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Abstract
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plasma physics and in fusion technology. The fusion plasma physics
group has activities within studies of nonlinear dynamical processes in
magnetised plasmas, development of laser diagnostics for fusion plasmas,
and development of pellet injectors for fusion experiments. The activities
in technology cover investigations of radiation damage of fusion reactor
materials. These activities contribute to the Next Step and the Long-term
Technology programme. A summary is presented of the results obtained
in the Research Unit during 1995.
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1. Preface
The activities in the Research Unit cover two main areas:
A) Work in fusion plasma physics which includes
• Nonlinear dynamics of fusion plasmas
This research area is focused on theoretical and numerical investigations of the nonlinear evolution of instabilities in magnetised
plasmas and the associated turbulence and turbulent transport. The
emphasis in these investigations is on studies of the formation and the
dynamical evolution of nonlinear, coherent structures and the
influence of these structures on the total plasma flow. In order to
perform detailed simulations of these processes in complex
geometries, numerical codes based on highly accurate spectral
methods have been developed.
• Laser diagnostics for fusion plasmas
Development has been performed of a novel collective scattering
diagnostic based on two-point correlation measurements for spatially
resolved turbulence studies in magnetically confined plasmas. A proof
of principle experiment has been carried out employing a turbulent air
jet, and the diagnostic is being prepared for installation on the W7-AS
stellarator in Garching under a formal agreement of collaboration.
• Pellet injection
Pellet injectors which can inject frozen fuel pellets into fusion plasmas
have been developed over the last years. During 1995 a pellet injector
system was installed at RFX in Padova.
B) Work in fusion technology which includes
• Irradiation effects in materials
This work includes theoretical and experimental investigations of the
effects of irradiation on the microstructure and on the mechanical and
other physical properties of metals and alloys relevant to the Next Step
and the Long-term Technology programme.
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2. Work in Fusion Plasma Physics
2.1 Introduction
The research activities in this area have been carried out under the Plasma
and Fluid Dynamics Programme in the Optics and Fluid Dynamics
Department. A unifying theme for this research is the generation and
dynamical evolution of coherent structures in various types of
electrostatic turbulence and the influence of these structures on the total
plasma flow.
Numerical and theoretical studies of the Hasegawa-Wakatani model
equations have been performed utilising a reformulation of the equations
that clearly brings out the effects of the coupling between fluctuations in
the density and the electrostatic potential, and simultaneously allows
numerical simulations of coupling regimes that previously have been
inaccessible. Methods from chaos theory of ordinary fluid dynamics have
been employed in the analysis of the results from these numerical
simulations demonstrating a very promising potential of these methods
when applied to plasma physics. Other theoretical and numerical studies
have been carried out on different aspects of nonlinear plasma dynamics,
including inward transport, Langmuir turbulence, the role of coherent
structures in the structure of energy spectra and energy cascade, the
nonlinear saturation of modes generated by a radial electric field, and of
fundamental processes involved in self-focusing of electromagnetic
waves in magnetised plasmas. As a platform for highly accurate
simulations of nonlinear plasma dynamics in complex geometries an
efficient algorithm based on a novel spectral multidomain method has
been developed.
In order to make spatially resolved measurements of large scale
density fluctuations in a magnetised plasma, a laser diagnostic based on a
new two-point correlation collective scattering method has been
developed and tested on a turbulent air jet. In 1995 a formal agreement of
collaboration based on this diagnostic has been signed with the
Association Euratom-IPP Garching, and the diagnostic is being prepared
for installation on the stellarator W7-AS during 1996.
Injection of frozen hydrogen or deuterium pellets is an essential part of
several plasma fusion experiments. Risø has developed a system for this
type of peliet injection. The department has offered to build injectors for
fusion experiments on commercial terms, and during 1995 a pellet,
injector system has been installed at RFX in Padova.
As a spin-off of the work in fusion plasma physics, a contract aimed at
developing a commercial wind sensor for regulating windmills has been
concluded with the Danish Office of Energy Planning (Energistyrelsen).
A COT laser based instrument that uses methods and technology closely
related to those employed for the new plasma diagnostic has been
suggested as a strong candidate for such a wind sensor. There are good
long term prospects for commercial production of a wind sensor of this
type.
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2.2 Nonlinear Dynamics of Fusion Plasmas
2.2.1 Resistive Coupling in Drift Wave Plasma Turbulence
P.K. Michelsen, T. Sunn Pedersen andJ. Jital Rasmussen
Anomalous plasma transport, caused by low-frequency electrostatic
fluctuations, is commonly found to be the dominating cross-field
transport mechanism in toroidal devices, in particular in the edge region
of the plasma. These fluctuations are believed to be of the drift wave type
which will always appear self-excited at the plasma edge due to the
pressure gradient. A particularly simple model containing essential
features, which may be considered as a paradigm for drift wave
turbulence, is the two-dimensional slab model proposed by Hasegawa
and Wakatani.' The model includes the effects of a background density
gradient perpendicular to the magnetic field and a generalised Ohm's law
for the parallel electron motion. In the model, drift waves are linearly
unstable, but after a transitional period of exponential growth a non-linear
quasi-stationary turbulent state is achieved.
The first numerical studies concentrated on the effects of the size of
the relative density gradient, characterised by the gradient scale L„ =
\iu/Vn() |, and used an ansatz about the parallel wave number leading to
an anisotropy coupling between the density and potential perturbations, n
and (p. More recent, highly resolved simulations have used a
transformation which effectively removes the size of the background
density gradient from the dynamical equations, and have assumed that
only one mode is present in the parallel direction which leads to an
isotropic coupling. The emphasis has been on the existence of long-lived
coherent structures and their influence on the transport and on properties
in the limit of very low viscosity. The latter investigations indicate that
long-lived coherent structures are not significant in the turbulence in the
limit of very low viscosity.
The Hasegawa-Wakatani model equations have been investigated
numerically and theoretically utilising a reformulation of the equations
that clearly brings out the effects of the coupling between density and
electrostatic potential, due to the parallel electron motion. Two
fundamentally different assumptions about the parallel electron dynamics
have been investigated previously, and these are compared theoretically
and numerically. Theoretically, it has been found that the large-scale
behaviour is different in the two cases. Numerically, it has been found
that the resulting quasi-two-dimensional turbulence is very sensitive to
the assumption made, indicating that three-dimensional simulations are
necessary to realistically simulate the physical processes modelled by the
Hasegawa-Wakatani system. In addition, a new numerical scheme for the
time integration has enabled long-time simulations in the adiabatic
regime showing that the total energy and the total generalised enstrophy
do not vanish in this limit. In figure 1 the energy spectrum of the
saturated turbulent state is shown for various values of the coupling
coefficient C. The result for C = 10 has not been published before, but
Risø-R-897(EN)
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the new numerical scheme has made these calculations affordable. In
table 1 values of the total system energy E, the total generalised
enstrophy W and the total normalised perpendicular transport Fr are
shown for various values of the coupling coefficient C. An example of
the turbulent state of the potential and the density is shown in Figure 2,
1) A. Hasegawa and M. Wakatani. Phys. Rev. Letters 50, 682 (1983)
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Figure l.Thc spectral distribution of the total angle integrated energy of the turbulent
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20
10
1
0.1
0.01

w
22.6
10.9
5.6
18.9
77.8

26.6
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30.3
97.4

rf
0.036
0.044
0.77
2.1
3.8

Table 1. Average values of E, IV and T{ per unit area
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Figure 2. Plot of <p (left) and n (right) in the saturated state.

2.2.2 Lyapunov Exponents and Particle Dispersion in Drift Wave
Turbulence
P. K. Michelsen, T. Sunn Pedersen and J, Juni Rasmussen
The Hasegawa-Wakatani (HW) model equations for resistive drift waves
arc solved numerically for a range of values of the coupling due to the
parallel electron motion. The drift waves are linearly unstable and the
instability develops into a non-linear quasi-stationary turbulent state. The
self-excited quasi-stationary turbulence is strongly dependent on the
assumption about the parallel wave number but appears to be
independent of the initial conditions. This indicates that the turbulence
can be described in the context of chaos analysis as an attractor in the
phase space of the HW model with a large basin of attraction, and that the
character of the attractor strongly depends on the model for the parallel
wave number. The quasi-stationary turbulence may be characterised in a
number of ways. Previously, the effects of the size of the relative density
gradient on the perpendicular transport have been studied. The spectral
properties such as the spectral index have been determined, and the
existence of coherent structures and their influence on the transport have
also been investigated. The presence of coherent structures complicates
the statistical theory of the spectral properties, and one may therefore
look for other ways to describe turbulence in the presence of coherent
structures.
In this investigation, the degree of unpredictability or chaoticity is
determined by calculating the largest Lyapunov exponent, A\, for a range
of values of the parameters in the HW model. A key issue in the
investigation is to clarify to what extent X\ is correlated with other
characteristic inverse time scales. If there does exist such a correlation,
the Lyapunov exponents might prove to be a useful diagnostic tool for
plasma turbulence since it may, at least in principle, be determined from
time scries of, e.g., reflectometer or probe measurements using a phase
space reconstruction technique. Other characteristic inverse time scales
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are the growth rate of the most unstable mode, the normalised transport
and inverse Lagrangian time scales. The turbulence is analysed by
determining some of its Lagrangian properties, obtained by tracking
virtual fluid particles, passively convected by the drift velocity field. We
have investigated the relative (or two-particle) dispersion in the limit of
small interparticle distance, i.e. how two nearby particles are displaced
from each other in the turbulence. We show that a linearised theory
predicts the decomposition of the turbulence into two essentially different
regions: one with exponential growth of the particle separation and one
with an oscillatory behaviour of the particle separation. A similar
decomposition was shown by Weiss1 for an enstrophy transfer study. In
Weiss' formulation the criterion becomes

where <y~ ={dujdx-d\>/dy) +(dii/ch> + dv/dx) is the square of the strain
(or deformation) and a> is the curl (or rotation) of the velocity field, i.e.
the vorticity. From the expression it can be seen that the Qwa.ss < 0 regions
arc elliptic regions where rotation dominates over strain. The (?,,,•,.«• > 0
regions are strain-dominated hyperbolic regions. Contour plots of the
vorticity a) and the Weiss field Qweiss are shown in Figure 3. It can be
verified that the strongly elliptic regions coincide with vortex structures
in the vorticity. Strongly hyperbolic regions are found just outside the
vortices, especially for the strong monopoles and the dipoles. From this it
seems that the Weiss decomposition can be used as a coherent, structure
diagnostic tool.
The linearised theory is compared with numerically obtained results
for the relative dispersion. An exponential separation of nearby particles
is conceptually similar to chaos in a dynamic system, which implies
exponential separation of nearby orbits in phase space. Therefore, a
comparison between the particle separation exponent, Å,„ and the largest
Lyapunov exponent is made. The Lagrangian velocity autocorrelation
function L(r) is also determined, and two characteristic time scales
defined by L(r), the microscale and the Lagrangian integral time scale,
arc calculated. The results show that A\ seems to be correlated with
several of the time scales investigated, in particular the particle separation
exponent At,. The regions of the turbulence that spread particles fast are
compared with the regions of the turbulence that are most unpredictable
to see whether there is also a spatial correlation between X\ and Xp.
1) J. Weiss, Phys'wa D 48, 273 (1991).
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Figure 3. Contour plot of CO (left) and QKeliS (right) in the saturated turbulent state.
Dashed lines correspond to negative values, solid lines correspond to positive values.

