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Abstract Research in the Optics and Fluid Dynamics Department
has been performed within the following two programme areas: (1)
optical diagnostics and information processing and (2) plasma and fluid
dynamics. The optical activities are concentrated on optical materials,
diagnostics and sensors. The plasma and fluid dynamics activities are
concentrated on nonlinear dynamics in fluids, plasmas and optics as well
as on plasma and fluid diagnostics. Scientific computing is an integral
part of the work. The activities are supported by several EU programmes,
including EURATOM, by research councils and by industry. A summary
of the activities in 1995 is presented.

The cover picture shows the optical patterns observed in ring (top row) and linear
(bottom row) photorefractivc oscillators. The near-field (left column) and far-field (right
column) patterns are self-similar in the ring geometry but not in the linear geometry.
This implies that the ring oscillator patterns are closely related to normal cavity modes,
whereas the patterns in the linear oscillator are strongly nonlinear. (See page 60.)
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1. Introduction
L. Lading
E-mail: lading@risoe.dk

The department performs basic and applied research within optics and
nonlinear dynamics, which includes fluids and plasmas. The scope is
understanding of physical phenomena as well as development of
materials and systems for specific applications. The activities are often
performed in collaboration with other research groups or industry. The
training of students at a graduate level is an integral part of the activities
and so is the dissemination of results to research and industry. The work
is of importance for the understanding of coherent structures in fluids,
plasmas and nonlinear optical systems, as well as for the understanding of
optical diagnostic systems and new optical materials. Several results are
exploited by industry. The activities are supported by several national and
international granting agencies.

The motivation for the combination of optics, fluid dynamics and
plasma physics is that most of the activities lie within what can be called
continuum physics; only in some of the work on materials and photon
statistics is a discrete atomised structure invoked. In addition to this fact,
optical methods are applied to fluid and plasma diagnostics.

During the period reported here the department had two programme
areas: (1) optical diagnostics and information processing and plasma and
fluid dynamics. It is a characteristic fact that both areas have activities on
nonlinear dynamics and diagnostics. Several activities are organised in
joint projects.

The work described in this report falls within the following categories:

• Nonlinear dynamics in fluids, plasmas and optical systems.
• Optical materials concentrated on material physics and applications

in information storage and processing.
• Diagnostics and sensors for probing the dynamics of physical

systems using diffractive optics.
• Scientific computing focusing on the application of spectral models

to highly nonlinear distributed systems.
• Information processing, both electronic and optical for pattern

recognition and illumination with structured light in industrial
systems.

• Pellet injection systems: final tests.

Of major results in 1995 can be mentioned:
• The identification of new types of pattern formations in

photorefractive systems.
• Theoretical model and experimental verification of amplification,

oscillation and cross talk in photorefractive media caused by higher
order nonlinearities.

• A model for collapse and structural propagation of spatially and
temporally confined pulses in normal dispersion media.

• Holographic recording in thin films of dipeptide (jointly with the
Department of Solid State Physics).
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• The deposition of indium tin oxide (ITO) films by laser ablation.
• The use of bacteriorhodopsin in different types of optical

processing.
• The implementation of a new optical depth measuring scheme for

flow studies in a rotating paraboloid.

Industrial collaboration is a part of several activities. A new so-called
industrial post-doc scheme was introduced in 1995. The department has
hosted three such post-docs in connection with joint projects with three
different industrial companies.
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Figure 1. Organisational chart of the Optics and Fluid Dynamics Department after
changes made by 1 January 1996.
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2. Optics

2.1 Introduction
S. G. Hanson
E-mail: hanson@risoe.dk

The present and future application of optical methods to benefit society
through industrial development calls for diversified investigations. The
routes for coming utilisations necessitate several simultaneous initiatives.

New materials with specific and tailored properties are emanating and
lend themselves to new uses not considered previously. Forthwith, these
materials are obvious candidates as storage media encouraging future
development in the field of medical and chemical sensors. A strong effort
in the areas of understanding, characterising and tailoring of optical
materials has successfully been accomplished in 1995. Besides the work
with bulk materials, either as photorefractive crystals or as polyesters,
investigation in the field of laser ablated thin surfaces has taken place
with the aim of establishing two-dimensional, electrically and optically
active media.

