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Abstract
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 research focuses on turbulence and transport, and its interaction with
the plasma equilibrium and particles. The effort includes both first principles based
modelling, and experimental observations of turbulence and of fast ion dynamics by
collective Thomson scattering. The activities in technology cover investigations of radiation
damage of fusion reactor materials. These activities contribute to the Next Step, the Longterm and the Underlying Fusion Technology programme. A summary is presented of the
results obtained in the Research Unit during 2001.
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Foreword
Risø participates in the internationally coordinated activities to develop fusion as a major
source of energy. The principle being pursued is the fusion of hydrogen isotopes to form
helium. This is the process, which powers the sun. To make the fusion process run at a
significant rate the hydrogen gas must be heated to high temperatures where it ionises and
turns into a plasma. Furthermore, the plasma must be confined to achieve suitable densities
and sustain the high temperature. On the sun gravity provides the confinement. On earth, the
line we are pursuing, use a magnetic field for the confinement. While fusion holds the
promise of providing a sustainable source of energy, which is environmentally sound, it also
presents considerable scientific and engineering challenges. Key issues in the final steps
towards realising fusion energy production include:
1.

2.

3.

Improving the plasma energy confinement, that is the ratio between the energy of the
plasma and the heating power required to sustain the plasma energy. Improving
energy confinement implies reducing energy transport out of the plasma, which
principally is due to turbulence. So what we really need to do is to understand and
control turbulence.
Channelling the energy of fast ions, produced in fusion reactions, into heating the bulk
plasma without driving turbulence and without premature exit the fast ions from the
plasma. This requires understanding and control of the dynamics of the fast ions in
interaction with other particles and with waves.
Development of materials, which maintain required mechanical properties under high
and sustained neutron fluxes. Neutrons, produced in the fusion reactions, are not
confined by the magnetic field. They pass through the first wall of the chamber
surrounding the plasma, slowing down on impact with atoms in the wall, thereby
giving rise to dislocations in the wall material, which affect the properties of the
material.

Risø contributes to fusion research in all these areas: 1) codes, modelling turbulence and
transport, have been developed and are continually improved, and benchmarked against
experiments. Particularly exciting were recent investigations of methods for controlling
turbulence with externally applied electrostatic fields, with the numerical results matching
closely experimental observations. 2) Central to understanding the dynamics of fast ions is the
acquisition of temporally and spatially resolved measurements of the fast ion velocity
distributions in the plasma. Risø, in collaboration with MIT (USA) and EURATOM partners,
is developing and operating millimetre wave based collective Thomson scattering diagnostics
at the TEXTOR and ASDEX upgrade tokamaks in FZ-Jülich and the Max-Planck Institute for
plasma physics in Garching (near Munich). 3) In the field of irradiated materials research
Risø is investigating the properties of copper alloys relevant to the next step in fusion
research, ITER, and of iron alloys, which will be an essential component of a commercial
fusion power plant.

Henrik Bindslev
Risø National Laboratory
June 2002
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1. Summary of Research Unit activities
The activities in the Research Unit cover two main areas:
Fusion Plasma Physics, which includes:
• Theoretical and numerical turbulence studies. Turbulence and the associated anomalous
transport is investigated using first principles based models and solving these by means of
numerical codes in full toroidal geometry. These models are continuously being developed
and benchmarked against existing codes at other associations. Furthermore, the results of
the models adapted to linear geometry were successfully reproduced experimental results
in linear devices. Strategies for controlling turbulence in these devices have been
developed and tested in collaboration with other associations. The dynamics of bursts of
fluctuations leading to profile relaxation have been studied in models for flux-driven
interchange mode turbulence, where the back reaction of the turbulence on the equilibrium
flows and profiles are accounted for.
• Experimental turbulence studies. In collaboration with IPP Garching measurements are
being performed on the W7-AS stellarator with a collective scattering diagnostic built at
Risø.
• Fast Ion Collective Thomson Scattering. Risø has taken the lead in the development of fast
ion collective Thomson scattering diagnostics for TEXTOR and ASDEX upgrade (AUG).
These projects are carried out in close collaborations with MIT, and with the TEC and
AUG teams.
Fusion Technology, 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.
The global indicators for the Research Unit in 2001 are:
•
•
•
•

Professional staff
Support staff
Total expenditure - incl. mobility
Total Euratom support
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9.4
4.7
2.10
0.54

man-years
man-years
MioEuro
MioEuro
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2. Fusion plasma physics
2.1 Introduction
Fusion plasmas, with steep gradients in plasma equilibrium parameters and with populations
of energetic ions far from thermal equilibrium, have considerable free energy. This energy
drives turbulence, which in turn acts back on the equilibrium profiles and on the dynamics of
the fast ions. The turbulence naturally gives rise to enhanced transport, but also sets up zonal
flows, which tear the turbulent structures apart and give rise to edge transport barriers; most
likely at the root of the H-mode. This non-linear interplay between turbulence and
equilibrium also supports transient events reminiscent of Edge Localized Modes (ELMs).
This set of topics is the focus of our research: With first principles based codes we seek to
model the interplay between plasma turbulence, transport and equilibrium. This modelling is
tested against experimental data, notably edge probe data, in collaboration with other
associations. To contribute to the experimental knowledge of edge to core turbulence and
dynamics we operate a Collective Thomson Scattering (CTS) diagnostic for measuring
density fluctuations across the plasma in the Wendelstein 7-AS stellarator. To elucidate the
physics of fast ions and their interplay with turbulence, waves and transient events, we have
engaged in a new activity; the diagnosis of confined fast ions by CTS at the TEXTOR and
ASDEX upgrade tokamaks.
Our aim is not only understanding of the dynamics, but also identification of external
actuators with which the turbulence and transport can be controlled. First demonstrations of
edge turbulence control with arrays of electrostatic probes have been made in a linear device
in collaboration with other associations. Selective ejection of core fast ions by sawteeth,
which in turn can be manipulated by localized heating and current drive, was found in fast ion
CTS data obtained at TEXTOR in collaboration with TEC and MIT.
Our fusion plasma physics research programme provides for fruitful collaborations with
other academic groups working in non-linear science. A sign of the strength of these
collaborations is that a member of our team heads the Research School of Non-linear Science
in Denmark.
The activities outlined here have been carried out under the Plasma Physics and Fluid
Dynamics Programme in the Optics and Fluid Dynamics Department in Risø.

2.2 Scrape off layer simulations and
comparison with experiment
V. Naulin, A.H. Nielsen, M. Endler*, Th. Klinger* and H. Thomsen*
(*IPP Greifswald, Greifswald, Germany)
volker.naulin@risoe.dk
Many features of magnetically confined plasmas are crucially determined by their interaction
with material boundaries or, in other words, by the physics of the edge and the scrape off
layer plasma. In the past, turbulence simulations looked at very simple models to get a grip on
the basic behaviour of the fluctuations while, on the other hand, detailed plasma wall
interactions were modelled in 2D transport codes that basically eliminate the dynamics of
turbulence, using parameterisations to include the effects of turbulence and the associated
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transport in the modelling. Many effects like pedestal formation, LH transition and ELM
generation cannot, however, be treated in such a manner as they are based on the interplay
between fluctuations and profile variations. We have therefore upgraded the TYR drift Alfvén
turbulence code to include sheath boundary conditions in limiter geometry for parts of the
domain. An extension to incorporate the more complex divertor geometry is on its way. The
numerical results will be compared with probe measurements from the Wendelstein 7AS
devices and JET. The influence of active probes will be modelled additionally and will be
used to assess the possibilities of actively influencing the edge turbulence. Figure 1 shows the
flux surface averaged plasma potential developing self-consistently in a 3D turbulence
simulation.