2.2.3 Pressure Driven Flute Modes in an Inhomogeneous Magnetic
Field
J. Nycander (Institute of Technology, Uppsala University, Sweden) and J.
Juni Rasmussen
The importance of turbulent transport to the confinement of magnetised
plasmas in toroidal devices is well established. Whereas classical
collisional transport is generally down the gradients (of temperature and
density) and tends to bring the plasma towards thermal equilibrium,
turbulent transport may be directed up-gradient. This type of transport,
which is directed inwards from the edge of the plasma to the centre, leads
to peaking of the density and temperature profiles and is usually referred
to as the "pinch flux". Recently1, it has been suggested that this inward
transport can be explained by turbulent equipartition which is based on
the existence of invariants that are not "destroyed" by the turbulence, and
the system is driven towards equipartition over the surface in the phase
space defined by these invariants.
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 flute modes in an inhomogeneous magnetic field. The
model consists of a set of partial differential equations coupling
fluctuations in ion and electron temperatures and densities with the
fluctuations in the electrostatic potential. These equations will form the
basis for a future numerical simulation. In our preliminary studies we
have considered a linear stability analysis based on a local approach and
have recovered the well-known Rayieigh-Taylor instability in the longwave limit in addition to a weaker instability that appears when the
density profile is more peaked than the temperature profile and when the
magnetic field is decreasing with radius. Using a quasi-linear approach,
we found that the turbuience driven by these instabilities may give rise to
an up-gradient flux, i.e. a "pinch flux". Further, the conditions for
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marginal stability were found to coincide with the profiles predicted by
the turbulent equipartition.
1) V. V. Yankov, JETP Lett. 60, 171 (1994); J. Nycander and V.V.
Yankov, Phys. Plasmas 2, 2874 (1995).
.2.2.4 The Time-envelope Approximation Revisited in Strong
Langmuir Turbulence
L. Bergé (permanent address: CEA, Centre d'Etudes de Limeil-Valenton,
France), B. Bidégaray (Centre de Mathématiques et de Lews
Applications, CNRS URA 1611 et ENS de Cachan, France) and T. Colin
(Mathématiques Appliquées de Bordeaux, CNRS ERS 123 et Université
Bordeaux I, France)
We study the so-called time-envelope approximation classically made in
the theoretical description of a turbulent plasma medium, where electron
plasma (Langinuir) waves couple nonlinearly with low-frequency (ion)
density fluctuations through the action of the ponderomotive force. We
investigate a nonlinear set of coupled wave equations deserving the
inertia! regime of this strong Langmuir turbulence, namely

1 d'E ..dE

—T-—T--2i—--AE~
CO' dt"
dt
c

Ar

-nE,

at'

which differ from the usual Zakharov equations by the inclusion in the
first equation for E of a second-derivative, multiplied by the parameter
1/co2 that vanishes under the time-envelope approximation consisting of
the limit ar-> +«». From these perturbed Zakharov equations it is shown
that the latter limit is not compatible with strongly dominant ion inertia
corresponding to the formal case c" —» 0. In the opposite case, i.e. as c~
remains of order unity, the local-in-time Cauchy problem attached to the
above equations is solved and the behaviour of the Langmuir wave field
E and of its first-time derivative in the limit of —> +•*> is detailed for a
fixed value of c~. Under some specific initial data, we rigorously
demonstrate that, provided (o lies below a threshold value, the solution E
blows up in an infinite time with a non-constant mass which increases at
least exponentially in time, unlike the standard solutions to the
unperturbed Zakharov equations (defined for of = +<») that preserve their
mass. When this condition is not fulfilled, the global existence of the
solution set (E,n) is finally restored in a one-dimensional space.

12
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2.2.5 Energy Spectra and Intermittency in 2D Plasma Turbulence
M.R. Schmidt and J. Juni Rasmussen
We have investigated the evolution of the energy spectrum and the effects
of intermittency in two-dimensional turbulent plasma flows. The energy
spectrum, E(k), is defined as \ E(k)dk, where E is the kinetic energy of
the system considered and E(k)dk is the kinetic energy for waves with
wave numbers in the interval [k,k+dk]. The energy spectrum is a onedimensional function that does not contain phase information. We can
express the dynamic equation of the energy spectrum governed by the
plasma fluid equations in the guiding center approximation (equivalent to
the incompressible Navier-Stokes equations) as:

— = T(k)-2vk2E(k) + f(k),
dt

(2.1)

where T(k) is the integrated energy transfer from all wave numbers to k,
2vk2E(k) is the dissipation of energy by viscous forces, and f(k) is the
production of energy by external forces. Inside a broad range: (A'n, it,;) (the
incrtial subrange), the only important term in Equation 3.1 is energy
transfer; hence the production and dissipation is negligible. Classically, it
has been believed that the energy spectrum reaches a steady state
(Kolmogorov theory).
Assuming that the flux of either energy or enstrophy (squared
vorticity) is constant (independent of the wave number) in the inertial
subrange leads to algebraic forms for the energy spectrum E(k) ~ k'5/3 and
E(k)~ k's, respectively, in steady state; the latter has been corrected by the
logarithmic term ln(M'o)*l/3 found by Kraichnan. The algebraic forms
involve uncorrelated phases in wave number space and locality, i.e. the
transfer of energy (or enstrophy) takes place only in narrow ranges in
wave number space. These forms of the energy spectrum have, however,
been questioned by recent results predominantly obtained from numerical
simulations. Coherent structures are believed to dominate the late
evolution of decaying flows and to have a strong influence on the
dynamics of forced flows. Their presence changes the form of the energy
spectra (spatial intermittency), which then becomes steeper. How steep
depends on the geometry of the specific system, the viscosity and the
initial conditions, but our results from simulations of inviscous flows
show that the exponent is in the vicinity of four. The energy spectra also
exhibit large fluctuations (temporal intermittency), which are believed to
be connected with collision and merging processes of coherent structures.
We have investigated the evolution of turbulent plasma flows to
establish whether some quasi-stationary states exist. The general trend
shows the formation of coherent structures on large scales. This is a
qualitative picture. To obUiin a more quantitative picture, we would like
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to have a measure of the intermittency. Presently we are working with the
kurtosis of a filtered field to measure the spatial intermittency, i.e. we
calculate the kurtosis for a vorticity field, 0)*, where all wave numbers
below a given limit have been cut off (high-pass filter).

(2.2)

o,

where Hk,Olk are the mean and variance, respectively, of the filtered field.
We conjecture that uncorrelated, turbulent flows possess a value of K(k)
around three, independently of the wave number; this corresponds to
Gaussian noise. Plotting the function K{k) in Figure 4 we observe that
small wave numbers exhibit large values, whereas larger wave numbers
exhibit small values, but these are somewhat larger than three. The two
regimes are separated by a quite sharp change, i.e. they are well
separated. This measure of intermittency also exhibits large fluctuations,
which might be connected with collisions of coherent structures. This
remains to be clarified.
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Figure 4. A turbulent field pumped continuously from zero vorlicity (energy) by forcing
modes near the wave number: ks ~ 20 with random phases; energy is dissipated by
physical viscosity. The domain is double periodic: /, = /,. = 1.0, the resolution is m = n =
512, the viscosity v = 1O'S. (a) Iso-vorticity contours, (b) The energy spectrum
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The range of the intermittency coincides with the typical scales of coherent structures.
Further, the intermittent scales arc embedded in the incrtial range, which is not
consistent with the Kohnogorov theory.
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2.2.6 Vortex Merging and Corresponding Energy Cascade in Twodimensional Plasma Turbulence
A.H. Nielsen, J. Juul Rasmussen, X. He ami T. Bohr (CATS, Niels Bohr
Institute, University of Copenhagen, Denmark)
Coherent vortices are found to be dominant features in two-dimensional
(2D) turbulence. The understanding of the dynamics and, in particular,
the mutual interactions of these vortices is thus of vital importance for
understanding the turbulence itself. Traditionally, 2D turbulence has been
described in terms of the double cascading properties of the energy.
Although the inverse cascade is believed to be mediated by merging of
like-signed vortices, it is not clear how the vortex dynamics and their
interactions relate to the cascade scenario in the spectra. To contribute to
the understanding of the role of vortex dynamics for this cascading
process, we have investigated the simple case of merging of two identical
vortex patches by numerically solving the the plasma fluid equations in
the guiding center approximation using a high resolution double-periodic
spectral code. During the merging process, spiral filaments in the
vorticity are created. These are stretched infinitely in the straining field
resulting from the closer interaction of the vortices. Our simulations
reveal that the vortex merger indeed results in an inverse energy cascade.
In addition, the direct cascade generates a Kolmogorov like spectrum
E{k) ~k'4 developed at high wave numbers, see Fig. 5. This direct energy
cascade and the enstrophy cascade are most pronounced at the disordered
vortex boundaries, due to the straining effect resulting from the close
encounter of the two patches.
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Figure 5. The evolution of the energy spectrum for the merging of two like-signed
vortices with the same sign at the charge density.
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2.2.7 Nonlinear Mode Saturation in Circular Shear Layers in
Plasmas and Fluids
K. Bergeron (USAF Academy, Colorado, USA), E. A. Coutsias
(University of New Mexico, Albuquerque, USA), J. P. Lynov, and A. H.
Nielsen
Shear layer instabilities provide a fundamental mechanism for the
formation of coherent structures in plasmas and fluids. In the study of the
dynamics of these structures, two-dimensional circular geometries offer
many desirable features, The inherent quantisation of circular geometries
due to periodic boundary conditions makes it possible to design
experiments in which the spatial and temporal complexity of the coherent
structures can be accurately controlled. These experiments offer the
possibility of elucidating the mechanisms responsible for selforganisation in forced/damped flows. We have performed both analytical
and numerical studies' of the plasma fluid equations in the guiding
center approximation (equivalent to the Navier-Stokes equations) with
external forcing in an annular geometry. In the plasma case the forcing is
caused by a radial electric field. The results from these studies closely
reproduce experiments performed both in magnetised plasmas and in
rotating fluids. In the analytical studies we have demonstrated that the
temporal evolution of the first unstable mode from an axisymmetric state
can be described by a complex Landau equation
— = aA + j3l/ll2 A,
dr

