Rypdal, O.E. Garcia and J-V. Paulsen, 0HYS 2EV ,ETT. , 1857
(1997).
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 4URBULENT EQUIPARTITION AND PLASMA TRANSPORT
6 .AULIN * .YCANDER &/! 3TOCKHOLM 3WEDEN AND
* *UUL 2ASMUSSEN
Cross-field transport is one of the most important and most difficult areas
of fusion research. Even basic transport phenomena, such as the L-H
transition, the profile resilience and the particle pinch have no generally
accepted explanations. Turbulent transport driven by low frequency
electrostatic fluctuations is recognised to be of significant importance and
may account for the major part of the transport in particular in the edge
region of the plasma. Whereas classical collisional transport is generally
down the gradients (of temperature and density) and tend to bring the
plasma towards thermal equilibrium, turbulent transport may be directed
up-gradient. This type of transport, which is directed inward from the
edge of the plasma to the centre, leads to peaking of the density and
temperature profiles and is referred to as the "pinch flux". Recently1 it
has been suggested that this inward transport can be explained by
4URBULENT %QUI0ARTITION 4%0 . This is based on the existence of
Lagrangian invariants in the presence of the turbulence. The system
relaxes towards equipartition of these quantities in the accessible phase
space.
In order to test this equipartition hypothesis in a simplified system, we
have derived a two-dimensional model describing the nonlinear evolution
of pressure driven electrostatic flute modes in an inhomogeneous
magnetic field. The model consists of a set of partial differential
equations coupling fluctuations in density and electron temperature with
the fluctuations in the electrostatic potential. Using a quasi-linear
approach, we found that the turbulence driven by the Rayleigh-Taylor
instability may give rise to a "pinch flux". Further, the conditions for
marginal stability coincide with the profiles predicted by the turbulent
equipartition2.
The equations have been solved numerically on a two-dimensional
domain bounded in the direction of the gradient of the magnetic field,
and periodic in the other direction. We have investigated different ways
of driving the system, e.g. with a localised temperature or a density
source in the interior. In the cases investigated, we observe a clear pinch
flux of both temperature and density and the saturated profiles tend to
approach the profiles predicted from TEP.
In Figure 11 we show an example of the saturated temperature and
density profiles for the case where the plasma is driven by keeping the
left and right wall at a constant temperature. The inhomogeneity of the
magnetic field is modelled using a linear dependence. Boundary
conditions in the x-direction are that the temperature is fixed at both
boundaries, while the density flux is set to zero at the boundaries. It is
observed that the profiles are close to the ones predicted by the TEP; that
is N ≈ " and 4 ≈  " holds in the centre region where turbulent mixing
takes place. At both walls, a boundary layer can be seen where the flow
is dominated by viscosity.

18
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Figure 11. Time averaged profiles of density N and temperature 4 in the case where the
plasma is driven by heating at one and cooling at the other wall.

1. V.V. Yankov and J. Nycander, 0HYS 0LASMAS , 2907 (1997).
2. J. Nycander and J. Juul Rasmussen, 0LASMA 0HYS #ONTROL &USION ,
1861 (1997).
 -ODEL OF COLD PULSE PROPAGATION WITH
SIGN INVERSION IN TOKAMAKS
6 + -EZENTSEV )NSTITUTE FOR !UTOMATION AND %LECTROMETRY .OVOSIBIRSK
2USSIA * *UUL 2ASMUSSEN AND 6 6 9ANKOV 22# +URCHATOV )NSTITUTE
-OSCOW 2USSIA
The phenomenon of cold pulse propagation with sign inversion is a wellknown example of anomalous behaviour of transport in tokamak
plasmas.1 In these experiments the plasma response to local cooling of
the plasma electrons near the edge of the tokamak was investigated. The
temperature pulse was observed to propagate very rapidly through the
edge region of the plasma and the temperature increased promptly in the
inner third part of the plasma column. Thus, a cold heat pulse propagates
inwards and inverses its sign as it approaches the centre of the column.
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This effect can certainly not be modelled by standard transport models.
In these models the transport can be expressed as the sum of the products
of transport coefficients and thermodynamic forces related to the
gradients of density and temperature, where the coefficients are functions
of the local thermodynamic variables as density and temperature. The
phenomenon was simulated numerically1 by an ad hoc introduced
variation of thermal conductivity with radius.
We have suggested a transport model that is based on the idea that
turbulent transport drives the plasma towards a state of Turbulent
EquiPartition (TEP).2 This state appears as the relaxed state in which
Lagrangian invariants that are not destroyed by the turbulence are
uniformly distributed. We have thus expanded the fluxes near the TEP
state, and by solving the obtained transport equation we reproduce the
cold pulse propagation and the sign inversion. It should be emphasised,
that the aim is not to construct a predictive transport model, but rather to
demonstrate the essential importance of the underlying physical model.
Here, the main ingredient is the non-local response of the effective
turbulent diffusion coefficient and its relation to the marginally stable
profiles of temperature and density, the TEP state.
1. K. W. Gentle et al., 0HYS 2EV ,ETT. , 3620, (1995); 0HYS 0LASMAS
, 3599 (1997).
2. V. V. Yankov and J. Nycander, 0HYS 0LASMAS 4, 2907 (1997).
 -ULTIDOMAIN PSEUDOSPECTRAL SCHEME FOR FULL WAVE CALCULATIONS
IN COMPLEX GEOMETRIES
0 ' $INESEN * 3 (ESTHAVEN "ROWN 5NIVERSITY 53! AND * 0 ,YNOV
A usual assumption in many calculations of electromagnetic wave
propagation in inhomogeneous plasmas is that the ‘local’ wavelength of
the electromagnetic wave is much shorter than the characteristic scale
length of the plasma inhomogeneity. However, this ‘WKB’ or ‘geometric
optics’ assumption is often violated in cases of practical interest
connected to heating or diagnostics of plasmas. When the WKB
assumption breaks down, a full-wave solution of Maxwell’s equations is
needed. This is normally a very difficult task due to the complex
geometries in practical problems.
Recently, a new and efficient method1 for the accurate determination
of electromagnetic scattering from conducting objects with complex
geometries has been developed. This method is based on a multidomain
pseudospectral scheme, which is well suited for implementation on
parallel supercomputers. We are presently adopting this method to the
solution of problems of electromagnetic wave propagation in
inhomogeneous dielectrics with characteristic scale lengths similar to, or
even smaller than, the free-space wavelength.
1. B. Yang, D. Gottlieb, and J. S. Hesthaven, * #OMPUT 0HYS. , 216
(1997).
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 )ON TEMPERATURE GRADIENT VORTICES IN SHEAR FLOW
0 + -ICHELSEN * *UUL 2ASMUSSEN AND . #HAKRABATI )NSTITUTE OF
0LASMA 0HYSICS "HAT )NDIA
Recent tokamak experiments have shown improved stability and
confinement properties in plasma regions with high velocity shear. A
sheared plasma flow caused by an inhomogeneous perpendicular electric
field may have strong influence on the generation and evolution of
vortical structures. The shear field may tear the structures apart and may
result in smaller scales of the coherent structures, thereby limiting their
contribution to the transport.
To investigate the influence of velocity shear on coherent structures
we have studied the evolution of monopolar and dipolar vortices in an
ITG-model. The equations were solved numerically by a spectral method
in a two-dimensional domain with periodic boundary conditions.
Monopoles or dipoles are used as initial condition superimposed on the
shear field. The dipoles used are stationary solutions to the equations
without shear.