Figure 1. Flux surface averaged plasma potential from a three-dimensional turbulence simulation. Limiter sheath
boundary conditions are active outwards from the green line.

2.3 Global dynamics of plasmas
V. Naulin, G. Bonhomme (Laboratoire de Physique des Millieux Ionisés, Université Henri
Poincaré Nancy, France), D. Block*, F. Greiner*, A. Piel* (*Christian Albrechts Universität
Kiel, Germany) and Th. Klinger (IPP Greifswald, Greifswald, Germany)
volker.naulin@risoe.dk
The complete self-consistent description of even a simple linear plasma is challenging and has
as yet not been successfully achieved. Here we try to model the dynamics of a bounded
plasma with sources and sinks. The goal is to compare the results with detailed measurements
available for these classes of devices like, e.g., the KIWI (Kiel, Germany), the Mirabelle
(Nancy, France) and the Vineta (Greifswald, Germany). The results will be used to validate
the numerical models used for sheath boundary conditions and for global plasma dynamics.
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Furthermore, this model will allow experimental and numerical investigations of wave and
turbulence phenomena in parameter regimes relevant to the edge region of existing or
upcoming major fusion plasma devices.

Figure 2. An m = 2 mode with about 3% fluctuation amplitude develops in these 3D simulations of a linear
plasma device.

Figure 2 shows the fluctuating part of the density exhibiting an unstable m = 2 mode with a
saturated fluctuation amplitude of about 3% of the background density. This numerical result
is similar to what is observed in experiments.

2.4 Electromagnetic transport effects
V. Naulin and J. Juul Rasmussen
volker.naulin@risoe.dk
The paradigm for transport barriers is based on the simple argument that sheared flows
suppress turbulence and transport via a decorrelation mechanism. Here we present simulation
results from the stationary phase of drift-Alfvén turbulence in a sheared 3D geometry. The
results show an intrinsic relationship between the shear flows and the magnetic field
perturbations, leading to somewhat more complex behaviour, where for larger values of the
plasma beta the transport might rise in the presence of shear flows.
The simulations show that the electro-magnetically induced component of the flux –
although very small – is localised in just the regions where velocity shear reduces the ExB
transport component. This leads to permeability of the transport barrier due to magnetic field
line bending by the parallel current component. An ad hoc explanation of this phenomenon
can be based on the fact that the ExB shear region is also a transport barrier for the
nonlinearly convected parallel current component that thus reaches rather large values just
close to the transport barrier. This results in relatively large perturbations of the magnetic
field that allow for transport processes parallel to the field lines to somewhat mitigate the
effect of the barrier. This is exemplified in Figure 3 that shows that the EM component of the
transport is largest where the ExB flux is smallest. Note that in steady state the total flux has
to be flat as any finite divergence of the flux corresponds to an ongoing profile modification.
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Figure 3. Radial flux surface and time averaged profile of the EXB and the electromagnetic component of the
particle flux (note that a constant value of about 0.795 is added to the EM component), showing that the EM
component is large where the ExB component is small, namely at the transport barrier.

Figure 4. Flux versus normalized plasma beta for runs with and without zonal flow damping. A crossover in the
flux scaling can be seen for beta larger then 1.5.

The resulting effect is that when we switch off flow damping in the simulations, the zonal
flow level and the transport rise for a plasma beta larger than 1.5. This opposes the simple
picture, where an increasing shear flow always leads to a diminished transport. This
phenomenon has been depicted in Figure 4 where the flux is shown versus normalized plasma
beta for cases with and without zonal flow damping. For a plasma beta larger than 1.5, a
crossover in the transport level scaling is visible, marking the onset of the mechanism
described above.
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2.5 Dispersion of heavy particles in
developed drift wave turbulence
R. Basu, V. Naulin and J. Juul Rasmussen
jens.juul.rasmussen@risoe.dk
We have extended the investigation of particle dispersion in drift wave turbulence to account
for the dispersion of “heavy” particles. While the dispersion of “plasma ions” is well
described by employing the lowest order approximation for their velocity, vE×B, the E×B
velocity (see 2.3), we have to account for inertial effects in the drift velocity of heavier
particles. This is incorporated by adding the polarisation velocity, vpol, to the E×B velocity.
vpol depends directly on the mass and the charge of the heavy ion.

Figure 5. Contour plot of an electrostatic potential. The trajectories of “alpha particles” in a frozen field: red
curve: E×B-velocity, only; black curve includes polarisation drift.

The initial results of these investigations are shown in Figure 5 and Figure 6. In Figure 5
we show typical trajectories of a “heavy” ion (parameters like an alpha particle in a hydrogen
plasma) in a frozen potential. The red trajectory is the result obtained when using only the
E×B velocity, and it is seen that the particle strictly follows the potential contours. The black
trajectory is obtained by including vpol. We observe that the trajectory is now deviating from
the potential contours and is not necessarily closed, i.e. vortical structures with closed
potential contours will not be impermeable to heavy particles. We expect that the dispersion
of the heavy particles will be different from the dispersion of the plasma particles. In Figure 6
we have depicted the running diffusion coefficients in the radial as well as in the poloidal
direction for “alpha particles” with and without the polarisation drift. We observe an
enhanced diffusion.
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Figure 6. The diffusion coefficients for “alpha particles”, with and without the polarisation drift.

2.6 Anomalous diffusion and particle flux
R. Basu, T. Jessen, P.K. Michelsen. V. Naulin, A.H. Nielsen and J. Juul Rasmussen
jens.juul.rasmussen@risoe.dk
The high levels of energy and particle transport across magnetic field lines, known as
anomalous transport, are generally agreed to be due to low-frequency turbulence. A good
candidate for understanding and explaining this phenomenon from first principles is driftwave turbulence.
There are two approaches to describe transport in plasma turbulence. One is to look at the
convected density, n, leading to an expression Γ = nvE×B for the density flux, which is usually
measured in experiments (here vE×B is the E×B velocity). The other is to determine a diffusion
coefficient from the displacement of test particles. From the outset it is not evident that these
two approaches should yield the same result. The flux is degrading the plasma confinement,
while the charged particle diffusion reflects the mixing properties of the flow rather than
giving information of the direct cross-field transport. A transport of mass is not connected to
it, as the centre of mass of the considered test particles stays fixed. We have shown that for
drift-wave turbulence the two transport predictions will yield the same result by employing
the Langrangian invariance of the potential vorticity. This result is further verified by
extensive numerical simulations of drift-wave turbulence based on the Hasegawa-Wakatani
model for plasma edge turbulence driven by the resistive instability. That is, we have
compared the averaged flux <Γ> in the radial direction with the flux obtained from the
particle diffusion coefficient via Fick's law.
The trajectories of particles inserted in the turbulent plasma are found by using the firstorder drift velocity, vE×B, and the running diffusion coefficient in the radial (x) direction is
defined as Dx(t) = <(x – x0)2>/2t, and likewise for the diffusion coefficient in the poloidal (y)
direction. We found that the diffusion in the poloidal (y-) direction is significantly larger then
the diffusion in the radial (x) direction.1
Figure 7 shows the running diffusion coefficient in the radial direction, Dx(t), compared
with the diffusion coefficient obtained from the flux by means of Fick’s law (Dflux = <Γ>/grad
n0 ; for the employed normalizations: Dflux = <Γ>). It is observed that after a transient initial
period the two diffusion coefficients are in close agreement. This is observed for a wide range
of parameters.

Risø-R-1345(EN)
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Figure 7. The running diffusion coefficient, Dx, obtained from following the trajectory of 5000 test particles,
compared with the turbulent flux.