The basic investigation of optically active materials has been
complemented by establishing a couple of demonstrations pointing
directly towards future devices. These programmes were supported by the
EU.

Theoretical analysis of industrial optical sensors and schemes for new
applications of optics in relation to environmental monitoring have been
performed. The match of new optical materials with sensor systems
furnishes new compact schemes for industrial implementation of optical
sensors. To provide low-cost, compact optical sensors, beam shaping has
to be performed by easily reproducible diffractive structures. Output
coupling from optical wave guides has consequently been examined.

A previously designed electronic board with a neural network
structure has been operated in a couple of pattern recognition projects.
Detecting whether a pattern belongs to a predefined array of examples
followed by a distinction between the possibilities is a common task. The
coarse recognition can be followed by either optical zooming on the
character or by extracting more information from the relevant pixels in
the frame. Both these approaches have successfully been employed.

Though the work in the Optics Programme has covered a very broad
range, the scope of mutual benefit between the projects has been of major
importance. The bonds between these projects has been further
strengthened in 1995.
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2.2 Optical Materials

2.2.1 Optical Storage in Polyesters and Peptides
E. Eilertsen, N. C. R. Holme, P. S. Ramamijam, E. Rasmussen,
J. Stubager, R. H. Berg*, S. Hvilsted*, C. Kulinna* andM. Pedersen*
(* Department of Solid State Physics)
E-mail: raman@risoe.dk

During 1995 several new polymers with azobenzene chromophores as
side chains have been synthesised and tested for optical information
storage. Several new polyesters have been tested for holographic storage
as partial fulfilment of a Brite-EuRam project ("Licrypois", contract no.
BRE2.CT93.-0449). As reported earlier, permanent holographic storage
can be achieved in thin films of side-chain liquid crystalline polyesters;
the stored information can be erased, however, by heating the films to
about 80° C and after cooling to room temperature, the film can be
reused.1'2

A computer controlled system has been built in order to measure the
optical anisotropy induced in thin films of polyesters due to irradiation
with linearly polarised light.3 Optically induced anisotropy in thin films
can be measured as a function of the temperature of the film and the
irradiating laser intensity. Using this system, optically induced anisotropy
has been measured in side-chain liquid crystalline polyesters with 12
methylene groups in the acidic part of the main chain and six methylene
groups in the flexible spacer. Nine different substituents have been
incorporated at the end of the azobenzene chromophore attached to the
flexible spacer. The different substituents represent chromophores with
different dipole moments and occupying different volumes. The results of
these investigations show that the best substituent is still the cyano group
followed by unsubstituted azobenzene. These investigations have been
corroborated by holographic measurements.

Recently, we reported4 biphotonic high-density storage of text and
gratings as holograms with a typical size of 1 mm in a side-chain liquid
crystalline polyester. This required the use of two wavelengths, typically
488 nm from an argon ion laser and 633 nm from an HeNe laser or 670
nm from a diode laser, in a cyanoazobenzene side-chain polyadipate. It
was also observed that the red laser could be turned on several minutes
after the argon laser had been switched off still creating a grating in a
polarisation holographic setup. Since this involves two photons separated
as much as 10 minutes in time, we call this a biphotonic process in order
to distinguish it from a non-linear two-photon process, which requires the
simultaneous presence of two photons. An explanation has been found on
the basis of experimental observations of optical and FTIR absorption
spectra. It has been shown experimentally for the first time that a red
laser beam at 633 nm causes cis-trans (Z-E) transitions in azobenzene.
The lifetime of the cis state has been measured using both optical and
infrared spectroscopy and has been found to be approximately 120
minutes in the cyanoazobenzene polyester.
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Atomic force and scanning near-field optical microscopic
investigations have been carried out5 on a polarisation holographic
grating recorded in an azobenzene side-chain liquid crystalline polyester.
It has been found that, immediately following laser irradiation, a
topographic surface grating structure appears. The time development of
the grating structure was followed by atomic force microscopy for 20
hours by repeatedly scanning the same area of the film. A pronounced
increase of surface roughness has been found to take place, which can be
attributed to a reordering of the aggregated phase preserving the stored
information. A near-field optical microscopic scanning of the grating
reveals that the structure is also optically anisotropic.