(2.3)

where A is the complex amplitude of the unstable perturbation, r is a
slow time scale, and or and /?are complex constants. A comparison of the
predictions from the Landau equation with the results from a full
numerical simulation is shown in Figure 6. Here, the temporal evolution
amplitude of the perturbation and its angular velocity are shown in Figure
6(a) and Figure 6(b), respectively. The full lines indicate the results from
the full numerical simulation and the dashed lines show the evolution
described by the Landau equation. We note fine agreement for the
evolution of the amplitude and a minor mismatch for the angular
velocity. This mismatch is not surprising since the results are obtained at
a Reynolds number equal to 89.3, which is fairly high above the critical
Reynolds number, which is 81.1 in this particular example. We have
performed similar calculations for different geometric parameters,
different Reynolds numbers and both free-slip and no-slip boundary
conditions. In all cases where the Reynolds number is close to the critical
Reynolds number, we have found an almost perfect match between the
predictions from the Landau equation and the simulation results.

16
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(b)

Figure 6. (a) Evolution of the amplitude of the first unstable mode near the critical
Reynolds number in a circular shear layer; (b) the corresponding evolution of the
angular velocity of the unstable mode. Full lines show results from a full numerical
simulation; dashed lines show a fit to the complex Landau equation.

1) E. A. Coutsias, K. Bergeron, J. P. Lynov and A.H. Nielsen, "Selforganization in 2D Circular Shear Layers", AIAA-94-2407, 11 p. (1994).
2.2.8 Self-focusing of Electromagnetic Waves in Magnetized
Plasmas
L Beige (CEA, Centre d'Etudes de Limeil-Valenton, Villeneuve-StGeorges cede.x, France), E. A. Kuznetsov (Landau Institute for
Theoretical Physics, Moscow, Russia), J. Juid Rasmussen, E. G. Shapiro
(Institute of Automation and Electrometry, Novosibirsk, Russia) and
S. K. Twit syn (Institutfiir Theoretische Physik I, Heinrich-HeineUniversitcit Diisseldorf, Germany)
High frequency electromagnetic wave propagation in magnetized plasmas
can be modelled by the nonlinear Schrodinger (NLS) equation for the
scalar envelope A(t,rL,z) of the wave in dimensionless form:
(2.4)
at

where the different signs of the coefficient cr= -1 and a- +1 correspond
to different group velocity dispersion (GVD) regimes, and z is in the B
field direction. Equation 3.4 is a Hamiltonian system deriving from the
Hamilton i an

and preserving the power
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For £7=0, Eq. 3.4 describes the 2D self-focusing of electromagnetic
waves at a finite time / = /„. A necessary condition for self-focusing is P
> P, ~ 5.84. For a - -1, a pulse may undergo a three-dimensional
collapse. A sufficient condition being that the Hamiltonian, H < 0.
We have in particular investigated the self-focusing of short pulses in
media with normal dispersion (i.e., a = +1), where the conclusions
concerning collapse are much less firm. By using a combination of
various techniques like virial-type arguments, variational approach and
self-similar transformations, we have obtained strong evidence
suggesting that a pulse propagating in a nonlinear medium with normal
GVD will not collapse to a singularity in the transverse diffraction plane.
It was explicitly shown that the pulse in normal GVD regimes spreads out
in the B field direction. Chirping the pulse initially can strongly increase
the achievable peak intensity by competing with the spreading of the
pulse in time. When the chirp induces a spatial compression of the pulse
along z, it was shown by means of exact analytical estimates that a
transverse collapse can never occur. In the opposite situation, i.e. when
the chirp forces the pulse to expand along z while it shrinks in the
transverse diffraction plane, we found numerically that chirping can
generate highly spiky electric fields. Furthermore, we have described the
splitting process taking place near the finite self-focusing time by means
of a quasi-self-simikir analysis.
2.2.9 Spectral Multi-Domain Methods for Unsteady WaveDominated Problems in Complex Geometries
J.S. Hesthaven and D. Gottlieb (Brown University, RI, USA)
Accurate numerical methods for the long-time integration of physical
systems dominated by waves, e.g. Maxwells Equations, the Ideal
Magnetohydrodynamic Equations or the Compressible Navier-Stokes
Equations, is a subject of intense research and the successful
development of such methods may have a significant impact of many
areas within science as well as techonology.
In the past, spectral methods have been proven superior to other
methods, due to their excellent approximation properties and, thus, very
low diffusion and dispersion errors, when solving unsteady wavedominated problems. However, spectral methods require interpolation at
the nodes of a Gauss type quadrature formula. Thus, the mesh points are
predetermined and inflexible. In particular the distribution of grid points
is denser in the neighborhood of the boundaries. This fact leads to
considerable difficulties, even in one dimension, since for many problems
the information is given in points different from those required by the
.spectral method.
A popular method to overcome this limitation of spectral methods is to
use multi-domain techniques, in which a complex domain is decomposed
into several simpler non-overlapping subdomains. This method has
previously been applied successfully to elliptic problems (the SpectralElement technique) or to problems in structural mechanics (the h-p
method). Additionally, multi-domain spectral methods are well suited for
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coarse grain parallel computing, with one or several subdomains being
assigned to each processor.
We are in the process of developing a very general multi-domain
scheme suitable for approximating wave dominated problems in complex
geometries.The scheme is based on the idea that subdomain boundaries
between the different domains can be treated as open boundaries, albeit
of a rather special kind, since all the required information can be obtained
from the neighbour domain. This approach recasts the problem of
deriving proper interface conditions into the simpler problem of deriving
well-posed open boundary conditions to the partial differential equation.
The proper boundary operator is derived using energy methods.
For dissipative wave problems, the boundary operator usually takes
the form of Robin boundary conditions, which in the past has proven
difficult to implement when using spectral methods. To circumvent this
problem we impose the boundary conditions using a penalty method.
This has several attractive features. Using energy methods we can prove
the semi-discrete multi-domain schemes asymptotically stable and the
penalty method allows for imposing boundary conditions of a very
general type. Additionally, we obtain schemes for dissipative waveproblems that remain stable even in the limit of vanishing dissipation.
Although the framework in which the methods are developed is very
general and applies to all systems processing an entropy-flux pair, e.g.
Maxwell's equations and MHD equations, we have chosen to focus our
attention on a scheme for the unsteady compressible Navier-Stokes
equations given on conservation form. Work has begun on the
development of a general multi-domain algorithm, based on the same,
ideas as outlined above. The building block of the multi-domain scheme
is the quadrilateral for two-dimensional problems and the general
hexahedral for three-dimensional problems. We have succeeded in
developing the appropriate boundary operators for the compressible
Navier-Stokes equations in a general curvilinear hexahedral and devised
an asymptotic-ally stable scheme for imposing the boundary conditions1.
The stable scheme includes a novel treatment of edges and vertices,
which has been the Achilles Heel of previously proposed multi-domain
schemes.
For testing the stability and accuracy of the general approach, we have
developed and implemented a similar scheme for solving the twodimensional advection-diffusion equation in general geometries. An
example of a general grid and a steady state solution is given in Fig. 7.
For this problem global spectral accuracy is maintained even for very
deformed quadrilaterals. Although the problem studied is a steady state
problem, the algorithm has been implemented as for a general unsteady
problem, using high order methods for time integration. These studies
confirm the experience gained from the previous one-dimensional
problems that the general approach is very well suited for handling
unsteady problems.
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2,0 « .

Fig. 7 a) Grid for 16 domains and N = 8. b) Steady state solution as caludaicd on the
shown »rid.