1. V. Naulin, A.H. Nielsen and J. Juul Rasmussen, Phys. Plasma 6, 4575 (1999).

2.7 Dynamics of transport barriers and ELM-like
behaviour in electrostatic turbulence
V. Naulin, J. Nycander (FOA, Stockholm, Sweden) and J. Juul Rasmussen
volker.naulin@risoe.dk
It is generally recognized that self-consistently developing large-scale poloidal - or zonal flows strongly reduce the radial turbulent transport by "quenching" the turbulence in hot
magnetised plasmas. This mechanism may be responsible for the transition to an enhanced
confinement, e.g. the H-mode regime first observed in the ASDEX tokamak. The H-mode is
often found to be accompanied by bursts in transport related to edge localised modes (ELMs),
the so-called ELMy H-mode. If no such intermittent transport behaviour is present, the rising
pressure gradients often violently terminate the H-mode plasma by disruptions. Since neither
turbulence nor the associated bursty transport can - or should - be avoided, it is essential to
understand the interplay between zonal flows (transport barriers) on the one side, and
turbulence as well as transport on the other.
We have investigated the evolution and dynamics of transport barriers in the form of zonal
flows in a self-consistent model for pressure driven electrostatic turbulence in a plasma in an
inhomogeneous magnetic field. This is a simplified model of the outboard side of a toroidal
confinement device. It captures the effects of unfavourable curvature in an energy-preserving
manner and describes the evolution of profiles as well as fluctuations.
The model is solved numerically on a two-dimensional domain bounded in the radial (x)
direction with length Lx and periodic in the poloidal (y) direction with length Ly. The poloidal
periodicity length may be interpreted as the recurrence length of a magnetic field line:
Assuming an infinite correlation along magnetic field lines for a rational surface characterised
by the safety factor q we would have Ly = 2πr/q.
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We have performed numerical simulations for various values of the different parameters of
the system: the imposed temperature difference, T0, the aspect ratio, a = Ly/Lx, the size of the
system, Lx, and the dissipation coefficients. The behaviour is found to be most sensitive to
variations in the aspect ratio, a, which is related to 1/q. When T0 is sufficiently large to drive
the instability, we observe the following general scenarios, depending on aspect ratio as can
be seen in Figure 8.

Figure 8. Poloidally averaged flux versus time and radial coordinate for different aspect ratios, a. For an aspect
ratio larger than 3.8 no transport suppression is observed.
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a) For sufficiently large a > ac ~ 3.8 the system develops into the state of turbulent
equipartition (TEP) regardless of the value of T0, demonstrating profile consistency.1 This
state is accompanied by a radial, turbulent heat flux that is persistent, but intermittent.
b) For smaller a, different behaviour is observed. In an initial phase the turbulence
develops and establishes the TEP-profiles with a high flux level. Later on, the flux is
interrupted - that is an H-mode-like state with steeper averaged gradients and where lower
effective diffusion coefficients develop. For long periods of time the system is very quiescent,
as can be seen in Figure 8. However, sporadic flux bursts of high amplitude - analogue to
ELMs - are observed to occur at somewhat random intervals. The time scale of the quiescent
periods between the bursts is, however, related to the viscous time scale.
The quiet periods are associated with the establishment of a strong poloidal mean flow the zonal flow - that characterises the transport barrier. This flow, which is strongly sheared
and often develops only in a part of the domain, quenches the turbulence and acts as an
effective barrier for transport and mixing.
1. V. Naulin, J. Nycander and J. Juul Rasmussen, Phys. Rev. Lett. 81, 4148 (1998).

2.8 Contour dynamics in 2D ideal
electronmagnetohydrodynamic flows
S. Senchenko (also at Department of Physics, Technical University of Denmark,
Lyngby, Denmark) and V.P. Ruban (Landau Institute for Theoretical Physics,
2 Kosygin str., 117334 Moscow, Russia)
senchen@fysik.dtu.dk
We have considered a special class of vortical flows in plasma that corresponds to the model
of the ideal electron magnetohydrodynamics (EMHD). The EMHD model approximately
describes the motion of the low-inertial electron component of a plasma on sufficiently short
scales (below the ion inertial length). The much heavier ion component may be considered as
motionless and is simply providing a static neutralizing background.
The dynamics of vortical structures are investigated by the Hamiltonian method. We
follow the evolution of piecewise constant distributions of a conserved quantity related to the
frozen-in canonical vorticity. The study includes the case of axisymmetric flows with zero
azimuthal velocity component and also the case of flows with the helical symmetry of vortex
lines. For an adequately large size of such a patch of the conserved quantity, a local
approximation in the dynamics of the patch boundary is suggested. This is based on the
possibility of representing the total energy as the sum of area and boundary terms. Only the
boundary energy produces deformation of the shape with time. Stationary moving
configurations are described.

2.9 Effect of shear flow on drift wave turbulence
S.B. Korsholm, V. Naulin, J. Juul Rasmussen and P.K. Michelsen
soeren.korsholm@risoe.dk
On the path towards future fusion reactors increased attention is given to the importance of
turbulence for the efficiency of fusion devices. As a part of these investigations we have
looked into the influence of self-generated and externally imposed poloidal shear flows on
turbulence levels and turbulent transport. The model used in the numerical investigations is
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the three-dimensional drift wave Hasegawa-Wakatani model.1 The simulations are performed
in a slab geometry periodic in y and z (corresponding to the poloidal and toroidal directions,
respectively), and in the radial direction we use non-permeable walls, f(x=0)= f(x=Lx)=0 and
n(x=0)=n(x=Lx)=0, i.e. Dirichlet boundaries in x. f is the electrostatic potential fluctuations, n
is the density fluctuations and Lx is the domain length. The simulations are performed using
pseudospectral methods.
1
2
The energy of the system is defined as E = ∫ ( ∇ ⊥φ ) + n 2 dx . In Figure 9 the evolution


2
of the energy of the background flow E ( k y = 0, k = 0 ) and the energy of the drift waves

E ( k ≠ 0 ) is shown, and it is seen that the drift waves are suppressed as the poloidal flow

builds up. One may alternatively say that the drift wave turbulence self-organizes into the
poloidal shear flow. To illustrate that the sheared flow also reduces the turbulent transport, the
 ∂v 
∂φ
maximum shearing rate max  y  and the radial turbulent flux Γ n = − ∫ n dx have been
∂y
 ∂x 
plotted in Figure 10. One may see that the turbulent flux has a local minimum when the
maximum shearing rate has a local maximum.

Figure 9. The temporal evolution of the background
flow energy (full line) and the drift wave energy
(dashed line).

Figure 10. The temporal evolution of the turbulent flux (full
line) and the maximum shearing rate (dashed line).

The fluctuations organize to flatten the background profile and this reduces the effective
density gradient. Consequently, the drive of the drift wave turbulence is quenched by this
 n eφ 
backreaction of the density fluctuations. For situations close to adiabaticity  ≈  the
 n0 Te 
density flux also arranges for a build-up of a potential profile. This in turn generates shear
flow and ultimately suppression of the turbulence.
The shear flow described above is self-generated by the turbulence; however, other effects
may lead to a shear flow that also affects the turbulence. We have investigated the effect of an
externally imposed shear flow on the turbulence and the flow profiles. We applied a constant
shear flow vS = vS ( x ) = Θ tanh ( 2π ( x − Lx / 2) ) yˆ , where Θ is the amplitude of the shear flow.
The external shear flow was applied to the model in such a way that the fluctuations were
not allowed to act back on vS . In Figure 11a)–c) profiles of the self-generated shear flow vE , y
as well as the total poloidal shear flow vE , y + vS are shown for different values of Θ. Note that
for moderate amplitude

( Θ = −1)

the self-generated shear is affected, but maintains its

amplitude, whereas for a strong external shear flow the fluctuations are suppressed resulting

Risø-R-1345(EN)

17

in low amplitude of the self-generated shear flow. Finally, in Figure 11d) we present the
radial density profile in the case of a strong external shear flow, and it is seen that the shear
flow causes a transport barrier to be formed.

a)

b)

c)

d)

Figure 11. Self-generated shear flow vE , y (dashed line) and total shear flow vE , y + vS (full line) profiles for a)

( Θ = 0 ) , b) ( Θ = −1) and c) ( Θ = 5 ) ; d) the radial density profile for ( Θ = 5 ) . The scale for the full line is
to the left.