Figure 12. The evolution of the potential (upper row) and the pressure (lower row)
versus time.

In Figure 12 the evolution of the potential (upper row) and the
pressure (lower row) versus time is shown. A dipole is initialised in a
strong shear field, but in a region where the mean velocity is zero. By its
own vorticity field it starts moving in the negative Y-direction, but it is
slowly turning around because of the shear field and it moves into the
region where the background velocity is in the Y direction. Therefore, the
dipole eventually moves in the Y direction. Although the dipole itself
keeps together, new vortices of opposite sign are created where the
positive one becomes the strongest. At this stage the total structure
resembles a tripole. Theoretical investigations have indicated that tripoles
could be stationary solutions to the equations including velocity shear.
For a case where the initial condition consists of a row of monopoles
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close together in the Y direction, vortices of opposite sign are created
between the monopoles. These new vortices are stretched out between
the original monopoles by the vorticity field and a row of new monopoles
is created on each side. The row of original monopoles located along the
line of maximum shear seems to be rather stable for a long time.
However, investigations of single monopoles have shown that they are
normally very unstable in the shear field.
 %QUILIBRIUM AND MOVEMENT OF IDEAL -($ PLASMAS
IN MAGNETIC FIELDS
6 / *ENSEN
A detailed study of the physics governing ideal MHD plasmas which are
acted upon by external forces and confined in magnetic fields has been
initiated. It is shown that some of the arguments commonly used to
explain the physics of how equilibrium is obtained are not giving the
most intuitive insight. It is further shown that the concept of magnetic
stresses and the equations of ideal MHD together constitute a good basis
for a physical understanding of the interaction between plasmas and
magnetic fields.

 %XTERNAL 0ROJECTS
 0ELLET )NJECTORS
0+ -ICHELSEN " 3ASS AND * "UNDGAARD %NGINEERING AND #OMPUTER
$EPARTMENT
During 1997, consultant assistance on pellet injectors has been given in
two instances. In the beginning of the year, B. Sass and J. Bundgaard
visited Frascati in order to discuss the possibility of inserting the two
stage driver from the Italian high speed single shot pellet injector in one
port of the eight-shot Risø made pellet injector.
Later in the year, help was given to Frascati and Culham in connection
with the modification and installation of the pellet injector on START.
This pellet injector was originally built at Risø for ETA-BETA in Padova
more than 10 years ago.
 ,ASER ANEMOMETRY FOR POWER CURVE MEASUREMENT AND CONTROL
OF WIND TURBINES
, ,ADING AND 3 &RANDSEN 7IND %NERGY AND !TMOSPHERIC 0HYSICS
$EPARTMENT
The work on plasma turbulence measurements is based on the use of CO2
lasers, detection and spectral measurements by light beating, as well as
components for the far infrared part of the optical spectrum. A spin-off
from this work has materialised in work on laser anemometers for wind
turbines. The laser anemometry work is based on the same general
concepts as the work on plasma diagnostics. A patent application was
submitted early 1997 and has now been updated. A collaborative effort
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with two Danish companies and one British company has been
established. Contract negotiations with the Commission about a project
on this topic under the *OULE programme are in the final state. Without
the general knowledge established through the Euratom Association and
in particular the diagnostics work for the W7-AS stellarator at IPP
Garching it would have been very difficult for Risø to enter the longrange laser anemometry field.
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 &USION 4ECHNOLOGY
 )NTRODUCTION
The work reported in this section has been carried out in the Materials
Research Department. The overall objective of the research activities in
this area is to determine the impact of neutron irradiation on physical and
mechanical properties of metals and alloys, so that appropriate materials
can be chosen for their application in an irradiation environment (e.g. in a
fusion reactor). Various experimental techniques are employed to study
different aspects of the microstructural evolution during irradiation and
the resulting consequences on the post-irradiation physical and
mechanical properties of metals and alloys. Computer simulations are
carried out to understand the evolution of surviving defects and their
clusters in collision cascades. The kinetics of defect accumulation during
irradiation and the influence of irradiation-induced defects and their
clusters on the deformation behaviour of irradiated metals and alloys are
studied theoretically. In the following, the main results of these activities
are highlighted.