We are now in the process of implementing the scheme for the
compressible Navier-Stokes equations in two spatial dimensions, thus
enabling studies of flows in geometries not previously tractable when
using spectral methods. It should be emphasized that since the patching
conditions are local in time and space, the developed scheme is inherently
parallel in nature, thus making it easy to implement efficiently at
contemporary parallel architectures. This will be of significant
importance when we in the near future will implement the ful) threedimensional algorithm
1) J. S. Hesthaven, A Stable Penalty Method for the Compressible
Navicr-Stokes Equations. III. Multi Dimensional Domain Decomposition
Schemes, SIAM J. Sci. Comp. - submitted.
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2.3 Laser Plasma Diagnostics
2.3.1 Spatially Resolved Collective Scattering Diagnostic for W7-AS
M. Saffman, J. Thorsen, H. Larsen, and W. Junker
Work has continued on development of a novel collective scattering
diagnostic based on two-point correlation measurements for spatially
resolved turbulence studies in magnetically confined plasmas. In 1995 a
formal agreement of collaboration was signed with Association EuratomInstitut fur Plasma Physik, Garching. Within the framework of this
agreement a full scale version of the laser scattering diagnostic has been
developed, and will be installed at the W7-AS experiment in Garching
during 1996. Preferential support towards material costs connected with
development of the full scale diagnostic was awarded by EURATOM in
1995.
There are two essential objectives of this work. The first is to
characterize the structure of the plasma turbulence in the stellarator W7AS. Turbulence studies in the W7-AS stellarator offer the possibility to
improve the present turbulence data base to a configuration with small
shear, and to study the role of turbulence on confinement in currentless
plasmas achieved using ECRH and NBI heating systems.
The second objective is to advance the state of the art in optical
diagnostics of plasma turbulence. A COT laser based collective light
scattering system is being developed. The light scattering system is based
on a recent proposal for a hybrid Doppler/time-of-flight configuration.
This system is expected to provide an order of magnitude better spatial
resolution than has been possible previously with laser based plasma
diagnostics. The basic idea is the following. The instrument measures the
small scale fluctuations at two adjacent locations in the plasma. Small
scale fluctuations can be measured with a tightly focused laser beam, and
hence good spatial resolution. Information about the large scale
fluctuations that are important for transport processes is deduced by
calculating the cross-correlation between the signals from the two points.
Turbulence at small scales is thus used as a probe to identify large scale
processes.
Details of the design of the diagnostic have been given in Ref. I. We
mention here some of the main features. A schematic view of the optical
train as it will be installed at W7-AS is shown in Fig. 8. A 25 W actively
stabilized COT laser operating at 10.59 Jim is the light source. The optics
incorporates systems for remote control of the measurement direction,
and the magnitude of the scattering (fluctuation) k vector, that the
instrument is most sensitive to.
In order to vary the measurement direction the plane containing the
transmitted beams must be rotated about the optical axis. Sending the
beams through a dove prism rotated by angle ty rotates the beam plane by
(j)/2. To compensate for this adjustment the beam stop and detector
positions on the receiving bench would have to be rotated
correspondingly. We have chosen an alternative solution based on
Risø-R-897(EN)
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inserting an identical dove prism in the receiving path which is rotated by
-<}>. This cancels the image rotation and allows the beam stop and
detectors to be held fixed. Two ZnSe dove prisms, each with a 20 mm
clear aperture, have been, fabricated for this purpose. The prisms are
mounted in rotation stages driven by high resolution, computer
controlled, stepper motors. The dove prism image rotation also
transforms the linear polarization of the beams into, in general, some
elliptical polarization state. Since the polarization of the main and local
oscillator beams is changed identically this does not degrade the
heterodyne detection efficiency.
The scattering angle is adjusted by varying the beam separation on the
transmitting bench. Since the measurement volume is in the Fourier plane
relative to the diffractive beamsplitter that creates the angularly offset
beams needed to generate two measurement volumes, adjusting the beam
separation leaves the measurement point stationary while changing the
beam crossing angle. The photodetectors are in an image plane relative to
the measurement volume so they are not affected by a change in
scattering angle. The beam separation adjustment is performed by
mounting a pair of mirrors on a linear translation stage. The translation
stage is driven by a computer controlled stepper motor.

receiving
bench

transmitting
bench

Figure 8. Schematic diagram of (he W7-AS stcllcrator cross section together with the
collective scattering diagnostic.
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Remote operation of these adjustment systems will only be possible
provided system alignment can be maintained. Small optical
imperfections and misalignments will result in some degradation of
detector alignment relative to the measurement volumes when
adjustments are made. In addition, the large size of the
optical/mechanical construction when mounted on the W7-AS (the
optical path is about 10 m from laser to detectors) will lead inevitably to
alignment degradation. To correct for these potential problems a closed
loop alignment system has been incorporated into the system design.
A small fraction of the received signal is diverted onto a HgCdTe
quadrant detector. Taking the sum and difference of the outputs from the
vertical and horizontal detector pairs normalized error signals are
generated. These error signals are amplified and fed to a mirror mounted
on a 2-axis adjustable piezoelement. The quadrant detector and the
signal detectors are all mounted at the same distance from the
piezomirror so that nulling the quadrant detector error signals maintains
alignment of the signaldetectors.
The optical signal levels at the quadrant detector are quite low. Under
these conditions the sensitivity and stability of this type of closed loop
system may be improved by using phase sensitive detection. A small
sinusoidal modulation at 3 kHz is added to the DC level controlling the
Bragg cell driver output level. The quadrant detector outputs are then
filtered by demodulating using the 3 kHz signal as a reference.
The access ports on W7-AS are separated by 2 m. To accommodate
this separation plus allowance for some adjustment of the measurement
position inside the vessel we have designed the optics with transmitting
and receiving lenses of f=1.4 m and 1.1 m focal lengths respectively,
giving 2.5 m working room between the lenses. Mechanical adjustments
have been designed to allow for positioning ot he measurement volume
up to 0.3 in above or below the plasma center plane, in additional to
horizontal adjustment of +/- 5 cm.
The electronics include computer controlled stepper motor drivers for
adjustment of the scattering angle and measurement direction, a feedback
circuit for control of the optical alignment, and signal processing and
acquisition. Most of the electronics, together with a pentium computer,
are placed in a rack to be located by the transmitting bench. A subsidiary
rack located on top of the torus, next to the receiving bench, provides
detector power, and the automatic alignment system electronics. The
system is to be connected via an optically coupled ethernet link to a
remote computer in the W7-AS control room. In this way the scattering
angle and measurement direction can be adjusted remotely.
The electronics have been designed to handle signals from the two
detectors with a center frequency of 40 MHz (due to the Bragg cell
frequency shift), and a fluctuation bandwidth of up to 12 MHz. Signal
processing is based on fast analog to digital conversion ( 2 channels of
160 MHz/8 bit conversion) followed by digital filtering to implement a
two-channel quadrature demodulator. The digital data is transferred
directly to the pc's main memory by DMA transfer. Full bandwidth, 2
channel recording, generates data at 80 Mbytes/sec. The pc has therefore

Risø-R-897(EN)

23

been supplied with 96 Mbyte of RAM to provide room for the operating
system plus one second of data acquisition.
1) Application for Preferential Support Phase 1 and 2 for Optical
Diagnostics for Spatially Resolved Plasma Turbulence Measurements,
(May, 1995).

2.3.2 Spatially Resolved Turbulence Measurements on an Air Jet
M. Saffman and W. Junker
In order to verify directly the spatial resolution of the scattering
diagnostic to be installed at W7-AS experiments have been performed
using a turbulent air jet as a source of fluctuations. By placing the nozzle
of the air jet several mm's from the measuring volume, and translating
the jet parallel to the axis of the laser beams, the spatial response of the
diagnostic can be mapped out.
Figure 9 shows turbulence spectra recorded 5 mm downstream from
the 1 mm diameter nozzle of an air jet. The three spectra were recorded at
different axial locations z, for fixed turbulence intensity from the jet. The
strong peak is due to local oscillator leakage at 40 MHz, and the
turbulence spectra extend over a several MHz bandwidth.
The measured axial resolution may be compared with a simple
theoretical estimate. Assuming that the peak level of the measured
spectrum is proportional to the peak value of the optical intensity squared
gives an axial response function proportional to 1/(1+(Z/ZR)2)4. The
measurements were performed with a Gaussian laser beam radius in the
measurement volume of »-=0.64 mm giving <;/;=mv2/A=12. cm. Figure
10 shows the theoretical curve and the experimental points, normalized to
a peak turbulence intensity of 1. There is rough agreement between the
two figures. Ongoing work will compare more detailed measurements
with a complete model of the spatial response characteristics of the
scattering diagnostic. Nonetheless, simple estimates of spatial resolution
based on Gaussian beam optics, have been verified as being essentially
correct.
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2.3.3 Nonparticle Laser Anemometrys Propagating and
Nonpropagating Fluctuations
L. Lading, R.V. Edvards (Case Western Reserve University, Cleveland,
USA), and M. Sajfman
Quasi-elastic scattering is the basis for most types of laser anemometry.
A possible shift in frequency is only caused by the movement (velocity)
of the scatterer and not by a change in the quantummechanical state of the
particle. This type of scattering is also used for measuring diffusion and
molecular dynamics. Laser anemometry - as it is commonly applied requires that small particles be suspended in the fluid. Measuring fluid
velocity on the basis of molecular scattering is in general not considered
feasible because the thermal velocities of the molecules are often much
larger than the fluid velocity. Incoherent molecular scattering will in
general give a spectral broadening proportional to the thermal velocity of
the molecules. In most flows this type of broadening is much larger than
the fluid velocity, thus making it unsuited for anemometry.
Despite the large thermal velocity of molecules, collective light
scattering may provide a signal with a spectral width much smaller than
the thermal broadening. Collective scattering is scattering from a large
number of scattcrers that in some way support a large-scale (large
compared with the mean free path) scattering structure. A sound wave
may be an example of such a wave structure. It is necessary that the
spatial scale of the structure is larger than the mean free path. The spatial
probe scale has to match the scale of the collective structure. The code of
the anemometer (the intensity distribution in the measuring volume as
seen from the detector(s)) defines which spatial refractive index
structures contribute to the signals.
Collective light scattering is not constrained by the thermal motion of
the molecules, but can be considered as based on scattering or diffraction
from refractive index fluctuations. A number of conflicting requirements
have to be fulfilled in order to make a useful system. We have recently
proposed a so-called hybrid system that combines a reference beam
Dopplcr configuration with a time-of-flight anemometer1 (Figure 11).
Refractive index fluctuations can be divided into two categories:
propagating and nonpropagating fluctuations, Sound waves are an
example of propagating fluctuations; they propagate in the fluid and thus
have a velocity relative to a fixed reference given by the fluid velocity
plus (or minus) the sound velocity. An example of a nonpropagating
wave is a fluctuation in temperature that is carried downstream by the
flow. Nonpropagating waves are intrinsically preferable for fluid velocity
measurements due to the fact that their movement is exclusively given by
the convection of the fluid.
Velocity information may be inferred from a crosscorrelation function.
We have investigated the crosscorrelation function of the envelopes of
the detector signals; both propagating and nonpropagating fluctuations
are incorporated." The correlation function will in general be asymmetric
and will consist of three identifiable peaks: two caused by (counter)
propagating fluctuations and one caused by nonpropagating fluctuations
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(Figure 6). Thermal diffusivity causes the maximum of the
'nonpropagating peak' to be displaced relative to the case of no
diffusivity.

diffractive
beamsplitter

Bragg
cell

Figure 11. Hybrid configuration for nonparticlc laser ancmomctry. The reference beams
are introduced with a small angular offset in order to ensure the mixing and spatial
highpass filtering.
0.5

-1

1

Figure 12. Normalised correlation function assuming both propagating and
nonpropagating fluctuations of the same initial power. The standard deviation of the
convection velocity is 0.5. The Mach # is 0.33.