1. A. Hasegawa and M. Wakatani, Phys. Rev. Lett. 50 (1983) 682-686.

2.10 Turbulence in high-density W7-AS divertor plasmas
N.P. Basse, S. Zoletnik (CAT-Science, Budapest, Hungary), M. Saffman (Department
of Physics, University of Wisconsin, USA), M. Endler*, M. Hirsch* (*Max-Planck-Institut
für Plasmaphysik, Garching, Germany), P.K. Michelsen, B.O. Sass, J.C. Thorsen
and H.E. Larsen
nils.basse@risoe.dk
The localised turbulence scattering (LOTUS) density fluctuation diagnostic1 installed on the
Wendelstein 7-AS stellarator was operated routinely during the first six months of 2001. The
discharges included partially detached plasmas and record-β shots.
We have here chosen to touch upon measurements in plasmas with extremely high
densities and favourable confinement properties; the measurements were obtained using the
recently installed divertor modules.2 This discharge type has provisionally been identified as a
high-density H-mode having central densities of up to 4 µ 1020 m-3.3 However, we will here
call it improved confinement (IC), while normal confinement is denoted NC.
Two spectrograms are shown in Figure 12, illustrating the differences in density
fluctuations between NC (left-hand plot) and IC (right-hand plot). The fluctuations measured
in these discharges have a wave number of 20 cm-1, corresponding to spatial scales of 3 mm.
The spectra are shown up to frequencies of ≤ 2 MHz and from 0 to 900 ms; the discharges
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were steady state from 400 to 800 ms. It is immediately clear that the fluctuations below ≤ 1
MHz are larger in IC than NC. The reflectometry system observes the opposite, namely that
fluctuations decrease in the NC Ø IC transition.4 The difference is likely to be due to the
scales observed; fluctuations having much longer wavelengths are observed using
reflectometry. However, a reduction in high frequency (> 1.3 MHz) fluctuations is observed
using LOTUS. This behaviour could be due to two distinguishable effects: An increase in
low-frequency edge fluctuations due to steepening density gradients and a decrease in highfrequency core turbulence. Each effect would be connected to the observed confinement
transition.

Figure 12. Spectrograms of density fluctuations at 20 cm-1 for normal (left) and improved (right) confinement
discharges. The colour scale is logarithmic (darker colour means larger amplitude) and identical for both
discharges.

1. M. Saffman et al, Rev. Sci. Instrum. 72 (2001) 2579.
2. K. McCormick et al., Plasma Phys. Control. Fusion 41 (1999) B285.
3. P. Grigull et al., Plasma Phys. Control. Fusion 43 (2001) A175.
4. M.Hirsch, private communication (2002).

2.11 Fast ion dynamics measured by collective
Thomson scattering
H. Bindslev, P.K. Michelsen, M. Jessen, S. Nimb, J. Thorsen, P. Woskov (MIT, Cambridge,
USA), TEC team (FZ-Jülich, Germany; FOM-Rijnhuizen, Netherlands; ERM/KMS, Belgium),
ASDEX upgrade team (Max Planck Institute für Plasmaphysik, Garching, Germany)
henrik.bindslev@risoe.dk; www.risoe.dk/euratom/cts
Magnetically confined fusion plasmas contain highly non-thermal populations of fast ions
resulting from fusion reactions and plasma heating. With energies in the MeV range, two to
three orders of magnitude above the bulk ion and electron energies, the fast ions typically
carry one third of the plasma kinetic energy and even more of the free energy. It is essential
that these energetic ions remain confined while they slow down and heat the thermal bulk
plasma. The free energy associated with the fast ions is, however, also available for mischief.
Non-linear wave particle interaction can drive waves and turbulence in the bulk plasma,
significantly affecting both bulk and fast ion dynamics. In particular it can lead to
catastrophic loss of fast ion confinement. The sawtooth instability, also affected by fast ions,
appears to redistribute part of the ion population. If properly tailored, this can be an effective
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tool for removing helium ash from the core while leaving the valuable energetic alpha
particles in place.
Wave particle interaction is also the basis of ion cyclotron resonance heating (ICRH); one
of the main plasma heating schemes relying on the absorption of radio waves. Wave particle
interaction depends critically on the phase space distribution of the energetic ions. The effect
of waves and turbulence on the ion population manifests itself in the phase space distribution.
So both to challenge and guide our understanding of dynamics involving fast ions, and to
monitor our attempts at tailoring turbulence and instabilities affecting the ions, we need
detailed measurements of the ion phase space distribution.

Figure 13. Both plots show the phase space density; number of ions per unit volume and unit velocity. In this shot
(89510) the resolved velocity component makes an angle of 65.7° with the static magnetic field. The measurement
volume is just to the high field side of the plasma centre, near the electron density inversion radius. Auxiliary heating
(ICRH and NBI) is switched off at 2.2 seconds. Left: Contours of the logarithm of the ion phase space density.
Right: Time traces of the phase space density for selected velocities.

It has long been realized that collective Thomson scattering (CTS) has a unique capability
for diagnosing the ion phase space distribution; that is, it can provide spatially resolved
measurements of the velocity distribution. There are other techniques for diagnosing fast ions
(charge exchange neutral particle spectroscopy and neutron spectroscopy), but no other
diagnostic currently holds the potential for simultaneously resolving the distributions in time,
space and velocity. Building on the experience gained with the fast ion CTS diagnostic at
JET,1 the technique had its breakthrough at TEXTOR, where a TEC-MIT team led by H.
Bindslev built a proof-of-principle experiment.2 This experiment demonstrated the feasibility
of the measurements3 and provided a wealth of new data on spatially localised ion velocity
distributions at many time points in each plasma shot. These have, among others, permitted
the investigation of fast ion dynamics at sawteeth. A sample measurement is shown in Figure
13, where both contours of the logarithm of the phase space density, and time traces for
selected velocities have been plotted. The plots show the effects of the switch off of the ion
heating at 2.2 s after which the velocity distribution contracts; the energetic ion population
decaying in approximately 50 ms. Also evident is the effect of sawteeth. Comparing
measurements from like discharges, in which the orientation of the resolved velocity
component and the location of the measurement volume were varied independently, both
inhomogeneity and anisotropy in the fast ion dynamics at sawteeth were observed.3
The CTS effort at TEXTOR continues, now involving also Risø. Additionally, Risø,
MIT and the ASDEX upgrade team have started the development of a fast ion CTS at
ASDEX upgrade (AUG) tokamak at the Max Planck Institute für Plasmaphysik in Garching
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(Munich), Germany. This system will make use of the very substantial investments at AUG in
fast ion sources (neutral beam injection and ICRH) and in new megawatt power level
gyrotrons to be used as sources of the probing radiation in the CTS system. In addition to
permitting fast ion dynamics to be studied in new and more ITER (reactor) relevant
conditions, the proposed system for AUG will also provide experience with the use of highpower gyrotrons in a CTS system, as would be required in a fast ion CTS diagnostic for
ITER.
1. H. Bindslev, J. A. Hoekzema, J. Egedal, J. A. Fessey, T. P. Hughes and J. S. Machuzak,
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3. Fusion technology
3.1 Introduction
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 postirradiation 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.