 .EXT 3TEP 4ECHNOLOGY )4%2 4ASK
4%5
 %FFECT OF "ONDING AND "AKEOUT 4HERMAL #YCLES AND .EUTRON
)RRADIATION ON 0HYSICAL AND -ECHANICAL 0ROPERTIES OF #OPPER !LLOYS
". 3INGH $* %DWARDS - %LDRUP AND 0 4OFT  0ACIFIC .ORTHWEST
.ATIONAL ,ABORATORY 53!
Precipitation and dispersion strengthened copper alloys (CuCrZr,
CuNiBe, and Glid Cop CuAl-25) are being considered as heat sink
materials in the first wall and divertor assemblies of ITER because of
their high thermal conductivity and relatively high strength. Several
irradiation experiments have shown that each of these alloys will impose
severe restrictions upon the designers due to their susceptibility to
radiation hardening and concomitant loss of ductility, work hardening
and fracture toughness. It has been also recognized that the joining
procedures employed in fabricating the components will also affect the
performance of the materials during irradiation since the optimal heat
treatments needed to achieve the desired thermal conductivity and
strength may not be realized during the industrial manufacturing
processes.
As part of a broad experimental study of the effects of heat treatments
and subsequent irradiation on the properties of these candidate alloys, a
series of heat treatments were given to tensile specimens of CuCrZr,
CuNiBe and CuAl-25 alloys. These heat treatments were chosen to
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simulate the effects of bakeout treatments and possible joining treatments
such as isostatic pressing. These specimens were then irradiated in the
DR-3 reactor at Risø at 50, 100, 250 and 350oC to a dose level of ~0.3
dpa. The results of the irradiation experiments conducted at ~50, 250 and
350oC have been reported earlier. In the following, the results of the
finial set of screening experiments on the same materials irradiated to
~0.3 dpa at 100oC are summarized.
The effects of various heat treatments on the unirradiated
microstructure have been reported earlier and will not be repeated here.
Tensile properties of unirradiated and irradiated specimens of different
alloys with various heat treatments tested at 100oC are described. The
results of electrical resistivity measurements at 23oC are also reported.
The materials used in these experiments were CuCrZr, CuNiBe and
CuAl-25 alloys. The CuCrZr and CuNiBe alloys were supplied by
Tréfimétaux (France) in the form of 20 mm thick plates. The dispersion
strengthened CuAl-25 alloy was supplied by OGM Americas (formerly
SCM Metals Inc.) in the form of rods in the as-extruded (i.e. wrought)
condition. The chemical composition of these alloys is given in Table 1.
For the screening experiments, the tensile specimens of CuCrZr and
CuNiBe alloys were given five different heat treatments (A, B, E, C and
C1) and are described in Table 2. The bonding thermal heat treatment for
CuAl-25 specimens consisted of annealing at 950oC for 30 min. (referred
to as heat treatment D). All heat treatments were carried out in vacuum
(<10-5 torr). Tensile specimens of copper alloys with different heat
treatments were irradiated in the DR-3 reactor at Risø at 100oC to a fast
neutron fluence level of 1.5 x 1024 n/m2 (E > 1 MeV), which corresponds
to a displacement dose of ~0.3 dpa (NRT).
OFHC-Cu:
CuCrZr:
CuNiBe:
CuAl25

Cu - 10, 3, < 1 and < 1 ppm of Ag, Si, Fe and
Mg, respectively
Cu - 0.8% Cr, 0.07% Zr, 0.01% Si
Cu - 1.75% Ni, 0.45% Be
Cu - 0.25% Al as oxide particles (0.46% Al2O3)

Table 1: Chemical Composition of the Copper and Copper Alloys

30

Risø-R-1070(EN)

Type
A
E
B

C
C'
D
D'

Heat Treatment
Solution annealing at 9500C for 1 h followed by water
quench
Prime ageing: heat treatment A + ageing at 4750C for 30
min. followed by water quench
Bonding thermal cycle: heat treatments A + E + annealing
at 9500C for 30 min. followed by furnace cooling + reageing at 4750C for 30 min. followed by furnace cooling
Bakeout thermal cycle: heat treatment B + annealing at
3500C for 100 h followed by furnace cooling
Bakeout thermal cycle: heat treatment E + annealing at
3500C for 100 h followed by furnace cooling
Annealing at 9500 C for 30 min. (only for CuAl-25)
CuAl-25 in the as-wrought condition, i.e. without any heat
treatment

Table 2: Summary of bonding and bakeout heat treatments for CuCrZr, CuNiBe and
CuAl alloys

Both unirradiated and irradiated tensile specimens were tested in an
INSTRON machine at a strain rate of 1.2 x 10-3 s-1. Tensile tests were
carried out 100oC in vacuum (>10-5 torr). The test temperature of 100oC
was reached within 30 min. All resistivity measurements were made at
room temperature (23oC), using a 4-point probe module developed at
Risø. The resistivity was normalized to that of pure copper and converted
to electrical conductivity.
For transmission electron microscopy (TEM), 3 mm discs were
punched from the unirradiated and irradiated tensile specimens and
thinned mechanically down to ~0.1 mm thickness. These discs were then
twin-jet electropolished in a solution of 25% perchloric acid, 25%
ethanol and 50% water at 11V for about 15 seconds at ~20oC. Specimens
were examined in a JEOL 2000 FX transmission electron microscope.
The irradiation-induced defect microstructure as well as changes in
the precipitate size and density were quantitatively characterized using
TEM investigations. The cluster density in the irradiated CuCrZr
specimens was found to be ~5.6 x 1023 m-3, independent of the heat
treatment given prior to irradiation. The size distributions of the stacking
fault tetrahedra (SFT) were virtually the same in all specimens and
yielded an average size of 2.3 nm for the SFTs. The density of precipitate
in the CuCrZr specimens after irradiation was found to be ~2.6 x 1022 m3
, slightly lower than the values of ~3.6 - 5.9 x 1022 m-3 measured in the
unirradiated specimens. The average size of the precipitates measured in
the irradiated specimens ranged from 4.5 to 5.6 nm, roughly double of
the size measured in unirradiated specimens. A relatively low density of
dislocation loops and segments were also observed in the irradiated
CuCrZr specimens. No precipitate denuded zones were observed along
the grain boundaries in either the unirradiated or the irradiated
specimens.
The microstructure of the CuNiBe alloys revealed that these alloys are
not as stable against irradiation as the CuCrZr alloys. The density of
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precipitates in the unirradiated specimens with the prime ageing (E) and
bonding thermal cycle (B) heat treatments ranged from 14 to 18 x 1023
m-3, respectively. After irradiation the precipitate density in the heat
treated E and B specimens, respectively, decreased to 4.0 and 5.5 x 1023
m-3. The precipitate size in these alloys was also affected by irradiation.
The size of the γ“ precipitates in unirradiated specimens was found to be
3.8 nm for the prime-aged specimens and 6.6 nm for the specimens with
the bonding thermal cycle heat treatment. After irradiation, the average
precipitate size in both types of specimens was found to be ~3 nm.
Irradiation at 100oC leads to precipitation within the pre-irradiation
precipitate denuded zones and also in the grain boundary itself. These
precipitates appear to the same as the γ“ precipitates in the matrix.
Resistivity measurements made before and after irradiation revealed
that microstructural changes induced by irradiation also led to a
measurable effect on the physical properties of these alloys. Table 3 lists
the electrical conductivity (normalised to OFHC-Cu) measured before
and after irradiation at 100oC. The decrease in conductivity in the
irradiated OFHC-Cu and CuAl-25 is due to transmutation products and
defect clusters produced during irradiation. The increase in the
conductivity in the CuCrZr alloy, on the other hand, is most probably due
to irradiation-induced transport of Cr and Zr atoms from the matrix to the
existing precipitates. This would be consistent with the TEM observation
that the precipitates in CuCrZr grow in size during irradiation. There is
no obvious explanation for the decrease in the conductivity observed in
CuCrZr specimen with the heat treatment C. The fact that the
conductivity of CuNiBe specimens decreases due to irradiation supports
the interpretation that the precipitates in these specimens suffer from
ballistic dissolution. The fact that the conductivity of CuNiBe specimen
with heat treatment B reaches a low value of ~38% only after a
displacement dose of 0.3 dpa would suggest that the application of
CuNiBe alloys in a strong irradiation environment is not an attractive
proposition.