Attempts have furthermore been made to erase the stored information
using light. In this case the anisotropy was induced in the film at 488 nm
from an argon laser for a period of 500 ms, read out at 633 nm for a
period of 300 ms and erased by light at 350 nm from a krypton laser for
200 ms. These cycles have been repeated 10,000 times. The induced
anisotropy was seen to fall with time, due to the chromophores aligning
normal to the film surface. However, even at the end of 10,000 cycles, it
was clearly possible to read out the information. We believe that this
might form the basis for optical write, read and erase storage.

In order to improve the temperature stability of the storage, an
ornithine based dipeptide was used as a backbone to which azobenzene
chromophores were attached as side chains. Initial results are
encouraging with the achievement of nearly 100% diffraction efficiency
and long-term stability at 150° C for extended periods of time.
1) S. Hvilsted, F. Andruzzi, C. Kulinna, H. W. Siesler and P. S.
Ramanujam, Macromolecules 28, 2172 (1995).
2) P. S. Ramanujam, C. Holme, S. Hvilsted, M. Pedersen, F. Andruzzi,
M. Paci, E. L. Tassi, P. L.Magagnini, I. Zebger and H. W. Siesler,
submitted to Polymers for Advanced Technologies (1995).
3) N. C. R. Holme, P. S. Ramanujam and S. Hvilsted, submitted to Appl.
Opt. (1995).
4) P. S. Ramanujam, S. Hvilsted, I. Zebger and H. W. Siesler, Macromol.
Rapid Commun. 16, 455 (1995).
5) P. S. Ramanujam, N. C. R. Holme and S. Hvilsted, submitted to Appl.
Phys. Lett. (1995).

2.2.2 Laser Projection Display Using Bacteriorhodopsin as a
Coherent-to-incoherent Spatial Light Modulator
L. Lindvold and H. Lausen (Laser Interface, CAT Science Park)
E-mail: las-lali@risoe.dk

A system has been constructed that permits graphics from a PC to be
projected onto a screen by means of an optically addressed spatial light
modulator (OASLM). The system depicted in Figure 2 is capable of
projecting graphics created on a PC onto a screen in an enlarged version.
By using an OASLM to convert coherent laser light into incoherent light
from a projector lamp, the problem of speckle pattern formation caused
by the laser light can be avoided. The OASLM is based on the
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photochromic protein, bacteriorhodopsin, immobilised in a thin gelatin
fiim (80 u.m) The protochromism of this material facilitates the light-
induced switching of the optical absorption properties of the film. In this
manner, the film can be dynamically switched between a purple- and
yellow-coloured state. Due to the nature of the photochromic material the
images on the OASLM can easily be updated at normal TV frame rate
(25 Hz).

This work is supported by the EU under the ESPRIT Basic Research
Programme under contract no. 6863 (POPAM).

X-Y controller

AO driver

AO modulator 120 MHz

Achromat lens 100 mm FL

bR-fllm Projection lens
90 mm f# 2.8

Dlchroic beamsplitter
@ 413 nm

Figure 2. Outline of the experimental setup for the laser projection display using a
bactcriorhodopsin thin film (50 microns) as a coherent-to-incoherent light modulator.
The Schott OG515 filter was used to block the blue laser light (413 nm).

2.2.3 Dual-axis Joint Fourier Transform Correlator Based on
Bacteriorhodopsin
L. Lindvold and P.S. Ramanujam
E-mail: las-lali@risoe.dk

A dual-axis joint Fourier transform correlator (DAJFTC), for parallel
pattern recognition, has been made using bacteriorhodopsin thin film as
the holographic recording material. The system is intendend to utilise the
photoinduced anisotropy of bacteriorhodopsin rather than the
photochromic effect commonly used in optical correlators based on
bacteriorhodopsin. A liquid crystal TV (LCTV) acts as an electronically
addressable wave plate that controls the polarisation state of the light
impinging on the bacteriorhodopsin film. Selecting the polarisation of the
two write beams to be circular but opposite in rotation makes it possible

12 Risø-R-865



to effectively discriminate the diffracted correlation signal from noise due
to scattered light from the film as shown in Figure 3.