3.2 Next step technology
3.2.1 Analysis of stress relaxation during creep-fatigue interaction experiments1
B.N. Singh, J.F. Stubbins* (*University of Illinois, Urbana-Champaign, USA) and P. Toft
The examination of hold time effects in creep-fatigue testing continued during 2001. These
tests were conducted so that the hold period was applied while the strain on the specimen was
held constant at the maximum point in both tension and in compression. The hold period
results in a relaxation of the stress or load on the specimen, due to the creep process. The
loading cycle itself provides the fatigue deformation. The stress relaxation during the hold
period is an indication of the amount of time-dependent deformation (i.e. creep) that the
specimen can undergo to accommodate the strain level. Tests were performed at 22 or 250°C
for a dispersion strengthened copper alloy, CuAl25, and a precipitation strengthened copper
alloy, CuCrZr. These materials were also examined in the unirradiated and the irradiated
conditions to determine the influence of exposure to a neutron environment on mechanical
properties.
Examples of the response of the CuAl25 material to fatigue with hold-time loading
conditions is shown in Figure 1, where the cycles are shown as a function of test time. In the
examples, the specimen is loaded in tension to the maximum strain point and held there for a
fixed period. The cycle is then reversed and the specimen is loaded in compression to the
minimum strain point and held there for a fixed period. In Figure 1a, the tension and
compression hold periods are 10 seconds each, and 100 seconds each in Figure 1b. The
curves indicate the total stress on the specimen and how the stress relaxes during the hold
periods as a function of time.

1
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Figure 1. Examples of stress relaxation in unirradiated and irradiated CuAl25 during creep-fatigue tests at 250oC
for a strain range value of 0.5% and tested with a holdtime of (a) 10s and (b) 100 s.

Figure 1 shows a comparison of load relaxation for specimens that are unirradiated and
specimens that were irradiated to 0.3 dpa (displacements per atom). The test temperature is
the same as the irradiation temperature. The maximum tensile and compressive loads are
different for the irradiated and unirradiated materials due to the differences in strength with
and without irradiation. Nevertheless, significant amounts of stress relaxation take place in
all cases.
A direct comparison of the stress relaxation is made in Figures 2 and 3 where the various
levels of stress relaxation are shown. The stress drop from the maximum load is plotted as a
function of relaxation time for one hold time period in tension. In Figure 2, the stress
relaxation values are shown for three different maximum strain levels for two test
temperatures. Data for a fourth strain level are also shown from tests conducted at 250°C. It
can be seen that the level of relaxation is higher for the higher temperature tests, as would be
expected from the increase in creep rate with temperature. It can also be seen that the amount
of stress relaxation increases uniformly with increasing level of strain on the specimen. This
is the case for both test temperatures. The figure also shows that the magnitude of the stress
relaxation is substantial, even for the room temperature tests.
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Figure 2. Stress relaxation as a function of time during holdtime of 10 seconds in creep-fatigue tests on CuAl25
at 22 and 250oC for different strain range values (i.e. at different stress levels). Note that the higher the stress
level during the holdtime the larger is the stress relaxation.

Figure 3. Comparision of stress-relaxation in the unirradiated and irradiated (at 250oC to 0.3 dpa) CuAl25
specimens tested at 250oC with different strain range values. Note that the stress relaxation is larger in the
irradiated than that in the unirradiated specimens.
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The effect of irradiation on the stress relaxation behaviour is shown in Figure 3 for tests
conducted at 250°C. The results for the unirradiated material are the same as shown in Figure
2, where the temperature effect is indicated. The results for the higher strain range are also
the same results as shown in Figure 1a where the time dependence and the absolute level of
the applied stress can be seen. The irradiated material shows a similar level of stress
relaxation for the lower of the two strain ranges. At the high strain range, the level of
relaxation is higher for the irradiated material. By comparison with Figure 1, it is seen that
the irradiated material has a noticeably higher strength than the unirradiated material. This
accounts for the differences in the stress relaxation.
This work is continuing so that these processes can be studied in a wider variety of loading
conditions and temperatures. This work will also provide the foundation for a physical
understanding of the mechanisms involved in the creep-fatigue interaction processes. To do
so, it is necessary not only to perform the proper tests, but the microstructure of the material
and the morphology of the fracture surfaces must also be examined to determine the
microstructural processes which control the material deformation response.
3.2.2 Impact of creep-fatigue interaction on performance and lifetime of CuCrZr alloy2
B.N. Singh, J.F. Stubbins* (*University of Illinois, Urbana-Champaign, USA) and P. Toft

Both the first wall and divertor components of ITER will be exposed to an intense flux of
fusion (14 MeV) neutrons and will experience thermomechanical cyclic loading as a result of
the cyclic nature of plasma burn operations of the system. Consequently, the materials used in
these components will have to endure not only cyclic loading but also stress relaxation (i.e.
creep) during the “plasma-on” and “plasma-off” periods. In order to evaluate the impact of
this interaction (i.e. creep-fatigue), investigations were initiated to determine the lifetime of
CuAl-25 and CuCrZr alloys under the conditions of creep-fatigue interaction. The main
results on the CuAl-25 alloy and only a few results on CuCrZr were reported last year. In the
following, the rest of the results on CuCrZr alloy are summarised.
Creep-fatigue interaction studies were performed on 39 mm long fatigue specimens with a
gauge length and diameter of 7 and 3 mm, respectively. Fatigue specimens were manufactured from the stock of CuCrZr alloy supplied by Outokumpu OY (Finland). The CuCrZr
alloy was used in the prime aged condition. A number CuCrZr alloy specimens were tested at
22oC with a strain range of 0.5% also in the prime aged and annealed (600oC for 1 h)
condition. Creep-fatigue interaction tests were carried out on unirradiated specimens at 22
and 250oC. Tests of 250oC were carried out in vacuum (<10-4 torr).
The creep-fatigue interaction condition was simulated by applying a certain holdtime on
both tension and compression sides of the cyclic loading with a frequency of 0.5 Hz for zero
holdtime. Tests were carried out in the fully reversed and strain controlled mode. Holdtimes
of 2, 5, 10, 100 and 1000 seconds were used. For a given holdtime, the number of cycles to
failure was determined at different strain amplitudes. Figure 4 shows examples of cyclic
loading at a fixed strain range value of 0.2% both in tension and compression carried out at
22oC for holdtimes of (a) 10 seconds and (b) 100 seconds. It can be seen that during the
holdtime the stress (reached at the strain range value of 0.2%) relaxes very rapidly at the
beginning of the holdtime and then slows down as a function of time. The process is repeated
in each cycle. The nature and the magnitude of stress relaxation in the tension and
compression side of the cycles are very similar.
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Figure 4. Examples of response of CuCrZr alloy during creep-fatigue tests carried out at 22oC with holdtime of
(a) 10 seconds and (b) 100 seconds for a given strain range value of 0.2%.
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Figure 5. Fracture lifetime and number of cycles to failure as a function of holdtime determined during creepfatigue tests at 22oC on the unirradiated CuCrZr alloy at strain range values of (a) 0.2% and (b) 0.5%. Note that
the annealing at 600oC for 1h after prime ageing does not affect the number of cycles to failure or the lifetime.
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Figure 6. The same as Figure 5, but for tests carried out at 250oC.
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The effect of holdtime on the real lifetime of the material and the number of creep-fatigue
cycles to failure for the unirradiated and prime aged CuCrZr alloy tested at 22oC is illustrated
in Fig. 5 for strain ranges of (a) 0.2% and (b) 0.5%. Fig. 5 (b) also shows the results of
CuCrZr specimens that were annealed 600oC for 1h after prime ageing. Results of similar
tests carried out at 250oC are shown in Fig. 6 as a function of holdtime. Results shown in
Figs. 5 and 6 clearly demonstrate that the number of creep-fatigue cycles to failure is
substantially reduced due to application of a holdtime during cyclic loading. The holdtime of
even 2 seconds causes a large reduction in the number of cycles to failure both at 22 and
250oC and strain range values of 0.2 and 0.5%. Furthermore, the effect of holdtime increases
with decreasing temperature (at a given strain range value) and decreasing strain range value
(at a given test temperature). It should be noted, however, that the real lifetime of the material
improves at holdtimes of longer than 100 seconds. As can be seen in Fig. 5b, changing the
precipitate microstructure by heat treatment after prime ageing (see section 3.2.3) does not
seem to modify the effect of holdtime on the number of cycles to failure in any significant
way.
3.2.3 Modification of precipitate microstructure in CuCrZr alloy and its impact on
tensile properties3
B.N. Singh, D.J. Edwards* (*Pacific Northwest National Laboratory, Richland, USA)
and P. Toft