1) L. Lading, R. V. Edwards and M. Saffman, "A Phase Screen Approach
to Non-particle Laser Anemometry", to appear in Developments in Laser
Techniques and Applications to Fluid Mechanics, Springer Verlag, Berlin
(1995).
2) L. Lading, R. V. Edwards and M. Saffman, "Nonparticle laser
anemometry: propagating and nonpropagating fluctuations," in S.P.I.E.
Proceedings Vol. 2546 "Optical Techniques in Fluid, Thermal and
Combustion Flow", Eds. S. S. Cha and J. D. Trolinger, paper no. 254662, 444-453 (September 1995).
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2.4 Pellet Injectors
2.4.1 Pellet Injector for RFX, Padova
P.K. Michelsen, B. Sciss, H. Sørensan, and J. Bundgaard (Engineering
and Computer Department)
After a successful acceptance test at Risø in December 1994, the
multishot hydrogen/deuterium pellet injector for the reverse field
experiment RFX in Padova was disassembled, packed and sent to Padova
in the beginning of February. During the period from March to May the
injector was mounted and installed in the machine hall at RFX with the
main pumps and the pellet gas feeding system placed in the basement
below the machine hall, and the control panels and the computers located
in a special control room. The first attempt to perform the acceptance test
in Padova was undertaken in the middle of May, This test consisted in
shooting four series of 15 pellets at a specified speed and hitting the
target within a circle of 18 mm. The four shot series were with hydrogen
pellets at high (1300 m/s) and low (1000 veils) speeds and with deuterium
pellets at high (1200 m/s) and low (900 m/s) speeds, respectively. All the
pellets were shot at the specified speeds and hit the target within the
specifications. However, there was a leak in the helium transfer tube and,
consequently, the Italian head of the project would not accept the test.
The transfer tube was returned to Oxford Instruments where it was
repaired and tested. In July the acceptance test was repeated with success
and the injector was approved on 14 July. Details about the injector were
reported in the Annual Progress Report for 1994.

2.5 Commercial Relations
2.5.1 Remote Wind Measurements For Control of Windmills
L. Lading and M. Saffman
The work on development of a laser diagnostic for plasma turbulence
measurements has led to a contract aimed at developing a commercial
wind sensor for regulating windmills. A CO2 laser based instrument that
uses methods and technology closely related to those employed for
plasma diagnostics has been suggested as a strong candidate for such a
wind sensor. To control optimally the operating characteristics of a large
electricity generating windmill it is necessary to measure the ambient
wind speed and its fluctuations. Measuring the wind speed upstream of
the blade plane it is possible to predict the expected wind speed and
regulate the windmill settings accordingly. This is useful both for
optimizing the amount of energy extracted from the wind, and for
preventing runaway mill conditions due to high speed wind gusts.
The Danish Office of Energy Planning (Energistyrelsen) has awarded
Risø a 500.000 Dkr project for a feasibility study of such an instrument.
The work will be performed by the Optics and Fluid Mechanics and
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Meteorology and Wind Energy Departments at Risø, in collaboration
with Nordtank which is a commercial producer of windmills. The
knowledge and experience gained by Risø in developing a CO 2 laser
based plasma diagnostic has provided the technology base necessary for
designing a laser wind sensor. This activity is synergistic with both
ongoing research on optical plasma diagnostics and Risøs work on
windmill development.
There are good long term prospects for
commercial production of such a wind sensor.
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3. Work in Fusion Technology
3.1 Introduction
The work reported in this section has been carried out in the Materials
Department. The research activities in this area have a common objective
of investigating both experimentally and theoretically aspects of radiation
damage production, accumlation and their impacts on materials
performance. Various experimental techniques are employed to
determine the extent of surviving radiation damage in the form of single
and clusters of defects of different types. Changes in the physical and
mechanical properties of metals and alloys caused by the accumulation of
these defects and their clusters produced during irradiation are
determined experimentally. Theoretical investigations are carried out to
understand physical processes and their kinetics involved in the
accumulation of defects during irradiation. The influence of irradiationinduced defects and their clusters on the plastic deformation behaviour of
materials is also being investigated theoretically.

3.2 Irradiation Effects
3.2.1 Effects of Neutron Irradiation on Microstructure and
Deformation Behaviour of Copper Alloys (ITER Task T13/EU)
B.N. Singh, D.J. Edwards*, A. Horsewell, and P. Toft (^Pacific
Northwest Laboratory, USA)
At present, oxide dispersion strengthened (CU-AI2O3) and precipitation
hardened (CuCrZr and CuNiBe) copper alloys are being considered as
candidate materials for the first wall and divertor components of ITER
(International Thermonuclear Experimental Reactor). The present
investigation of the effect of neutron irradiation on microstructures and
mechanical properties of these alloys is a part of ITER research and
development programme.
Tensile specimens of the candidate alloys CU-AI2O3, CuCrZr and
CuNiBe were irradiated with fission neutrons in the DR-3 reactor at Risø
to displacement doses of 0.01, 0.1 and 0.2 dpa (NRT) at 47°C. Prior to
irradiation, the tensile specimens of CuCrZr and CuNiBe were solution
annealed at 950°C for 1 hour in a vacuum of <10"5 torr and then
quenched. These solution annealed (SA) specimens were aged at 475°C
for 30 min. in a vacuum of <10"5 torr and water quenched. The Cu-AbO.t
(Glid Cop CuAl-25) specimens, on the other hand, were irradiated in the
as-cold-rolled (-80%) state. Tensile properties and Vickers hardness of
both irradiated and unirradiated specimens were determined at 22°C. Preand post-deformation microstructures of irradiated as well as unirradiated
specimens were examined using a transmission electron microscope
(TEM). The fractured surfaces of tensile-tested specimens were
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investigated in a scanning electron microscope (SEM). Some of the
preliminary results of these investigations have been reported earlier. In
the following, the final results and the main conclusions are described.
In order to determine the stability of the precipitates in CuCrZr and
CuNiBe and alumina (AI2O3) particles in CuAl-25 against radiation
dissolution, precipitates/particles were properly characterized in the
irradiated copper alloys. Figs. 1 and 2 show the size distributions,
respectively, of the precipitates in CuNiBe and particles in CuAl-25
irradiated to 0.01 and 0.2 dpa. For comparison, the size distributions for
the unirradiated CuNiBe and CuAl-25 are also shown. The
precipitate/particle densities for all three alloys are quoted in Table 1.
The results presented in Figs. 1 and 2 and Table 1 demonstrate two
very significant aspects of the precipitate microstructure. First, the
precipitate density (Table 1) in the prime aged CuNiBe is considerably
higher than in CuCrZr both in the unirradiated and irradiated conditions.
Second, the precipitates in the CuNiBe alloy coarsen significantly already
at a dose level of 0.2 dpa and the irradiation temperature of ~47°C. In the
case of CuAl-25, on the other hand, the irradiation causes a shift in the
size distribution towards smaller sizes, indicating an irradiation-induced
particle size refinement. This is directly opposite to the precipitate
coarsening observed in the CuNiBe alloy. Both the coarsening and
refinement of precipitates and particles can be understood in terms
bullistic effects clue to physical impingement of cascades on to
precipitates/particles.
The most significant effect of irradiation at this low temperature is a
drastic decrease in the ductility of copper alloys at a dose level as low as
0.2 dpa: this is illustrated in Fig. 3. The loss of ductility appears to be
related to the intrinsic hardness of the grain interior and not to the grain
boundary embrittlement.
In order to establish a clear demonstration of the magnitude of
hardening caused by irradiation, AG0.05 and Aa,rax for different materials
arc plotted in Fig. 4 as a function of displacement dose levels; Aoo.os and
AcFm;ix are the differences in AG0.05 and Ac,, m , respectively, between the
irradiated and unirradiated specimens of a given material at a given close
level. The steep increase in AcJo.05 and AcJniax in CuCrZr and CuNiBe
alloys between 0.1 and 0.2 dpa is probably due to (a) irradiation induced
segregation of alloying elements at the grown-in dislocations and (b)
irradiation-induced precipitation of very small particles.
The analysis of mechanical properties and microstructural evidence
suggests that the increase in the initial yield stress due to irradiation may
arise from the strong pinning of dislocation sources.
Examination of the fracture surfaces (Fig. 5) shows that even though
the irradiated copper alloys suffer from a drastic decrease in the uniform
elongation, all samples irradiated and tested at ~47°C fracture in a ductile
manner.
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Materials

Flucncc

Dose

cP

(n/nr
E>lMcV)

(dpa)

(I0 23 m- 3 ) J

0
0.01
0.1
0.2
0
0.01
0.1
0.2
0
0.01
0.1
0.2
0
0.01
0.1

-

0

OFHCcoppcr

5x 10"
5x10-'
24

Cu Cr Zr

Cu Ni Be

Cu A125

1 x 10
0
5x10"
5xlO-!
1 x 1024
0
5x10"
5 x 102-1
1 x 1024
0
5x10"
5xlO 2 "'
1 x 1024

0.2

VH

(lo-V-1)
-

1.5
2.2
2.3
2.2
13
11
6.7
8.2

0.22
0.47
0.33
0.43

5.3
6.7
6.6
2.9
3.8
5.2
1.5
4.5

5.8

CTo.2

Cinax

(0.2 kg)

(MPa)

(MPa)

(MPa)

40
79
99
105
108
112
135
253
256

61
195

63.5
195
78
243
240
625
675
710

289
175
188
192

(%)

(%)