This work is supported by the EU under the ESPRIT Basic Research
Programme under contract no. 6863 (POPAM).

(b)

Figure 3. Output from optical correlator recorded with a CCD camera; (a) with
polarisation rejection of scattered light from the bacteriorhodopsin thin film, the
autocorrelation signal (centre peak) can be discriminated from the cross correlation
peaks (two side peaks), and (b) without polarisation filtering of the signal both the auto-
and cross correlation peaks become embedded in noise caused by light scattering from
irregularities in the Film.

2.2.4 Visualisation of Infrared Laser Light (10.6 |im) Using a
Bacteriorhodopsin Thin Film
L. Lindvold and M. Saffinan
E-mail: las-lali@risoe.dk

Light from infrared lasers like the carbon dioxide laser cannot be
perceived directly by the human eye. Methods for visualising this kind of
radiation is therefore of great technical interest. A new method has
recently been devised that utilises the temperature dependency of the
photochromic effect in a bacteriorhodopsin film to display the intensity
profile from a CO2 laser. The film is particularly suited for use with laser
power up to a couple of watts. The temperature sensitivity is most
pronounced in genetically modified bacteriorhodopsin.

2.2.5 Parametric Processes in Photorefractive Media
H. C. Pedersen and P. M. Johansen
E-mail: las-hcpe@risoe.dk

Photorefractive materials have been the source of many interesting
nonlinear phenomena such as soliton generation, nonlinear grating
interaction and subharmonic generation. As to subharmonic generation
we have recently discovered that this effect is a special case of a much
more general phenomenon called parametric oscillation.1 This oscillation
is excited by letting two optical beams interfere in a photorefractive
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crystal one of which is shifted in frequency. This causes the formed
interference pattern to run at a constant velocity in the medium. Via the
photorefractive effect a corresponding grating that runs at the same
velocity as the interference pattern is generated; we have thus generated a
grating wave referred to as the fundamental wave. For certain
experimental conditions this grating wave becomes unstable against
excitation of secondary waves with different spatial and temporal
frequencies as compared with the fundamental wave; this process is
referred to as photorefractive parametric oscillation. In the degenerate
case where the spatial and temporal frequencies of both secondary waves
are half the fundamental frequencies, the process is referred to as
subharmonic generation, which was discovered in 1988. In this case we
have demonstrated that the process can be utilised for amplification of a
weak grating by interaction with a strong grating;2 this process is referred
to as degenerate parametric amplification. In addition, we have observed
the more general case of non-degenerate parametric oscillation where the
secondary frequencies are different. The experimental evidence of this is
shown in Figure 4 where the secondary grating waves have been read out
by a separate readout beam. In the degenerate (subharmonic) case the two
secondary diffraction spots would have been merged. The amount of
separation depends on the temporal frequency of the fundamental wave.

This work is supported by the Danish Natural Science Research
Council under grant # 11 -0921 -1.
1) H. C. Pedersen and P. M. Johansen, "Parametric Oscillation in
Photorefractive Media", J. Opt. Soc. Am. B12,1065 (1995).
2) H. C. Pedersen and P. M. Johansen, "Incoherent Enhancement of the
Photorefractive Response in Bi^SiOin by Subharmonic Interaction", Opt.
Lett. 20,689(1995).

Figure 4. Diffraction pattern in the output plane when reading out the two secondary
gratings. The powerful spot to the right stems from the directly transmitted readout beam
whereas the two spots approximately at x-pixel nos. 115 and 130 stem from diffraction
in the two secondary gratings.