Material
OFHC
CuNiBe
CuNiBe
CuNiBe
CuNiBe
CuCrZr
CuCrZr
CuCrZr
CuCrZr
CuAl-25

Heat
Treatment
550°C/2 h
A
E
B
Hycon 3HP
A
E
B
C
D

Unirradiat
ed
100
33.7
48.8
49.3
64.6
47.9
52.3
59.5
78.8
89.2

Irradiated
88.4
31.3
41.4
37.7
54.6
55.1
61.2
72.4
66.3
80.3

Table 3. Electrical conductivity for Copper Alloys Irradiated at 100°C to a Dose Level
of 0.3 dpa
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Tensile results for the unirradiated and irradiated specimens of
different alloys irradiated at 100oC are quoted in Tables 4 and 5. The
stress-strain curves for specimens tested at 100oC are shown in Figures
1-3 for CuCrZr, CuNiBe and CuAl-25 alloys, respectively. These results
show that the tensile strength of the unirradiated CuCrZr alloy is
sensitive to heat treatments whereas various heat treatments do not seem
to affect the tensile properties of the unirradiated CuNiBe alloys. As can
be seen from Figure 1 the tensile behaviour of the CuCrZr alloy is also
very sensitive to neutron irradiation at 100oC. All irradiated CuCrZr
specimens, irrespective of their pre-irradiation heat treatment, show yield
drop, strong plastic instability, no work hardening and a drastic decrease
in the uniform plastic elongation. In other words, the CuCrZr alloy
irradiated at 100oC is unable to deform plastically in a homogeneous
fashion. The CuNiBe and CuAl-25 alloys also suffer from a drastic
reduction in their uniform elongation and work hardening ability, but do
not exhibit the kind of plastic instability as CuCrZr does.

Figure 1. Stress-strain curves for the unirradiated and irradiated CuCrZr alloy with
different pre-irradiation heat treatments (see Table 2). Note the loss of uniform
elongation due to irradiation.
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Figure 2. Stress-strain curves for the unirradiated and irradiated CuNiBe alloy with
different pre-irradiation heat treatments (see Table 2). Note the reduction in ductility
due to irradiation.

Figure 3. Stress-strain curves for the unirradiated and irradiated CuAl-25 alloy. Note the
reduction in ductility due to irradiation.
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Material
OFHC-Cu
CuNiBe
CuNiBe
CuNiBe
CuNiBe
CuNiBe
CuNiBe
CuCrZr
CuCrZr
CuCrZr
CuCrZr
CuCrZr
CuAl-25

HeatTreatment
550°C/2 h
A
B
C
C'
E
Hycon 3HP
A
B
Ca
C'
E
Db)

σ0.05
(MPa)
20
103
450
530
600
550
65
94
170
175
105
340

σ0.2
(MPa)
26
108
470
555
630
580
720
70
99
180
185
110
355

σmax
(MPa)
193
340
690
760
860
820
780
205
237
315
322
246
400

εpu
(%)
60.0
55.0
28.0
25.5
27.0
24.0
7.2
43.0
34.8
23.0
34.0
13.0

εtotal
(%)
64.0
58.0
30.0
27.5
28.0
25.0
11.4
44.0
36.2
24.3
35.5
40.0

Table 4. Tensile Results for Unirradiated Pure OFHC-Cu and Copper Alloys with the
Pre-irradiation Heat Treatments described in Table 2. Tests were conducted at 100°C.
a)
Broke prematurely
b)
Round specimen, 3 mm diameter gage

Material
CuNiBe
CuNiBe
CuNiBe
CuNiBe
CuNiBe
CuCrZr
CuCrZr
CuCrZr
CuCrZr
CuCrZr
CuAl-25

HeatTreatment
A
B
C
E
Hycon 3HP
A
B
C
C’
E
Db)

σ0.05
(MPa)
625
800
880
815
365
370
445
440
400
540

σ0.2
(MPa)
663
880
960
885
810
365
370
450
440
405
544

σmax
(MPa)
683
938
990
940
840
370
373
450
445
412
546

εpu
(%)
12.5
3.4
3.4
3.3
0.8
1.1
1.1
1.3
1.3
1.2
5.5

εtotal
(%)
14.5
5.9
5.4
5.9
4.5
4.0
4.1
4.0
4.0
3.8
26.0

Table 5. Tensile Results for Copper Alloys Irradiated at 100°C to 0.3 dpa with Different
Heat Treatments
a)
Specimen broke prematurely
b)
Round specimens, 3 mm diameter gage

 0OST IRRADIATION !NNEALING %FFECTS
". 3INGH - %LDRUP AND 0 4OFT
As shown in the preceding section, all three candidate copper alloys
suffer a severe loss of ductility due to irradiation with neutrons at 100oC
already at a dose level of 0.3 dpa. In principle, annealing of these
irradiated specimens at and above the recovery stage V may cause
annihilation of defect clusters responsible for the hardening and loss of
ductility and thereby may improve the ductility.
To test out this possibility, a number of tensile specimens of CuCrZr,
CuNiBe and CuAl-25 were irradiated at 100oC to displacement doses of
0.2 and 0.3 dpa. Tensile properties and electrical resistivity of these
specimens were determined in the unirradiated, irradiated and irradiated
and annealed (at 300oC for 50h in vacuum) conditions. The effects of
post-irradiation annealing on the electrical conductivity and tensile
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properties of the CuCrZr alloy were reported last year. Figure 4 and 5
show the effect of post-irradiation annealing on the tensile behaviour of
CuNiBe and CuAl-25 alloys, respectively.