Earlier investigations have established that the CuCrZr alloy when irradiated with neutrons in
the prime aged condition at temperatures below about 200oC suffers from plastic instability.
Experimental results indicate that this may be due to the fact that the precipitates in this alloy
in the prime aged condition may be small and, thus, too weak obstacles to dislocation motion
during deformation. It was, therefore, decided to coarsen the precipitate size by annealing
after prime ageing heat treatment so that the larger and thereby stronger precipitate may
prevent the initiation of plastic flow localization by resisting dislocation motion. For this
purpose, the post-prime ageing annealing temperature was chosen to be 600oC and a number
of specimens were annealed for 1, 2 and 4 hours at 600oC.

Figure 7. Precipitate size distribution in the unirradiated CuCrZr alloy in the prime aged and in the specimens
heat treated (after prime ageing) at 600oC for 1, 2 and 4 hours.
3

Task TWO-T507-6

Risø-R-1345(EN)

33

Figure 8. Precipitate size distribution in the unirradiated CuCrZr alloy in the (a) prime aged condition and after
annealing at (b) 700oC and (c) 850oC for four hours.
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Figure 9. Stress-strain curves for CuCrZr alloy in the prime aged conditioin and after annealing at 600oC for 1
and 4 hours. Tensile tests were carried out at (a) 50oC and (b) 300oC.

Another reason for investigating the effect heat treatment was the uncertainty in the
temerature at which copper alloys may be joined to 316 stainless steel while manufacturing
the first wall panels. For this reason it was decided to investigate the effect of annealing at
600, 700 and 850oC for four hours after the prime ageing treatment.
After each heat treatment, specimens were examined in a transmission electron microscope
and precipitate size and density were determined. The precipitate size distributions for the
prime aged specimens and specimens annealed after prime ageing at 600oC for 1, 2 and 4
hours are shown in Fig. 7. As can be seen in Fig. 7, the precipitate density decreases from 2.6
x 1023 m-3 in the prime aged condition to 1.5 x 1021 m-3 after annealing at 600oC for 4 hours
while the precipitate size increases from 2.2 nm to 21.3 nm. Fig. 8 shows the size
distributions for annealing at 600 and 700oC for 4 hours. The annealing at 850oC for 4 hours
led to very low density of rather large and heterogeneously distributed precipitates and was,
therefore, not measured.
The prime aged (PA) and heat treated specimens were tensile tested at 50 and 300oC. All
tests were carried out in vacuum (<10-4 torr). Engineering stress-strain curves for the PA and
heat treated (at 600oC for 1 and 4 h) specimens tested at 50 and 300oC are shown in Fig. 9.
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Figure 10. Stress-strain curves for CuCrZr alloy heat treated (after prime ageing) at 600, 700 and 850oC for 4h.
The tensile tests were carried out at (a) 50oC and (b) 300oC.

Both at 50 and 300oC, the tensile strength decreases with decreasing precipitate density
(see Fig. 7). Tensile results for the PA and heat treated specimens at 600, 700 and 800oC for 4
h and tested at 50 and 300oC are shown in Fig. 10. Results clearly show that precipitate
coarsening increases with increasing temperature (see Fig. 8) and, therefore, the tensile
strength decreases with the annealing.
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3.3 Long-term technology
3.3.1 Dose dependence of defect accumulation4
M. Eldrup, B. N. Singh, S. J. Zinkle*, T.S. Byun* and K. Farrell* (*Metals and Ceramics
Division, Oak Ridge National Laboratory, Oak Ridge, USA)

In order to investigate the difference in defect accumulation between fcc Cu and bcc Fe,
tensile specimens were neutron irradiated at ~70oC in the HFIR reactor at Oak Ridge
National Laboratory to fluences in the range of 7.2×1020 - 4.7×1024 n/m2 (E > 1 MeV)
corresponding to displacement dose levels in the range of 0.0001 - 0.8 dpa in copper and
0.0001 - 0.72 dpa in iron. Irradiated specimens were characterized using positron annihilation
spectroscopy, transmission electron microscopy and electrical conductivity measurements. A
limited number of iron specimens irradiated to different dose levels were tensile tested at
70oC.
The results clearly showed a difference in defect accumulation between copper and iron
during neutron irradiation in a wide dose range. In Cu, no void nucleation was observed. In Fe
at 10-4 dpa a low density of very small vacancy clusters (1 - 3 vacancies) were detected while
voids and/or micro-voids were observed at doses of 0.0009 dpa and above. Both the density
and the average size increase with dose. Figure 11 shows the dose dependence of the cavity
density in Fe as determined by positron annihilation spectroscopy (PAS) compared with the
cluster density in Cu and Fe. The average size increased from about 0.3 nm to about 0.6 nm in
the dose range 0.0001 - 0.23 dpa. In TEM, voids become visible only in the specimen
irradiated to 0.72 dpa. The density was of the order of 1024 m-3 in the size range below 1.5 nm
in agreement with the PAS estimates. The PAS data for iron suggested that the swelling rate
is constant (~4±2 %/dpa) for doses below 0.01 dpa, but decreases to ~ 0.2 %/dpa at 0.23 dpa.
It is interesting to note that this behaviour is similar to that observed in copper irradiated at
250oC.

Figure 11. Dose dependence of cluster density in copper and iron irradiated at 70oC. In copper (%) the clusters
are mainly SFTs. In iron the TEM results (() are mainly densities of SIA clusters while PAS results (=) are for
3-dimensional vacancy clusters (voids).
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Figure 12. Stress-strain curves for pure iron irradiated at ~70oC to different dose levels and tensile tested at
70oC. Note the increase in yield strength and decrease in work hardenability and uniform elongation with
increasing dose level. The flow localization and plastic instability is very marked at 0.72 dpa.

TEM investigations showed that the density of SIA clusters in Fe increases with dose. At
doses higher than ~ 0.01 dpa, the clusters begin to segregate and coalesce leading to
formation of rafts of SIA clusters. The formation of the raft-like structure is significantly
more efficient in bcc iron than in fcc copper.
The mechanical properties were also found to depend on irradiation dose. Figure 12 shows
an increase in the yield stress and a decrease in the uniform elongation as a function of
increasing dose level in iron.
In addition to the microstructural information, the present work demonstrates that positron
annihilation spectroscopy can provide valuable information about the microstructure of
irradiated metals, in particular about the presence of submicroscopic voids.
3.3.2 Dislocation decoration with interstitial clusters in bcc iron5
N.M. Ghoniem*, S.-H. Tong*, J. Huang*, B.N. Singh and M. Wen*
(*University of California, Los Angeles, USA),