2.2.6 Frequency-shifted Beam Fanning in Photorefractive Crystals
H. C. Pedersen and P. M. Johansen
E-mail: las-hcpe@risoe.dk

Photorefractive materials are often used as optical gain media in the sense
that one optical beam can be amplified through interaction with other
optical beams. As in all kinds of amplifiers, noise is a serious problem
because, in addition to the signal that should be amplified, noise is
amplified as well. In photorefractive media this noise generation
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manifests itself as so-called beam fanning. The process of beam fanning
is explained in the following way: when a photorefractive medium is
illuminated with a single optical beam, light is scattered due to different
crystal imperfections giving rise to optical noise. Part of the noise
interferes with the original illuminating beam to form parasitic gratings
through the photorefractive effect in which even more light is diffracted
out of the illuminating beam. Due to this self-diffraction process the
initial noise is amplified to form what is referred to as beam fanning.

In the photorefractive crystal BinSiCho the gain coefficient is normally
too small to observe beam fanning. We have observed,1 however, that by
application of a constant homogeneous electric field to the crystal, beam
fanning arises. This is very surprising because normally a DC electric
field would not significantly increase the gain coefficient. How is beam
fanning then possible? It appears that the answer to this question is:
frequency shifting of the fanning light beam! The fact is that if the
fanning beam is shifted in frequency by the right amount (usually a few
Hz), the applied electric field is utilised optimally so that the gain
coefficient is increased significantly. By measuring the frequency of the
fanning beam relative to the incident beam, we found that the fanning
beam was actually shifted in frequency by the right amount to obtain
maximum gain. According to theory the optimum frequency shift should
be linearly dependent on the light intensity in the crystal. By measuring
this dependence we saw that this is exactly the case, see Figure 5.
Moreover, we have observed that the sign of the frequency shift is
controlled by the direction of the applied field which indeed agrees with
theory.

This work is supported by the Danish Natural Science Research
Council under grant #11-0921-1.
1) H. C. Pedersen, P. E. Andersen and P. M. Johansen, "Observation of
Spontaneously Frequency-shifted Beam Fanning in Photorefractive
Bii2SiO20", Opt. Lett. 15 (1995).

15 20 25

Input intensity (mW/cm )

Figure 5. Measured frequency shift of the fanning beam versus intensity of the input
beam. Filled circles: measurements; solid line: best linear fit.
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Figure 6. The intensity profile of the laser beam versus the transverse spatial coordinate
r and the distance z behind the sol-gel sample. The Gaussian profile just behind the
nonlinear sample develops into a central peak and two off-axis peaks in the far field.

2.2.7 Nonlinear Self-refraction of Gaussian Laser Beams in Silica
Sono-gels Doped with Copper Tetrasulfonated Phthalocyanine

P. M. Petersen, P. M. Johansen, L. Lindvold and R. Litrdn Ramos
(Departamento Estructura y Propiedades de los Materiales,
Universidad de Cadiz, Spain)
E-mail: las-pape@risoe.dk

The Optics and Fluid Dynamics Department and Universidad de Cadiz in
Spain have in collaboration investigated the nonlinear self-refraction of
Gaussian laser beams in silica sono-gels doped with copper
tetrasulfonated phthalocyanine. The propagation of laser beams inside a
nonlinear sol-gel sample has been monitored by the spatial beam profile
in the near-field (z « 1) and in the far-field (z > 3) after the sample. A
theory based on the assumption that the incident Gaussian beam induces
a phase shift that varies as a Gaussian function of the beam radius in the
sample has been developed. The profile of the intensity in the sample is
furthermore assumed to remain Gaussian. The beam propagation after the
sample is determined using the Huygen-Fresnel integral. By solving the
complicated Huygen-Fresnel integral we obtain analytical expressions for
the spatial beam profile in the near-field and in the far-field after the
nonlinear sample. In Figure 6 the theoretical plot of the laser beam
intensity versus the transverse spatial coordinate r and the distance z
behind the sol-gel sample is shown. In the near-field, z « 1, we obtain
self-defocusing with twin peaks and a minimum in the centre of the
beam, and in the far-field, z > 3, we obtain an intensity profile with one
central peak and two off-axis peaks. Experiments have been carried out
in sol-gel samples using a diode pumped frequency doubled Nd-YAG at
@ 532 nm. Extremely large third-order nonlinearities in these doped sol-
gel samples are obtained at temperatures just above room temperature.
The prediction of the theoretical model is in excellent agreement with the
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experimental results for sol-gel samples having low concentrations of
copper tetrasulfonated phthalocyanine. For samples with high
concentrations of copper tetrasulfonated phthalocyanine we obtain good
agreement only when the laser intensity inside the sol-gel is low.