Figure 4. The effect of post-irradiation annealing (300oC/50 h) on the deformation
behaviour of CuNiBe alloy with the pre-irradiation heat treatment E (Table 2) irradiated
at 100oC. Note the improvement in the ductility due to the post-irradiation annealing.

Figure 5. Same as Fig. 4 but for the CuAl-25 alloy irradiated at 100oC. Note a slight
improvement in ductility due to post-irradiation annealing.
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As expected, the post-irradiation annealing does cause a noticeable
decrease in the yield stress compared to that in the as-irradiated
condition. However, it is clear that the annealing at 300oC for 50 h does
not lead to a full recovery. From the point of view of an improvement in
the ductility of these alloys, the post-irradiation annealing eliminates the
problem of yield drop and plastic instability and provides a few percent
of uniform elongation. However, it should be noted that only a small
fraction of the uniform elongation (compared to that of unirradiated
specimens) is recovered after post-irradiation annealing. Furthermore, at
the moment it is not clear whether or not even this recovery will be
maintained under the condition of repeated irradiation and annealing.
 %FFECT OF .EUTRON )RRADIATION ON 4ENSILE AND &RACTURE
4OUGHNESS "EHAVIOUR OF #OPPER !LLOYS
3 4¤HTINEN - 0YYKK¶NEN 0 +ARJALAINEN 2OIKONEN
644 -ANUFACTURING 4ECHNOLOGY &INLAND ". 3INGH AND 0 4OFT
One of the most important factors in deciding about the applicability of
copper alloys in the structural components of ITER is the effect of
neutron irradiation on the fracture toughness behaviour of these alloys.
Unfortunately, practically nothing has been reported in the open literature
on the effect of irradiation on the fracture toughness properties of these
copper alloys. Recently, a collaborative programme has been initiated
between Risø National Laboratory and VTT Manufacturing Technology
to investigate the effect of neutron irradiation on tensile as well as
fracture toughness properties of CuAl-25 (IGO) and CuCrZr
(Outokumpu) alloys.
The CuAl-25 (IGO) refers to Glid Cop CuAl-25 in cross rolled
condition with a final heat treatment (D) at 980oC for 2 h; IGO stands for
“ITER grade Zero”. The material was supplied by OMG Americas
(former SCM Metals Inc.) in the form of 20 mm thick plate. The CuCrZr
alloy used in these investigations was supplied by Outokumpu OY
(Finland) with main alloying elements Cr (0.78 wt.%) and Zr (0.13
wt.%). The material was supplied in the form of 40 mm thick place in
hot-rolled condition. The plate was heat treated (F) at 960oC for 1 h
followed by water quench and then aged at 460oC for two hours followed
by air cooling.
Both tensile (0.3 mm thick) and single edge bend SE (B) fracture
toughness specimens of dimensions 3 x 4 x 27 mm3 were machined. Both
tensile and fracture toughness specimens of CuCrZr (Outokumpu) and
CuAl-25 (IGO) were irradiated with fission neutrons in the DR-3 reactor
at Risø at 200 and 350oC to a dose level of 0.3 dpa (NRT). Irradiations
were performed in the high temperature rig where irradiation temperature
was monitored, controlled and recorded continuously throughout the
whole irradiation period.
Both unirradiated and irradiated specimens of CuCrZr (Outokumpu)
and CuAl-25 (IGO) were tested in an Instron machine (at Risø) at a strain
rate of 1.2 x 10-3 s-1 in a vacuum of ~10-5 torr. Fracture resistance curves
were determined (at VTT) using the displacement controlled three-point
bend testing with a constant displacement rate of 1.5 x 10-2 mm/min.
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Load, displacement and crack length (measured using the DC-PD
method) were recorded during the testing and the fracture resistance
curves were determined following the ASTM 1737 standard procedure.
The tensile results for both unirradiated and irradiated CuCrZr (F) and
CuAl-25 (IGO) are shown in Figure 6 and 7, respectively. It should be
noted that even at the irradiation temperature of 200oC (which is very
close to or just above the recovery stage V for pure copper) both alloys
show plastic instability. At the irradiation temperature of 350oC, on the
other hand, both alloys show normal deformation behaviour. It is
interesting to note here that at this temperature, the CuCrZr (F) alloy is
somewhat stronger and considerably more ductile (after irradiation) than
CuAl-25 (IGO).

Figure 6. Stress-strain curves for the unirradiated and irradiated CuCrZr (Outokumpu)
alloy. Note that the irradiation even at 200oC causes a complete loss of uniform
elongation.
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Fig. 7. The same as Fig. 6 but for CuAl-25 (IGO). Note the loss of uniform elongation
due to irradiation at 200oC.

The fracture resistance curves were obtained for CuCrZr (F) and
CuAl-25 (IGO) alloys as a function of test temperature. The CuAl-25
(IGO) alloy exhibited stable crack growth at all temperatures, whereas in
CuCrZr (F) alloy extensive crack tip blunting occurred and stable crack
growth was observed only at 350oC. Both the irradiation fracture
toughness for stable crack growth and tearing resistance values were
higher for CuCrZr (F) alloy than that for CuAl-25 (IGO).
The effect of neutron irradiation on the initiation fracture toughness of
CuCrZr (F) and CuAl-25 (IGO) is shown in Figure 8 and 9, respectively,
for temperatures up to 350oC. It can be seen that the fracture toughness
decreases with increasing temperature in both alloys but the decrease is
more rapid in the case of CuAl-25 (IGO). Furthermore, the fracture
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toughness of CuAl-25 (IGO) is substantially lower than that of CuCrZr
(F) at all temperatures. The results also demonstrate that the fracture
toughness is considerably more sensitive to irradiation in the case of
CuAl-25 (IGO) than in the case of CuCrZr (F) alloy. It is interesting to
note that although the tensile elongation of CuCrZr (F) at 350oC is about
the same both in the unirradiated and irradiated states, yet the fracture
toughness in the irradiated CuCrZr (F) is found to be significantly lower
than that in the case of unirradiated CuCrZr (F) alloy. At present, there is
no clear explanation for this effect.