207
248
308
318
248
277
288
371
800
768
735

59.0
35.5

37.5
13.4
13.0

61.5
40.5
20.5
12.5
40.0
22.6
16.5

0.3

7.3

22.0
16.0
15.6

28.8
22.0
21.0

850

845

520
475
499

560
505
559

9.2
8.5

535

582

585
535
59!
614

2.4
2.0
4.7
1.4
1.4

299
310
73
227
233
370
592
653

668
800

0
0

14.3
9.8
7.7

Table l^Precipitate density (Cp), cluster density (C,.|), Vickers Hardness (VH), flow stress (0"0o>, CTO.I), ultimate tensile stress (amM), plastic uniform elongation (£^ ) and
tola! elongation (£, ) for copper and copper alloys irradiated at -47°C.
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Figure 1. Size distributions of precipitate lengths in the unirradiated and irradiaicd
CuNiBc at -47°C to doses of 0.01, and 0.2 dpa. Note a significant increase in the mean
precipitate length at 0.2 dpa.
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Figure 2. Effect of irradiation on particle size in CuAl-25. Note the reduction in the
mean particle size at 0.2 dpa.
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Figure 3. Stress-strain curves for unirradiated and irradiated (at -47°C to -0.2 dpa)
copper and copper alloys tested at 22°C. Note the loss of ductility due to irradiation.
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Figure 4. Changes in flow stress duc to irradiation of OFHC-Cu, CuCrZr, CuNiBc and
CuAI-25 irradiated at ~47°C to doses of 0.01, 0.1 and 0.2 dpa: (a) Aa 0 0 5 and (b) Aamax.
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Sfe*

Figure 5. Fractographs of fracture surfaces of copper and copper alloys in unirradiated
and irradiated (at ~47°C) conditions and tensile tested at 22°C: (a) OFHC-Cu,
unirradiated, (b) OFHC-Cu, 0.2 dpa, (c) CuNiBc, 0.01 dpa, (d) CuNiBc, 0.2 dpa, (c)
CuAl-25, unirradiated and (f) CuAl-25, 0.2 dpa.
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3.2.2 Pre- and Post-irradiation Properties of Copper Alloys
Following Bonding and Bakeout Thermal Treatments (ITER Task
T213/EU)
B.N. Singh, D.J. Edwards*, M. Eldrup, and P. Toft (^Pacific Northwest
Laboratory, USA)
Because of their good thermal conductivity, copper alloys may be used as
heat sink materials for the first wall and divertor components of ITER.
The heat sink materials will have to be joined to the first wall at a
relatively high temperature (900 - 1000°C). During the joining process,
the microstructure of the precipitation hardened (PH) alloys may change
substantially. Consequently these alloys may loose swelling resistance
and may become softer. The oxide dispersion strengthened (ODS) copper
alloys (e.g. Glid Cop CuAl-25), on the other hand, are not expected to
suffer from these problems since alumina (AI1O1) particles which are the
source of hardening and swelling resistance, are thermally stable. In
addition, it has been demonstrated experimentally that the alumina
particles are stable against irradiation-induced dissolution.
For these reasons, the ODS copper alloys were chosen at the ITER
Technical Meeting (Garching, December 1994) as the primary candidate
materials for the heat sinks in the first wall and divertor components of
ITER. At the same meeting it was also agreed that a back-up alloy should
be selected from the two well known PH copper alloys, namely CuCrZr
and CuNiBe. It was, therefore., decided to carry out screening
experiments to simulate the effect of bonding and bakeout thermal cycles
on pre- and post-irradiation microstructure, mechanical properties and
electrical resistivity of CuCrZr and CuNiBe alloys. On the basis of the
results of these experiments, one of the two alloys should be then selected
as the bake-up material. The task of carrying out these screening
experiments was given to Risø. In accordance with the agreed time
schedule, the first part of the investigations has been completed. The
main results and conclusions are summarized in the present report.
Tensile speciemens were cut from cold-rolled (-80%) sheets (-0.3
mm thick) of CuCrZr and CuNiBe alloys. The tensile specimens of
CuAl-25 (of gauge diameter 3 mm) were machined from the as-supplied
rod in the wrought condition.
For the screening experiments the tensile specimens of CuCrZr and
CuNiBc were given the following heat treatments (prior to irradiation):
(a) solution annealing, (b) prime ageing, (c) bonding thermal cycle and
(d) bake out thermal cycle. The bonding thermal cycle heat treatment for
CuAl-25 specimens consisted of annealing at 95O°C for 30 min. All heat
treatments were carried out in vacuum (<ICT torr). Details of various
heat treatments are summarized in Table 2.
Tensile specimens of CuCrZr, CuNiBe and CuAl-25 alloys with
different heat treatments were irradiated at 250°C in the DR-3 reactor at
Risø to a displacement dose level of -0.3 dpa (NRT). 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 at 250°C in
vacuum. The microstructure of both unirradiated and irradiated
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specimens with different heat treatments was investigated using a JEOL
2000 FX transmission electron microscope (TEM). The fracture surfaces
of the tensile tested specimens were examined in JEOL 840 scanning
electron microscope (SEM). Electrical resistivity measurements were
made at room temperature (23°C) on the unirradiated reference tensile
specimens of OFHC-copper, CuCrZr, CuNiBe and CuAl-25 with
different heat treatments. The post-irradiation resistivity of CuCrZr and
CuNiBe tensile specimens was also measured at room temperature
(23"C). All resistivity measurements were made using one of the modules
in the A 1931a Temperature Controller developed by the Electronics
Department at Risø.

Type

Heat Treatment

A
E

Solution annealing at 950°C for 1 h followed by water quench.
Prim, <Ycein2:
Heat treatment A + ageing at 475°C for 30 min. followed by
water quench.

B

Bonding Thermal Cycle:
Heat treatments A + E + annealing at 950°C for 30 min.
followed by furnace cooling
+ re-ageing at 475°C for 30 min. followed by furnace cooling.

C

Bakeout Thermal Cycle:
Heat treatment B + annealing at 35O°C for 100 h followed by
furnace cooling

C

Bakeout Thermal Cycle:
Heat treatment E + annealing at 350°C for 100 h

D

Annealing at 950°C for 30 min. (only for CuAl-25)

D'

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-25 alloys

The heat treatment B corresponding to the bonding thermal cycle and reageing led to three main effects in CuNiBe: (a) formation of precipitate
denuded zone along grain boundaries, (b) formation of relatively large
precipitates at grain boundaries and (c) coarsening of small coherent
precipitates (Table 3) in the matrix.
None of these effects were observed in CuCrZr specimens after heat
treatment B. The degree of precipitate coarsening in CuNiBe is illustrated
in Fig. 6 where the size distributions of precipitate after heat treatment E
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and B are compared. The heat treatments C and C corresponding to the
bakeout thermal cycle did not produce any significant changes in the
visible microstructure (Table 3). The annealing of CuAl-25 at 950°C for
30 min. (i.e. heat treatment D) corresponding to the bonding thermal
cycle did not have any noticeable effect on dislocation and particle
microstructures.
T'ie most pronounced effect of irradiation on microstructural changes
was observed in the solution annealed (i.e. heat treatment A) specimens
of both CuCrZr and CuNiBe alloys. Prior to irradiation, no precipitates
were visible in the solution annealed specimens. Irradiation led to the.
formation of a dense population of small coherent precipitates (Table 3).
TEM results show that the precipitate microstructure in CuNiBe is rather
sensitive to irradiation. In specimens with heat treatments E irradiation
causes a decrease in precipitate density without affecting the precipitate
size in any significant way. In specimens with heat treatment B, the
reduction in precipitate density due to irradiation is almost by a factor of
two (Table 3). At the same time, the precipitate size is also reduced,
These observations clearly suggest that precipitates in CuNiBe suffer
from irradiation-induced precipitate dissolution. The presence of a high
density of very small precipitates in this alloy would suggest the
possibility of re-precipitation.
The results of resistivity measurements on CuCrZr and CuNiBe
specimens with various heat treatments are summarized in Table 4. In the
case of CuAl-25, the resistivity was measured in the as-cold-worked and
annealed (95O"C/3O min.) conditions. As expected, the solution annealed
(i.e. heat treatment A) specimens of both CuCrZr and CuNiBe showed
the highest relative resistivity. The heat treatment B followed by the
bakeout heat treatment (i.e. C), on the other hand, gave the lowest
relative resistivity both in CuCrZr and CuNiBe specimens. The CuAI-25
specimens exhibited the lowest resistivity (i.e. highest conductivity).
The deformation behaviour of unirradiated copper and copper alloys
during tensile testing at 250"C is illustrated in Figs. 7-9. Figs. 7 and 8
show the stress-strain curves for CuCrZr and CuNiBe alloys,
respectively, with heat treatments A, B, E, C and C . The stress-strain
curves for CuAl-25 specimens with heat treatments D and D are shown
in Fig. 9. As can be seen in Figs. 7 (a) and 8 (a), the main effect of the
bonding (i.e. heat treatment B) thermal cycle (including the reageing) is a
decrease of -20% in the strength of both CuCrZr and CuNiBe compared
to their strength in the prime-aged condition (i.e. after the heat treatment.
E). In the case of CuCrZr alloy, this decrease in strength is almost
completely regained by the bakeout thermal cycle (i.e. heat treatment C).
In the case of CuNiBe alloy, on the other hand, only about one half of the
decrease caused the heat treatment B is regained by the bakeout thermal
cycle (i.e. heat treatment C). Both CuCrZr and CuNiBe alloys exhibit
reasonable amounts of uniform and total elongations in all cases (Figs. 7,
8).
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Figure 6. Size distributions of precipitate lengths in the unirradiated CuNiBc alloy after
heat treatments (a) E and (b) B. Note, that the heat treatment B corresponding to the
bonding thermal cycle causes a considerable degree of precipitate coarsening.
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Pre-irradiation Precipitate Density
(10-Vm3)

Materials

CuCrZr

A
-

E
0.59

B
0.36

C
-

Cl
0.51

14
(6.6
nnO3)
-

13

13

-

18
(3.8
nm)'1
-

CuNiBe

CuAJ-25

Post-irradiation Precipitate Density
(102Vm3)

-

D
-

O.884

A
0,62

E
0.4.