It is well known that neutron irradiation of metals and alloys at temperatures below the
recovery stage V (about 0.3 Tm for iron where Tm is the melting temperature in Kelvin) causes
a substantial increase in the yield strength and a significant decrease in the ductility (see 3.3.1,
Fig. 11). It is the decrease in the ductility and occurrence of plastic instability due to plastic
flow localization which is a matter of serious concern from the point of view of application of
materials in a fission or fusion reactor environment. Recently, the cascade induced source
hardening (CISH) model has been proposed to rationalize this phenomenon6. The model is
based on the premise that during irradiation under cascade damage conditions, the grown in
dislocations get decorated with an atmosphere of small interstitial clusters and that this
atmosphere prevents the grown-in dislocations from acting as dislocation sources. Later, it
5
6
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was shown analytically using isotropic elasticity theory that such decoration is likely to occur
by 1-D diffusing interstitial clusters produced in the cascades.
In order to verify the main conclusions of the analytical calculations and to gain further
insight into the processes involved, a combination of Kinetic Monte Carlo and 3-D
Dislocation Dynamics computational techniques have been employed to study the
phenomenon of dislocation decoration in bcc iron. To study how glissile interstitial clusters
migrate and interact amongst themselves and with the internal stress fields of the grown-in
dislocations, a computational box of 400a x 400a x 400a (‘a’ is the lattice constant of bcc
iron) is used with periodic boundary conditions. In order to study dislocation-cluster
interaction and the decoration process, a dislocation loop lying on the <0 1 1> plane with
Burgers vector ½ < 1 11> is introduced into the simulation box. A number of interstitial
clusters (of density varying in the range of 5 x 1022 – 2 x 2023 m-3) are introduced in the box
with a random distribution and their initial jump directions are also randomly specified. The
interstitial clusters are then allowed to diffuse one-dimensionally and interact amongst
themselves and the grown-in dislocation loop (Fig. 13). When a cluster approaches the
dislocation at distances closer than the “stand-off” distance (taken as 1.5 nm), the cluster is
stopped. As can be seen in Fig. 13, the grown-in dislocation loop get decorated by the
interstitial clusters in a very short time (6 ns).
Another interesting feature of these interactions (loop-loop and loop-dislocation) is that
when clusters are within a distance of several nanometers from each other, and have their
Burgers vector in parallel directions, will trap one another and form a raft of loops. The
formation of rafts of loops is well known experimentally in bcc metals.

Figure 13. KMC simulation of dislocation decoration during irradiation producing glissile SIA clusters. A
randomly distributed population of SIA clusters are allowed to diffuse and cluster in the stress field of a 3-D
dislocation loop. As can be seen, the grown-in dislocation gets decorated by SIA clusters in a very short time.
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3.3.3 Radiation hardening in bcc iron7
B.N. Singh, M. Eldrup. N.M. Ghoniem* and M. Wen*
(*University of California, Los Angeles, USA)

It has been shown experimentally that neutron irradiation causes a substantial amount of
hardening in bcc iron at 50 and 100oC. However, for a given irradiation temperature
(homologous) the displacement dose level is considerably lower in bcc iron than that in fcc
copper. Experiments have also demonstrated that irradiation at these temperatures produces a
high density of hardening obstacles in the form of nano-size voids in bcc iron and nano-size
stacking fault tetrahedral (SFTs) in fcc copper. In both cases, the phenomena of yield drop
and plastic flow localization in the form of cleared channels are observed. This is interpreted
to mean that in both cases CISH model can be approximately applied to understand the
magnitude of hardening and the occurrence of plastic flow localization.
In the present work, the magnitude of hardening due to irradiation has been calculated
within the framework of CISH model using the 3-D Dislocation Dynamics and Kinetic Monte
Carlo (KMC) procedures. In the case of bcc iron, the main obstacles to dislocation motion are
taken to be the nano-size voids. The density of these obstacles on the glide plane is calculated
from the experimentally measured values of the volumetric density of nano-size voids in pure
iron neutron irradiated at 50 and 100oC to different dose levels. According to the CISH model
a large number of dislocation sources are activated at the upper yield stress. These newly
generated dislocations move on the glide planes and encounter the obstacles randomly
distributed on the glide planes. Each dislocation segment is represented by a circular arc, and
its curvature is determined by the applied stress, sum of all interaction forces and Burgers
vector. When a dislocation segment encounters the nearest obstacle it splits into two segments
and each segment continues to move until it reaches its equilibrium curvature or when the
angle between the two tangents at the obstacle reaches a critical value, Φc. A KMC procedure
is implemented to determine the probability of destruction of nanovoids. This is calculated
from the height of the energy barrier, the work done by the local forces at tangent points and
the lattice temperature. After the annihilation of the nanovoids, these two segments merge
into one and the unified segment is advanced till it meets the next obstacle on the glide plane.
Using this procedure, the stress level at the lower yield stress is obtained. The main results of
these calculations are summarized in Fig. 14 for pure bcc iron neutron irradiated at 50 and
100oC to different dose levels. For comparison experimental results are also plotted in Fig. 14.
The agreement between the calculated and the experimental results is reasonably good. The
calculated results are somewhat lower probably because the effect of interstitial clusters is not
included in the calculations.
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Figure 14. Experimental and calculated dose dependencies of irradiation induced increase in the lower yield
stress in pure bcc iron neutron irradiated at 50 and 100oC. Note that the calculated trend showing increase in
hardening with increasing dose level is in good accord with experimentally measured trend.

3.4 Underlying technology
3.4.1 The effects of one-dimensional migration of self-interstitial clusters on the
formation of void lattices
H.L. Heinisch* (*Pacific Northwest National Laboratory, Richland, USA) and B.N. Singh

Void lattices in irradiated metals were first observed about 30 years ago, and while they have
been the subject of many theoretical and experimental studies since then, no definitive theory
of void lattice formation exists. Crowdion clusters having the property of three-dimensional
diffusion in the material along paths consisting of segments of one-dimensional random walks
are central to the Production Bias Model of void swelling8, which has been shown to be quite
successful in describing many aspects of microstructure evolution under cascade-producing
irradiation. The rationale for the present investigation is that if a theory can explain void
swelling, then it should also be compatible with the formation of void lattices. Thus, a key
element of the Production Bias Model, the one-dimensional migration of crowdion clusters
with occasional Burgers vector changes, was examined as a necessary condition for the
formation of a void lattice.
Kinetic Monte Carlo computer experiments were performed with a simple model for the
interactions of vacancy and SIA defects with voids in which the average length of the 1-D
migration path segments of SIA clusters is the variable quantity. A cubic test cell containing
an atomic-scale, face-centered cubic lattice was used. The cell contained spherical voids and
mobile defect clusters, each defect being associated with a lattice site of the underlying
crystal structure. The mobile clusters consisted of identically sized crowdion and vacancy
clusters. Each crowdion cluster migrated in a 1-D random walk along a randomly chosen
8
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close-packed direction (<110>) on the fcc crystal lattice for exactly ndc jumps before
randomly choosing the close-packed direction for its next random walk of ndc jumps. The
vacancy clusters migrated by 3-D random walks on the fcc crystal lattice. The KMC modeling
was used to investigate the role of 1-D migration and the effects of Burgers vector changes on
the “shadow effect,” whereby voids aligned along close-packed directions shield each other
from 1-D migrating SIA defects. The strength of the shadow effect was investigated in a
series of KMC experiments. A lattice of 256 uniform-sized voids in the test cell described
above was supplemented by 256 additional voids of the same size placed at random positions
within the cell. The cell was then “irradiated” with 50,000 crowdion clusters placed
randomly in the cell and executing 1-D random walks along the close-packed directions, each
for ndc jumps before selecting a new Burgers vector direction. There were no mobile vacancy
clusters in this experiment. Runs were done with different values of ndc. Figure 15a shows
the initial configuration looking down the [001] direction of the cubic volume. Figure 15b
shows the same view after irradiation by the crowdion clusters with ndc= 1 jump, the
condition for “pure 3-D” migration. The lattice voids and random voids were attacked equally
by the crowdion clusters. Figures 15c and 15d show the results for ndc = 500 jumps and ndc =
5000 jumps, respectively. The average 1-D path length for 500 jumps is about 0.85 times the
nearest neighbor distance of voids in the lattice, while that for 5000 jumps is 2.7times. The
effect of shadowing is quite strong, even when the 1-D path length is of modest size and leads
to an almost perfect void lattice (Fig. 15d).