Figure 8. Effect of neutron irradiation (0.3 dpa) on the initiation fracture toughness
J0.2BL of CuCrZr (Outokumpu) alloy. Note that the irradiation causes no significant
decrease in the fracture toughness up to the irradiation temperature of 200oC. There is
no clear explanation for the decrease observed at 350oC.

Figure 9. Effect of neutron irradiation (0.3 dpa) on the initiation fracture toughness
J0.2BL of CuAl-25 (IGO) alloy. Note the lack of fracture toughness even in the
unirradiated condition. The irradiation causes a drastic decrease in the fracture
toughness, particularly at lower temperatures.
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 ,ONG 4ERM 4ECHNOLOGY
 %FFECTS OF .EUTRON )RRADIATION ON -ICROSTRUCTURE AND
-ECHANICAL 0ROPERTIES OF )RON AND ,OW !CTIVATION 3TEELS
". 3INGH ! (ORSEWELL AND 0 4OFT
Effects of neutron irradiation on physical and mechanical properties of
low activation ferritic-martensitic steels are being extensively studied
internationally since these alloys are considered to be candidate materials
for the blanket and first wall of fusion reactors (e.g. DEMO and
Commercial). Although these alloys are very resistant to void swelling
and maintain good fracture toughness at irradiation temperatures above
about 400oC, they are prone to loss of ductility at lower irradiation
temperatures. This is a matter of serious concern from the point of view
of mechanical performance and lifetime of these alloys under fusion
irradiation conditions, particularly when the mechanism controlling the
loss of ductility is not understood. The present work is a part of the
European activities devoted to mechanistic studies of irradiation
hardening and loss of ductility.
Tensile specimens of pure iron (annealed at 650oC for 2 h) were
irradiated to different dose levels at 50oC between ~0.01 to ~0.4 dpa, at
100oC between ~10-2 to ~0.2 dpa, and at 250oC to doses of ~0.1 and ~0.2
dpa. Additional specimens were irradiated at 200 and 350oC to a dose
level of ~0.2 dpa. Tensile specimens of the modified F82H and MANET2 specimens were irradiated at 100, 200, 250 and 350oC to a dose level of
~0.2 dpa. The irradiation of the F82H and MANET-2 specimens at 50oC
is in progress now.
All irradiated specimens of pure iron have been tensile tested at the
respective irradiation temperatures of 50, 100, 200, 250 and 350oC in
vacuum (~10-5 torr) at a strain rate of 1.3 x 10-3 s-1. Specimens of F82H
and MANET-2 irradiated at 250 and 350oC have been tensile tested in
vacuum (~10-5 torr) at the irradiation temperatures. Transmission electron
microscopy (TEM) investigations have been carried out on pure iron
specimens irradiated at 50oC in the as-irradiated and irradiated and
deformed conditions. The fracture surfaces of both unirradiated and
irradiated specimens were examined in a scanning electron microscope
(SEM).
The variation of the irradiation-induced cluster density with the
displacement dose is shown in Figure 10. Figure 10 also includes the
results for the iron specimen irradiated at 250oC to ~0.2 dpa. It is
interesting to note that the cluster density in pure iron is considerably
lower than that in pure copper irradiated at a similar temperature and to
similar dose levels.
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Figure 10. Dose dependence of cluster density in pure iron irradiated at 50oC. For
comparison, results for pure copper are also shown.

The TEM investigation of specimens irradiated to ~0.4 dpa and
deformed at ~50oC revealed an interesting and significant fact that the
plastic deformation in these specimens occurs in a localized fashion and
seems to be concentrated mainly in narrow deformation bands known as
“cleared” channels (Figure 11 a). Meeting of these cleared channels at
grain boundaries, surfaces and other cleared channels may lead to crack
nucleation at these sites and may be responsible for causing brittle
fracture (Figure 11b).
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Figure 11. TEM micrograph showing (a) “cleared” channels and SEM fractographs
showing (b) intergranular cleavage fracture in pure iron irradiated at 50oC to a dose
level of ~0.4 dpa (NRT). The specimen was tensile tested at 50oC in vacuum (<10-5
torr).
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Figure 12 shows the stress-strain curves for pure iron irradiated at 100oC
to different dose levels and tensile tested at 100oC (in vacuum of <10-5
torr). For comparison, the stress-strain curve for the unirradiated
reference specimen is also shown. Both the upper yield stress and the
yield-drop increases with increasing dose level, whereas the work
hardening decreases with the dose and becomes practically zero at the
highest dose level.