B
0.55

D
-

Delect
Cluster
Density"'
(1023/m3)
1.0-1.6

4,5

13
(4.0
nm)4
-

6.9
(5.0
nm)*3
-

-

0.43

-

Table 3: Precipitate and particle densities in Copper alloys with pre-irradiation heat treatments" A, E, B, C, C1 and D. Alloys were irradiated at 250°C to a dose level of
-0.3 dpa. The defect cluster density was not affected by prc-irradiation heat treatments.
1) Details of heat treatments A, E, B, C, C1, and D arc given in Table 2. C = B + Bakcout, C = E + Bakeout, D = annealing at 95O°C/3O min
2) In specimens with heat treatment A.
3) Average precipitate length.
4) Refers to density of AIiOj panicles.
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Irradiation Dose
(dpa)

Materials

Heat Treatment

OFHC-Cu

550°C/2 h

0

Relative
Resistivity
1.000

CuCrZr
CuCrZr
CuCrZr
CuCrZr
CuCrZr

A
E
B
C
C1

0
0
0
0
0

2.155
1.780
1.734
1.240
1.566

46
56
58
81
64

CuNiBe
CuNiBe
CuNiBe
CuNiBe
CuNiBe
CuNiBe
CuNiBe

A

C
C
CA 05 *)
CK01 *)

0
0
0
0
0
0
0

3.228
2.132
2.258
2.039
2.148
1.547
1.464

31
47
44
..49
46
65
68

CuAI-25
CuAI-25

D
Cold-Worked

0
0

1.134
1.151

88
87

E
B

Relative
Conductivity (%)

100

CuCrZr
CuCrZr
CuCrZr

A
E
B

0.3
0.3
0.3

1.495
1.459

67
68

CuNiBe
CuNiBe
CuNiBe

A
E
B

0.3
0.3
0.3

3.158
2.293
2.192

32
44
46

Table 4: Results of electrical resistivity measurements at room temperature for unirradiated and irradiated copper alloys
after different heat treatments (prc-irradiation). Irradiation was performed at 250°C The relative resistivity is the
resistivity normalised to the resistivity value measured for annealed OFHC-Copper.

Risø-R-897(EN)

47

(a) 400
CuCrZr

Unirradiated

T«= 250°c

Heat-treatment

300 -

E
B
to

v

^

200 -

A

CO

£

OFHC-Cu
(Annealed 550°C/2h)

CO

100

0

r
0

i

10

i

20

i

30
40
Strain (%)

i

i

50

60

-

70

4UU

CuCrZr

Unirradiated

Heat treatment

300

100

•

\B

200
CO

Ttesf =250°C

f
1

n

0

i

10

i

20

I

1

30
40
Strain (%)

50

60

70

Figure 7. Stress-strain curves for the unirradialcd CuCrZr alloy with different heat
treatments: (a) A, E and B and (b) C and C . All specimens were tensile tested at 250°C
in vacuum.
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Figure 8. Stress-strain curves lor the unirradiated CuNiBc alloy with different heal
treatments: (a) A, E and B and (h) C and C . All specimens were tensile tested at 250°C
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Figure 9. Stress-strain curves for the unirradiated CuAl-25 alloy with heat treatments D
and D' tested at 250cC in vacuum.

The effect of annealing at 950° for 30 min. (heat treatment D,
corresponding to the bonding thermal cycle without reageing) on the flow
stress of CuAI-25 is found to e very small (Fig. 9). It should be pointed
out here that unlike CuCrZr and CuNiBe alloys, the CuAl-25 does not
seem to work-harden during tensile deformation at 250°C.
Specimens of CuCrZr, CuNiBe and CuAl-25 alloys irradiated at
250"C to a dose level of -0.3 dpa were tensile tested at 250°C; the results
are shown n Fig. 10. In the case of CuCrZr alloy, the post-irradiation
yield strength is found to be higher than that in the unirradiated condition,
particularly in the specimens with heat treatment A (i.e. solution
annealed). In all three cass, however, the uniform and total el^-^ations
are drastically reduced. The deformation behaviour of CuAl-25
specimens remains almost unaffected by irradiation at 250°C to a dose
level of -0.3 dpa. The most dramatic effect of irradiation is found to be
on the deformation behaviour of CuNiBe specimens: specimens with all
three heat treatments (i.e. A, E and B) show almost a complete loss of
ductility in the irradiated condition (Fig. 10). It is interesting to note that
the prime-aged (i.e. heat treatment E) CuNiBe specimens loose their
ductility due to irradiation even when the irradiation-induced hardenng
appears to be practically zero. Examinations of the fracture surfaces
confirmed that the irradiated CuNiBe specimens had failed in a brittle
manner.
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Figure 10. Stress-slrain curves for the irradiated specimens of CuCrZr, CuNiBe and
CuAI-25. The irradiation was carried out at 250°C to a dose level of -0.3 dpa. Postirradiation tensile tests were carried out at 250°C in vacuum. Note the decrease in
ductility in CuCrZr and CuAI-25 alloys and a complete loss of ductility in the case of
CuNiBe alloy.

3.2.3 Low Cycle Fatigue Behaviour of Unirradiated and Irradiated
Copper Alloys (ITER TASK T213/EU)
B.N. Singh, J.F. Sttibbins* and P. Toft (^University of Illinois, USA)
The cyclic mechanical and thermal loads expected in a fusion reactor
(e.g. ITER) makes it necessary to establish a clear understanding of the
microstructural stability and mechanical properties of the candidate
copper alloys under cyclic loading conditions. The present study
addresses the problem of low cycle mechanical fatigue and corresponding
microstructural evolution. Materials used in the present work were
annealed (550°C/2 h) OFHC-copper, prime-aged CuCrZr and as-wrought
CuAI-25. Fatigue specimens were irradiated at -47 and 100°C in the DR3 reactor at Risø to a displacement dose level of -0.3 dpa.
Both irradiated and unirradiated subsize specimens were fatigue tested
in an Instron machine. Tests were performed in fully reversed (R = -1)
and stress controlled mode at 0.6 Hz where the stress amplitude was
maintained at a constant level throughout the whole test. Tests at 22°C
were carried out in air and at 100°C in vacuum. The cyclic hardening
experiments were carried out at 22°C on the unirradiated as well as the
irradiated specimens of OFHC-copper, prime-aged CuCrZr and aswrought CuAI-25 in strain controlled mode. In the cyclic hardening
experiments, strain was measured using an extensometer with knife edge
contact via small epoxy beads on the specimen surface. The epoxy
Risø-R-897(EN)
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afforded secure contact with the specimen and minimized crack initiation
at the knife edge contacts. Stress-strain hysteresis loops were recorded at
periodic intervals during the tests and were used to determine elastic and
plastic strain amplitudes and stress levels throughout the tests. Samples
for microstructural analysis were prepared by cutting -0.5 mm thick
slices along the transverse cross section (next to fracture surfaces) and
then mechanical polishing to -100 fim. TEM specimens were
electropolished from these discs.
Fatigue tests were carried out at room temperature (22°C) and 100°C
on the unirradiated as well as irradiated specimens of OFHC-copper,
prime-aged CuCrZr and as-wrought CuAl-25. Irradiations were
performed at -47 and 100°C to a displacement dose level of -0.3 dpa in
the DR-3 reactor at Risø. A number of specimens were tested to
determine the stress amplitude vs. number of cycles to failure curves
(commonly knwn as S-N curves) for each material and each test and
irradiation conditions. Fig. 11 shows examples of such S-N curves for
CuAI-25 and CuCrZr alloys irradiated and tested at 100°C. Similar curves
were determined at 22°C for OFHC-Cu, CuCrZr and CuAI-25 specimens
irradiated at ~47°C to a dose level of -0.3 dpa. As can be seen in Fig. 11,
no definitive endurance limits were observed in the CuAI-25 alloy,
although CuCrZr showed a possible leveling trrend. It is interesting to
note here that the fatigue lifetime of CuCrZr alloys (remains unaffected
by irradiation. In the case of CuAI-25, irradiation appears to have even
improved the fatigue lifetime in the whole stress amplitude range. The
TEM investigations of the fatigue tested specimens at different stress
amplitude levels show that this improvement in lifetime may arise due to
a reduction in dislocation activities in the irradiated materials. The
formation of dislocation veins, walls and cells is found to be significantly
delayed in the irradiated materials. The investigation of fracture surfaces
showed that in all cases facture occurred in a ductile manner.
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3.2.4 Effect of Neutron Irradiation on Microstructural Evolution in
single- and Poly-Crystals of Mo and Mo-alloys (Underlying
Technology)
B.N. Singh andJ.H. Evans* (*London University, England)
Tensile specimens and 3 mm discs of single crystal of pure molybdenum
and Mo-5% Re and poly-crystalline TZM and Mo-5% Re were irradiated
at ~47°C to dose levels of 5.4 x 10'4, 5.4 x 1O'\ 5.4 x 10'2 and 1.6 x I0'1
dpa in the DR-3 reactor at Risø. The evolution of defect microstructures
has been investigated using transmission electron microscopy.
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Figure 12. Dose dependence of cluster density in single crystals of molybdenum and
Mo-59f. Re, und polycry.stallinc TZM and Mo-5%- Re irradiated at ~47°C to a dose level
of 0.16 dpa.

Fig. 12 shows the dose dependence of cluster density in different
materials investigated. The defect microstructurs observed in these
materials at the highest dose level of 1.6 x I0'1 dpa are shown in Fig. 13.
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Figure 13. Defect clusters in single crystal molybdenum and Mo-5% Re, and in
polycrystalline TZM and Mo-5% Re irradiated at ~47°C to a dose level of 0.16 dpa.
Note raft formation in single crystal Mo and TZM. The formation of such rafts is not
very obvious neither in the single crystal nor in the polycrystals of Mo-5% Re.