Figure 15. Ordering of voids in a fcc crystal lattice in a cubic test cell containing 256 voids in a lattice and 256
randomly placed voids. The test cell was irradiated with 50,000 interstitial clusters diffusing one-dimensionally
for different values of ndc (is the number of jumps that a 1-D diffusing interstitial cluster makes before it changes
the direction of diffusion and makes another ndc jump in that new direction): (a) initial spatial distribution of
voids, (b) ndc = 1 (representing effective 3-D diffusion), (c) ndc = 500 (~0.85 of the nearest neighbour distance of
the void lattice) and (d) ndc = 5000 (2.7 times the nearest neighbour distance).
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KMC computer experiments were also performed to test the size stability, whether the
voids grow or shrink, as a function of the value of ndc. A lattice of 256 voids in a cell, as
described above, was irradiated with equal numbers of crowdion clusters and vacancies. It
was found that, under the condition of equal numbers of vacancies and interstitials available
to interact with the voids, the size stability of voids in the lattice could be maintained when
SIA clusters have 1-D path lengths on the order of the void lattice spacing.
Based on the results of these studies, the shadow effect is very strong, and it does not
require 1-D path lengths significantly greater than the void lattice spacing for crowdion
clusters to be effective in selecting a void lattice, relative to random voids. Of course, the
shadow effect is much stronger if the crowdion clusters have longer 1-D path lengths, but
under those conditions the fraction of crowdions available for interacting with the voids
becomes much smaller. To maintain the void size under the long 1-D path length conditions
requires that the available SIA in crowdion clusters must outnumber the available 3-D
migrating vacancies by a large factor (about a factor of 7 in the example here). However,
under the actual conditions in real materials, crowdion clusters with very long 1-D path
lengths are probably rare. Thus, it should be possible to maintain a void lattice when the
average 1-D path lengths of a significant fraction of crowdion clusters is on the order of the
void lattice spacing. Further KMC computer experiments will be aimed at determining the
conditions for void lattice formation.
3.4.2 Dislocation-loop interaction in fcc copper9
Yu. N. Osetsky* , D.J. Bacon* (*The University of Liverpool, Liverpool, U.K.), A. Serra**
(**Universitat Politècnica de Catalunya, Barcelona, Spain) and B.N. Singh

The most important feature of the primary damage produced by energetic neutrons is the
production of both sessile and highly glissile clusters of self-interstitial atoms (SIAs). The
one-dimensional transport of SIA clusters leads to spatial segregation of interstitials and
vacancies and is responsible for dislocation decoration and formation of rafts of loops. This
forms the basis of the CISH model for describing the phenomena of radiation hardening, yield
drop and plastic flow localization. Furthermore, it is also the segregation of SIAs and
vacancies which gives rise to an excess of vacancies responsible for void nucleation and
growth (i.e. void swelling) and is used as the main driving force in the Production Bias Model
(PBM)9. In all these cases loop-loop and dislocation-loop interactions play a crucial role.
While using the CISH model to calculate the magnitude of hardening either analytically or in
terms of 3-D dislocation dynamics (see section 3.3.3) or using the PBM to estimate void
swelling, the strength of these interactions are calculated in terms of isotropic linear elasticity
theory. It is not clear, however, as to whether or not the strength of these interactions can be
obtained accurately enough within the framework of elasticity theory. To eliminate this
uncertainty, atomistic calculations have been carried out to determine the strength of
interaction between an edge dislocation and a SIA loop containing 49 SIAs in fcc copper.
Molecular statics were used to study the cluster-dislocation interaction energy at a
temperature of zero Kelvin in fcc copper lattice. A crystallite of about a million atoms was
oriented along [ 110 ], [ 112 ] and [111] directions. The size along the Burgers vector, b, was
approximately 15 nm along the dislocation line. An isolated dislocation was first introduced
and relaxed. A cluster with the same Burgers vector as that of the edge dislocation was then

9
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created at a certain distance, r<111> (i.e. along [111] direction for the copper crystallite) below
the dislocation slip plane and the crystallite was relaxed again.
The dislocation-cluster interaction energy was calculated using the energies of the
previously rerlaxed isolated dislocation and a cluster. The interatomic interactions were
described by manybody potentials. The interaction energy, EINT, thus obtained was compared
with the results of calculations using the full isotropic elasticity and the simple infinitesimal
loop approximation. The results are compared in Fig. 16. The results show that the interaction
between the dissociated edge dislocation and a cluster in copper is complicated since the
stress field of the dislocation enhances the dissociation of SIA clusters. As a result, the
interaction energy is significantly higher at short distances. However, for long-range
interactions, when cluster-dislocation separation is much larger than the cluster size, the
elasticity calculations yield good results particularly when the dislocation core energy and
radius are obtained from atomistic calculations.

Figure 16. Interaction energy between ½ <110> dislocation ½ <110> interstitial cluster containing 49 SIAs.
Black dashed line – infinitesimal loop approximation, solid red line – full integral of dislocation stress field over
loop perimeter, blue circles – results of the molecular static calculation, blue dotted line – interpolation of
calculated results by power function of distance EINT = -21.35 r-0.82 eV. Note that the exponent is –1 for the
infinitesimal loop and long-range full integral.
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3.4.3 Void nucleation under cascade damage condition
H. Trinkaus* (*Forschungszentrum Jülich, Jülich, Germany) and B.N. Singh

The problem of void nucleation has been a subject of studies since the early 1970s. In these
studies the main driving force for void nucleation, the vacancy supersaturation, was assumed
to be constant in the steady-state and was taken to arise due to the preferential absortion of
self-interstitial atoms (SIAs) by dislocations (“dislocation bias”). Unfortunately, these earlier
theoretical treatments were unable to rationalize the experimental results. In the early 1990s,
it was recognized that in fact the origin of vacancy supersaturation under cascade damage
conditions was intrinsically related to the intracascade clustering of SIAs and the properties of
these clusters. This led to the concept of production bias10,11 and later became known as
Production Bias Model (PBM). Since then a considerable amount of effort has been made in
validating the model both theoretically and experimentally. It has been shown conclusively
that experimental results which could not be explained by earlier theories could now be
rationalized within the framework of the PBM. However, so far the PBM was used to treat the
problems of void growth and void swelling but not the void nucleation.

Figure 17. Vacancy supersaturation calculated using PBM as a function of reciprocal homologous temperature
for bcc (Mo), fcc (Cu) and fcc alloy (austenitic stainless steel) under neutron irradiation conditions for three
dislocation densities (ρ).

Recently, theoretical work has been initiated to address the problem of void nucleation in
metals and alloys in terms of the PBM. The present approach utilizes the results of controlled
experiments as well as the results of molecular dynamics calculations regarding the details of
the primary damage production and properties of the clusters produced in the cascades. As a
first attempt, we have calculated the evolution of vacancy supersaturation as a function of
irradiation temperature and displacement dose. The results for bcc molybdenum, fcc copper
and fcc austenitic stainless steel are shown in Figs. 17 and 18, respectively for different
dislocation densities. It should be pointed out that under cascade damage conditions, both the
temperature and the dose dependencies of vacancy supersaturation during void nucleation is
dominated by the production bias. Furthermore, both the temperature and dose dependencies
of the vacancy supersaturation are qualitatively consistent with the experimental results on
void density as a function of irradiation temerature and displacement dose levels.
10
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Fig. 18. The same as in Fig. 17 but as a function irradiation dose level for an irradiation temperature of 0.4 Tm
(Tm is the melting temperature).
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