2.2.8 Nonlinear Coherent Mixing of Gratings in Photorefractive
Materials
P. M. Petersen, P. M. Johansen and H. C. Pedersen
E-mail: las-pape@risoe.dk

We have investigated the nonlinear coherent mixing of gratings in
photorefractive Bi^SiC^o and BaTiO3 crystals. The nonlinear interaction
between gratings is a consequence of the nonlocal response of the space
charge field in the photorefractive medium and can be analysed from a
nonlinear solution to the band transport model. We have analysed1"5 the
configuration where three gratings are induced by the interference
between one reference beam and two object beams. The cross talk is most
pronounced in the limit where the pump beam intensity is much weaker
than the object beam intensities - but in Bi^SiOao it is furthermore
demonstrated that the nonlinear mixing of gratings is strongly influenced
by the intensity ratio between the two object beams. We have developed
an experimental procedure for investigating the nonlinear interaction
between gratings. By applying a proper phase shift in one of the object
beams we can selectively switch off one grating without affecting the
total intensity in the photorefractive crystal. The cross talk between
gratings can be estimated from the diffraction efficiencies in the
remaining gratings before and after the specific grating has been switched
off. The nonlinear coupling between gratings has important consequences
for a number of photorefractive effects with multiple beam interactions
as, for example, in photorefractive optical interconnects and
photorefractive storage.

We have moreover investigated the influence of nonlinear interaction
between gratings on the light amplification process in photorefractive
BaTiC>3. The setup is shown in Figure 7. Two object beams, Ii and I2,
separated by an angle 63 and a reference beam IR are incident on the
BaTiC>3 crystal. In this configuration three primary gratings are induced.
There are two gratings, Gi and G2, caused by the interference of the
reference wave IR with each of the object waves, Ii and I2, and a third
grating G3 caused by the interference between the two object waves. The
angles of incidence for IR and Ii are 0i and 62, respectively. Our results in
BaTiC>3 show that the amount of gain that a given laser signal receives
depends on the nonlinear interaction between gratings and that these
nonlinear processes are important even in the limit of strong reference
beam intensities.
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minor

z-axis

piezo-mirror x-axis

Figure 7. The geometry for multiwave mixing in BaTiO3. The gain is experimentally
determined for the transmitted object beam I/. The effect of nonlinear mixing of
gratings is probed by the external HeNe laser.

1) P. Buchhave, P. E. Andersen, P. M. Petersen and M.Vasnetsov,
"Nonlinear Grating Interaction in Photorefractive BiiaSiCW, Appl. Phys.
Lett. 66 (7), 792-794 (1995).
2) P. M. Petersen, P. E. Andersen and P. Buchhave, "Enhanced Nonlinear
Interaction between Gratings in Drift Dominated Photorefractive
Bii2Si02o", CLEO technical digest vol. 15 (paper CThI58), Baltimore,
USA, 325-326 (1995).
3) P. M. Petersen, P. E. Andersen, P. M. Johansen and P. Buchhave, "The
Influence of Nonlinear Interaction between Gratings on Light
Amplification in Photorefractive BaTiCV', Technical Digest
Photorefractive Materials Effects and Devices PR'95, Colorado, USA,
320-323(1995).
4) P. E. Andersen, P. Buchhave, P. M. Petersen and M. Vasnetsov,
"Nonlinear Combinations of Gratings: Theory and Experiments", J. Opt.
Soc. Am. B 12 (8), 1422-1433 (1995).
5) P. E. Andersen and P. M. Petersen, "Nonlinear Combinations of
Gratings in Drift Dominated Recording in BiuSiOao", J- Opt. Soc. Am. B
12 (12), 2453-2462 (1995).