The results shown in Figs. 12 and 13 clearly demonstrate three major
points: (a) that a substantial amount of coarsening of defect clusters
occurs at a temperature below recovery stage III, (b) that impurity
(alloying) atoms have a strong effect on defect clustering and (c) that the
defect clustering and coarsening behaviour is very similar in single- and
poly-crystals. The efficiency of coarsening and the crystallography of the
resulting rafts in the single crystal molybdenum and TZM may be
understood in terms of one-dimensional glide of small clusters of selfinterstitials atoms produced directly in cascades generated by fast
neutrons. These results provide strong evidence for the assumption of
one-dimensional glide used in the production bias model for void
swelling.
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3.2.5 Microstructural Evolution Adjacent to Grain Boundaries
(Underlying Technology)
H. Trinkaus (Forschungszentmm Ji'dich, Germany), B.N. Singh, and M,
Victoria (CRPP-Fusion Technology, EPFL, Switzerland)
Enhanced swelling in regions adjacent to GBs has been observed in
several metals irradiated by both fast fission neutrons and 600 MeV
protons. In the latter case, however, the width of the region of enhanced
swelling is smaller and the amount of swelling is significantly lower than
in the former case. Recently, enhanced swelling near GBs are induced by
the cascade damage of fast neutrons has been discussed in terms of SIA
loop escape to GBs assuming that the range of glissiie loops and, thereby
the width of the peak zone, is controlled by the visible void structure. In
the present work, this model is applied to irradiation with 600 MeV
protons where the cascade damage is accompanied by a high helium
production rate. The main results of the present analysis are:
(1) In the case of 600 MeV proton irradiation, the experimentally
observed widths of the peak swelling zones are one order of
magnitude smaller than the estimated glide range of loops in the
visible void structure, but agree well with the estimated glide range in
the (mostly invisible) bubble structure (Fig. 14). We conclude from
this, that the peak widths are, in this case, controlled by the bubble
structure and not by the void structure as in the case of fast neutron
irradiation.
(2) The screening of the GBs with respect to loop capture by the bubble
structure in the void denuded zone results in a reduction of the
maximum swelling relative to the case of fast neutron irradiation. (Fig.
15).
(3) To reproduce the experimentally observed difference in the maximum
swelling above 1 dpa for the two types of irradiation, it was found to
be necessary to assume that the bubbles are "underpressurized" and
even close to transformation into voids in this stage of the
microstructural evolution. The appearance of a second population of
small voids which most likely originates in the bubble structure
supports this idea. We can, however, not rule out the possibility that at
least some of the reduction is due to a reduction in the defect
production efficiency in the presence of a dense population of small
bubbles.
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3,2.6 Decoration of Dislocations by Sell-:, terstitial clusters during
Irradiation (Long Term)
H. Trinkaus (Forsclumgszentrum Jiilich, Germany), B.N. Singh, and
A.J.E. Foreman (AEA Technology, Harwell, England)
In metals irradiated under cascade damage conditions, pre-existing
dislocations are frequently found to be decorated with a high density of
small clusters and dislocation loops, presumably of interstitial type. This
kind of decoration may make it difficult or impossible for the dislocations
to act as sources for new dislocations during deformation. In principle,
the decoration may arise as a result of either (a) migration and
agglomeration of single self-interstitial atoms (SIAs) or (b) onedimensional glide and trapping of SIA clusters /loops (produced in
cascades) in the strain field of the pre-existing dislocations.
Calculations have been carried out to examine both of these
possibilities. While considering the Clustering of single SIAs near
dislocations, drift diffusion of SIAs driven by strain field gradients is
taken into account. First, potential energy profile of SIA near absorbing
dislocation (assuming the dislocation as a perfect sink) is calculated (Fig.
16). This allows the calculation of concentration profile of SIAs near the
dislocation. It is shown that the concentration of single SIAs decreases
continuously with increasing distance from the dislocation line, reducing
the clustering rate of SIAs at both the repulsive and the attractive side of
the dislocation line. Thus, the homogeneous clustering of threedimensionally migrating single SIAs is unlikely to yield the dislocation
decoration. In contrast, it is found that the one-dimensionally gliding
loops are most likely to be trapped in the strain field of a dislocation line.
The trapped and gliding loops can reach (by Burgers vector change or
climb) so close to the dislocation line that they get irreversibly trapped.
Some of these loops may get absorbed into the dislocation core and
others may grow by absorbing additional loops or single SIAs, causing
the decoration of the grown-in dislocation.
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Figure 16, Potential energy profile of self-interstitial atoms near an absorbing
dislocation line. Here, the dislocation line is assumed to be a perfect sink.

3.2,7 Defect Accumulation in Terms of Production Bias and Glide of
Small Interstitial Clusters (Underlying Technology)
S.L Golubov (Institute of Physics and Power Engineering, Obninsk,
Russia), B.N. Singh, and H. Trinkaus (Forschungszentrum Jiilich,
Germany)
Recently, it has been proposed that the problem of defect accumulation
during irradiation can be treated more appropriately in terms of
"production bias" and one-dimensional glide of small clusters of selfinterstitial atoms (SIAs). The concept has been used to calculate various
aspects of damage accumulation under cascade damage conditions. The
main predictions of the concept have been tested experimentally. The
results, published in a number of publications, have demonstrated that
many aspects of defect accumulation behaviour observed under cascade
damage conditions, which could not be explained by earlier models, can
be readily undestood in terms of production bias and one-dimensional
glide.
Encouraged by these results, we have initiated more comprehensive
and detailed investigation of the evolution of defect microstructure within
the framework of production bias model and motion and interactions of
small SIA clusters. Kinetics of the microstructural evolution is described
in terms of the size distribution functions of different types of clusters.
The present methodology allows conservation of defects participating in
various interactions. Implications of physical features of both intra- and
inter-cascade interactions of defects and defect clusters are included in
the present calculations. The analytical treatment first describes the
evolution of sink strengths of vacancy and interstitial types. The sink
strengths are then used in the appropriate rate equations to calculate the
60
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supersaturation of vacancies, which is the main driving force for the
nucleation and growth of voids. The dose dependence of the calculated
vacancy supersaturation for copper under neutron irradiation at 25O°C is
shown in Fig. 17. The results indicate that the void swelling may depend
on the pre-irradiation micro-structure (e.g. dislocation density).
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Figure 17. Dose dependence of vacancy supersaturation calculated for copper neutron
irradiated at 25O°C with £• = 0.45 and fif = 0.05.

The calculated dose dependence of void swelling in copper at 250l)C is
shown in Fig. 18. The results of both numerical and analytical
calculations agree quite well with the experimental results and are also
consistent with the estimates reported earlier by Singh and Foreman2'.
1) C.H. Woo and B.N. Singh, Phil. A65 (1992) 889.
2) B.N. Singh and A.J.E. Foreman, Phil. Mag. A66 (1992) 975.
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Figure 18, Dose dependence of void swelling calculated for copper neutron irradiated at
250"C with £'!' = 0.45 and £*' = 0.05. The calculated results agree with the
experimental results and arc also consistent with the earlier estimates of Singh and
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3.2.8 Correction of Bubble Size Distributions from Transmission
Electron Microscopy Observations
P. Kirkegaard (Computer Section, Risø), M. Eldnip, A. Horsewell, and J.
Skov Pedersen (Department of Solid State Physics, Risø)
In studies by transmission electron microscopy (TEM) of defect
microstuctures, the observed images are in many cases 2-dimensional
projections of the 3-dimensional defect structures. Much work has been
carried out in the field of stereology in order to extract relevant 3dimensional information from the projected images. If the microstructure
to be investigated consists of precipitates, e.g. rare gas bubbles, or other
kinds of particles, one would often wish to determine the number density
of particles and their size distribution. In doing so, one may encounter
problems from the influence of foil surfaces (e.g. they cut through the
particles), and, for thick foils or high density of particles, from overlap of
particle images which may influence both the number of observed
particles and their apparent sizes.
In the present work which was initiated by the need to make
corrections to TEM observations of high densities of rare gas bubbles in
copper, the corrections were calculated by considering the population of
bubbles in three dimensions (in contrast to previous treatments of only
the two dimensional images) and incorporating effects previously
ignored. More specifically, an apparent bubble size distribution obtained
directly by counting and sizing the cavity images in a micrograph will
deviate from the "true" distribution because of the following phenomena:
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When foils are prepared from thick specimens for a TEM
investigation, the bubbles in the foil that are cut by the foil surfaces
will disappear or must be discarded from the counting procedure
because they are etched out to a larger size and are facetted.
If the image of a smaller bubble lies within the image of a bigger
bubble, the small one will not be observed as a separate bubble.
If the images of two bubbles intersect, the combined image may be
observed as the image of only one bubble, but with a size bigger
than the bigger of the two bubbles.
In order to obtain the true size distribution, the observed, apparent
distribution should be corrected for the above effects. The correction is
defined by:

NtVP(r) = N{r)-f(r;N)

(1)

where N(r) is an assumed true size distribution, f(r;N) is the correction
due to the effects mentioned above which are calculated from N(r), and
N;ipp(r) is the observed, apparent size distribution. In practice, equation
(1), which turns out to be an integral equation and which must be solved
to obtain N(r), represents a so-called ill-posed inverse problem. It can be
solved by a regularization method. In this way a corrected, continuous
size distribution can be obtained from an observed, discrete, apparent size
distribution.
In order to test the derived correction procedure, a number of
simulated 3D bubble populations were generated by Monte Carlo
methods and bubble "TEM micrographs" were derived from them and
analysed (Fig. 19). Apparent size distributions were obtained this way and
subsequently corrected. The corrected distributions always turned out to
be in good agreement with the initial 3D size distributions on which the
Monte Carlo generations were based (Fig. 20), thus demonstrating the
soundness of the derived correction procedure.
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Figure 19. Conipulcr generated "micrograph", projected from a Monte Carlo generated
3D bubble population with a size distribution given by the dashed curve in Fig. 20. The
sample size shown is 80 nm, and bubble projections from 30 nm sample thickness arc
shown. For the generation, a mean bubble radius of 0.96 nm and a total bubble volume
fraction of 4% were used.
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Figure 20. The dotted histogram is the simulated bubble size distribution extracted from
the "micrograph" in Fig. 19. The full curve is the size distribution which was obtaim
from the correction procedure (Electron microscopy Bubble Correction). It is seen to
aurec well with the correct size distribution (dashed curve, used for simulating bubbles).
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