Figure 12. Stress-strain curves for pure iron irradiated at 100oC to different
displacement dose levels and tested at 100oC in vacuum (<10-5 torr). Note the
irradiation-induced increase in the upper yield stress and yield drop and a decrease in
the work hardening.
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 $ISLOCATION $ECORATION AND #ASCADE )NDUCED 3OURCE
(ARDENING
( 4RINKAUS ". 3INGH AND !*% &OREMAN  &ORSCHUNGSZENTRUM
*¼LICH 'ERMANY !%! 4ECHNOLOGY (ARWELL %NGLAND
Metals and alloys irradiated under cascade damage conditions at
temperatures below the recovery stage V (~0.3 Tm) exhibit two important
characteristics: (a) the grown-in dislocations get decorated by small
interstitial loops formed during irradiations and (b) the irradiated
materials deform in a localized fashion and suffer from plastic instability
and loss of ductility. Recent analysis of these common observations
demonstrated that the existing model known as dispersed barrier
hardening model is not adequate to explain the experimental
observations. Therefore, we have proposed a new model - cascade
induced source hardening (CISH) model - which is based on the
hypothesis that the small, glissile clusters of SIAs produced in the
cascades are responsible for the formation of an “atmosphere” of SIA
loops around the grown-in dislocations. Consequently, the grown-in
dislocations are unable to act as dislocation sources. This leads to an
increase in the level of applied stress necessary for the initiation of
plastic flow (i.e. the upper yield stress).
In order to test the validity of the assumption of dislocation
decoration, detailed calculations have been carried out to determine the
mechanism of dislocation decoration by small loops. Calculations have
shown that the phenomenon of dislocation decoration cannot be
rationalized in terms of three-dimensionally diffusing single SIAs in the
strain field of a grown-in dislocation. This interaction leads to a depletion
(instead of an enhanced accumulation) not only in the compressive but
also in the dilatational region of the dislocation. The analysis shows that
the trapping and accumulation of SIAs near dislocations would require a
restriction in the dimension of SIA migration which is most efficient in
the case of a strictly one-dimensional motion. This requirement is easily
fulfilled by the groups of coupled crowdions in the form of glissile
perfect SIA loops produced in the cascades. The equipotential contour
lines for the interaction between a perfect edge dislocation and perfect
SIA loops and paths of glissile loops approaching the edge dislocation by
glide and climb are shown in Figure 13.
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Figure 13. Equipotential lines for the interaction betwen a perfect edge dislocation and
perfect SIA loops and paths for glissile loops for approaching the dislocation line by
climb and glide.

It is further shown that the small loops trapped in the strain field of a
dislocation may be detrapped by thermal activation. Before this occurs,
the small loops may approach the dislocation by thermally activated
changes in the Burgers vector and/or by conservative climb. Thus, the
decoration of dislocations with loops requires that a single trapped loop is
immobilized by other loops before it is detrapped from or absorbed by
the edge dislocation. This requirement makes the dislocation decoration
phenomenon dependent on the dislocation density, the loop production
rate, the rate of Burgers vector change, the climb velocity and the
irradiation temperature. A considerable amount of further work is needed
to determine these dependencies quantitatively.

 5NDERLYING 4ECHNOLOGY
 0OST IRRADIATION !NNEALING AND $EFECT 2ECOVERY
- %LDRUP ". 3INGH AND 0 4OFT
In an effort to further our understanding of the process involved in the
defect recovery during post-irradiation annealing experiments, specimens
of pure OFHC-copper and pure α-iron irradiated at 100 and 50oC,
respectively, to different dose levels were investigated. Both copper and
iron specimens were irradiated in annealed conditions. Specimens of both
copper and α-iron were tensile tested in the as-irradiated condition as
well as after post-irradiation annealing at 300oC for 50 h. Tensile tests
were carried out at the irradiation temperature, whereas electrical
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resistivity measurements were made at the ambient temperature (~23oC).
Figure 14 illustrates the effect of the post-irradiation annealing treatment
on the tensile deformation behaviour of copper specimens irradiated at
100oC to doses of 0.01, 0.1, 0.2 and 0.3 dpa. The results shown in Figure
14 illustrate the following three main effects of the post-irradiation
annealing at 300oC for 50 h:
(i)

the removal of the yield drop and plastic instability,

(ii)

a significant reduction in the yield stress,

(iii)

neither the yield stress nor the uniform elongation recover to the
level observed in the unirradiated specimens.

Figure 14. Stress-strain curves for OFHC-copper irradiated at 100oC to different doses
and tested (a) in the as-irradiated condition and (b) after post-irradiation annealing at
300oC for 50 h. Note that the annealing eliminates the plastic instability but does not
lead to a complete recovery of the ductility.
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In parallel with tensile testing of neutron irradiated iron and copper,
electrical conductivity measurements have been carried out on the tensile
specimens. These were ~280 µm thick and ~3.0 mm wide along the
gauge length which for the conductivity measurements was ~5 mm. The
iron specimens were annealed at 650oC and copper at 550oC for 2 hours
in a vacuum of ~10-6 torr before reference measurements and neutron
irradiation were carried out. The specimens were irradiated with fission
neutrons in the DR-3 reactor at Risø at the temperatures 50oC (Fe) and
100oC (Fe and Cu) to dose levels up to 0.375 dpa (NRT). The damage
rate was 4-5Η10-8 dpa/s. Some of the specimens were post-irradiation
annealed at 300oC for 50 hours. Figure 15 a and b summarize the results
of the conductivity measurements. All results are given as "Relative
Conductivity", i.e. the measured conductivity, σ, divided by the
conductivity of the metal in the as-heat treated condition, i.e. σFe (=
0.0986 (µΩcm)-1, close to the nominal value of 0.103 (µΩcm)-1) or σCu
(= 0.592 (µΩcm)-1, close to the nominal value of 0.589 (µΩcm)-1).

Figure 15. The electrical conductivity of neutron irradiated iron (a) and copper (b),
relative to the conductivities for the un-irradiated materials, as functions of irradiation
dose. Data are shown both for the as-irradiated state and after annealing at 300oC for 50
hours. The apparently different behaviour of the two materials is ascribed to differences
in crystal structure and impurity content.
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In iron, a clear difference is observed in the dose dependence of the
conductivities for irradiations at 50oC and at 100oC (Figure 15a). Iron
irradiated at 50oC shows a decrease in conductivity to 86% even at a low
dose of 0.0075 dpa. Only a small decrease to 83% is observed up to 0.38
dpa. This behaviour is ascribed to the trapping of vacancies by impurity
carbon atoms which are immobile at this temperature. For irradiation at
100oC, i.e. above the migration temperature for carbon (~70oC), the
conductivity decreases only slightly to 99% at the lowest dose, but with
increasing dose continues to decrease down to 92%, a dose dependence
similar to the one observed for copper irradiated at 100oC (Figure 15b)
and ascribed to the increasing density of radiation created defects and
their clusters. The large difference in behaviour of iron irradiated at 50oC
and 100oC illustrates the sensitivity of the electrical conductivity to
impurities and the defect microstructure.
On annealing at 300oC of iron irradiated at 50oC, recovery of the
defect structure takes place, resulting in an electrical conductivity that
increases with dose (Figure 15a). Possibly this dose dependence must be
associated with the influence of impurities other than carbon (e.g.
nitrogen). In contrast to the iron, annealing of copper results in recovery
of about one third of the conductivity loss at all doses. Thus, after
annealing, the conductivity still decreases with dose (Figure 15b).
 %FFECT OF 2ECOIL %NERGY ON $EFECT !CCUMULATION
". 3INGH 3) 'OLUBOV AND ( 4RINKAUS  )00% /BNINSK 2USSIA
&ORSCHUNGSZENTRUM *¼LICH 'ERMANY
In the past, the effect of recoil energy on defect accumulation in the form,
for example, of voids has not been treated explicitly. A close examination
of the literature helps to identify two main reasons for this limitation.
First, the vital information regarding the details (e.g. nature, efficiency
and morphology) of defect production as a function of recoil energy did
not become available until rather recently. The second reason is related to
the fact that the earlier theories were based on homogeneous kinetics and
mean field approach and were unable to treat the problem of defect
accumulation under the condition when both glissile and sessile clusters
of self-interstitial atoms (SIAs) are generated at higher recoil energies.
Furthermore, up to a certain level of recoil energy, both the damage
efficiency and the amount of SIA clusters produced during irradiation
depends strongly on the damage energy.
The recently proposed Production Bias Model (PBM), on the other
hand, is fully capable of treating the problem of intracascade clustering
of SIAs and the glide of SIA clusters. In fact, one of the major
predictions of the PBM is that the defect accumulation above the
recovery stage V should be recoil energy dependent. In the present work,
the effect of recoil energy on defect accumulation under 2.5 MeV
electron, 3 MeV proton and fission neutron has been investigated.
Calculations have been carried out in terms of PBM using onedimensional glide of SIA clusters, sessile-glissile loop transformation and
size distribution function. The calculated components of the irradiationinduced microstructure (i.e. size and density of SFT, SIA clusters and
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voids) and their dose dependence for copper irradiated with 3 MeV
protons and fission neutrons are found to be in very good agreement with
the experimental results (e.g. see Figure 16). The void swelling behaviour
observed under 2.5 MeV electron irradiation where defects are produced
in the form of Frenkel pairs (i.e. no clusters of SIAs) can be clearly
understood in terms of the standard rate theory and dislocation bias. The
analysis of these results yields a dislocation bias of ~2%.

Figure 16. Effect of recoil energy on the dose dependence of void swelling in copper at
250oC calculated in terms of the Production Bias Model and comparison with
experimental results.
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 $EFECT !CCUMULATION AND 2ADIATION (ARDENING IN
-ONOCRYSTALS OF -O AND -O  2E !LLOY
". 3INGH *(%VANS ! (ORSEWELL AND 0 4OFT  5NIVERSITY OF
,ONDON %NGLAND
Tensile specimens and 3 mm diameter discs of monocrystals of pure
molybdenum and Mo-5% Re alloy were irradiated in helium-filled
capsules with fission neutrons in the DR-3 reactor at Risø. Irradiations
were carried out at ~50oC to displacement doses in the range of 5.4 x 10-4
to 1.6 x 10-1 dpa (displacement per atom). For comparison,
polycrystalline specimens were also irradiated. Post-irradiation
microstructures were quantitatively characterized using transmission
electron microscopy (TEM). Both unirradiated and irradiated specimens
were tensile tested at the ambient temperature. The microstructure of the
irradiated and deformed specimens were also examined using TEM.
Monocrystals of both pure Mo and Mo-5% Re alloy suffer from
plastic instability in the same way as do the polycrystals (see Figure 17).
The occurrence of plastic instability suggests that up to a certain stress
level dislocation sources remain locked. At the upper yield stress, a
number of dislocation sources begin to operate and form “cleared”
channels. In other words, the plastic deformation is localized and occurs
only in these cleared channels. The analysis of the present results
suggests that during irradiation under cascade damage conditions, gliding
SIA clusters block the dislocation sources and thus prevents
homogeneous plastic deformation. Consequently, the crack nucleation is
no longer caused by plastic deformation. Instead, the crack must initiate
at internal and/or external flows in the material. The interaction of these
cleared channels with external surfaces or grain boundaries or
intersections of these channels with each other may initiate cracks. Once
initiated, the crack is likely to propagate rapidly through the material
since the irradiated mateial is unable to deform plastically in
homogeneous fashion. Consequently, the material fails in a brittle
manner with intergranular clearage fracture (Figure 18).
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Figure 17. Stress-strain curves for the unirradiated and irradiated (a) monocrystals and
(b) polycrystals of Mo irradiated at 50oC and tested at room temperature.
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Figure 18. (a) Post deformation microstructure of Mo monocrystal irradiated at 50oC to
a dose level of 0.16 dpa (NRT) showing lack of dislocation generation and (b)
fractograph of the fracture surface of the same specimen showing cleavage fracture.
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 3OCIO %CONOMIC 2ESEARCH
ON &USION 3%2&
 -ACROTASKS
The Systems Analysis Department at Risø National Laboratory is
contributing in three macro-tasks in the programme for Socio-Economic
Research on Fusion (SERF):
•
•
•

Macro task SE0: Development of long term scenarios.
Macro task E1: Production costs of energy technologies
Macro task E2: External costs and benefits of energy technologies

Concerning macro task SE0, Risø National Laboratory is mainly
contributing with analysis of existing long-term studies. With starting
point in the WEC study, identification of a number of key parameters has
been initiated. Special emphasis is put on the development of energy
demand, especially demand for electricity and heat. Finally, the longterm use of renewable energy technologies are addressed, especially the
use of wind energy.
The Risø contribution in macro task E1 is mainly related to the longterm cost assessment of renewables, especially wind energy and
photovoltaics. A cost analysis for wind energy has been carried out in
considerable details. The analysis has included land sited turbines as well
as off shore turbines, which might be expected to play a significant role
in the energy systems in the long term. In the next phase of the study the
very long-term development of wind power (year 2030-75) will be
adressed. What concerns photovoltaics the analysis is expected to start in
late March or beginning of April 1998.
Concerning macro task E2, Risø is responsible for the evaluation of
external costs for wind energy and photovoltaics using the ExternE
methodology and the comparison calculated for these renewable energy
sources with those from fusion. The work until now has been
concentrated on the externalities for wind energy. Externalities have been
monetised for an offshore wind farm as well as for a wind farm on land.
The work will continue in this field regarding photovoltaics.
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