2.2.9 Magnetophotorefractive Effect in LiNbO3:Fe Crystals
C. Dom-Hansen, P. M. Johansen, P. M. Petersen and V. M. Fridkin
(Institute of Crystallography, Moscow, Russia)
E-mail: las-pejo@risoe.dk

The knowledge of transport mechanisms in photorefractive materials is
vital for the optimal usage of these materials in applications like
holographic data storage and narrowband optical interference filters. The
dominant transport mechanism in crystals of iron-doped lithium niobate,
which are among the preferred materials for these applications, is the
photovoltaic effect.

The photovoltaic effect is due to the asymmetry of the elementary
electronic processes and results in a steady state current upon uniform
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illumination of a short-circuited crystal. The non-thermalised electrons
responsible for this current possess anomalously high mobility that has
been estimated to be 103 cm/(Vs).

Experimental investigations have shown a strong influence of an
externally applied magnetic field on holographic recording in these
crystals.1'2 A vectorial interaction recording scheme, in which the
refractive index grating is induced by waves of orthogonal polarisation, is
used to demonstrate this new effect. The optical waves induce a spatially
oscillating photovoltaic current that sets up a space-charge field in the
crystal. The grating is then formed due to the electro-optic effect. The
observed magnetic interaction is due to the Lorentz force acting on the
non-thermalised electrons, which constitute the spatially oscillating
photovoltaic current. The induced spatially oscillating Hall photocurrent
influences the buildup of the space-charge field and, thus, the grating
formation.

The grating formation is investigated by measuring the diffraction of a
probe beam matched to the grating. In Figure 8 the temporal behaviour of
the diffraction efficiency is shown for three values of a magnetic field
applied parallel to the optical axis of the crystal. A field of -0.23 T is seen
to enhance the efficiency by approx. 60 %, while applying the field in the
other direction has almost no influence on the efficiency after 100 s of
exposure.

A quantitative good agreement with a theoretical model is found for
the initial phase of grating formation. As a result components of the
magnetophotovoltaic tensor can be determined, which is not possible
through direct current measurements.

This work is supported by the Danish Technical Research Council
under grant #16-5220-1, and the Danish Natural Science Research
Council has provided financial as well as travel support for V. M. Fridkin
under grant#11-0921-1.
1) C. Dam-Hansen, P. M. Johansen, P. M. Petersen and V. M. Fridkin,
"Influence of an Externally Applied Magnetic Field on Vectorial
Interaction in LiNbO3:Fe Crystals", Phys. Rev. B Rapid Comm. 52,
R13098-R13101 (1995).
2) C. Dam-Hansen, P. M. Johansen, V. M. Fridkin and P. M. Petersen,
"Magnetic Field Effect on Holographic Grating Formation in
FeiLiNbCV, PR'95 Photorefractive Materials Effects and Devices, Estes
Park, USA, Tech. Dig., 264-267 (1995).
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Figure 8. Measured diffraction efficiency of induced refractive index grating as a
function of recording time for trrree values of the applied magnetic field. Vectorial

interaction scheme with a single incident beam at 8 = 60°. The total intensity is 550
mW/cm2, and the intensity modulation coefficient is 0.42.

2.2.10 Laser Ablation from Metallic Targets
W. Svendsen, J. Schou, B. Thestrup, A. Nordskov and O. Ellegaard
(Odense University, Odense, Denmark)
E-mail: fys-josc@risoe.dk

Intense laser irradiation of a metal surface in air or in vacuum induces a
sequence of processes which ultimately cause erosion of the surface. This
ablation takes place by heating, melting, evaporation of the surface and,
eventually, by plasma formation in front of the surface. Even a pulse of
40 mJ focused to an area of 0.01 cm2 at 355 nm in vacuum leads to a
visible plasma in front of the surface. This pulse energy, which
corresponds to an intensity of 800 MW/cm2, is sufficient to produce a
visible spot on the silver surface.

We have studied the ablation rate with a newly constructed setup in
which the ablated material is collected on an array of seven quartz crystal
microbalances placed in the vacuum chamber 80 mm from the target.

Typically, l-5xl015 Ag-atoms were deposited on the crystals during a
series of 600 pulses; this corresponds to less than one monolayer per shot.
The deposition rate is - as expected - strongly peaked in the forward
direction. For large angles of ejection the angular distribution is close to a
cosine distribution, but for small angles the distribution is well
approximated by a cosine function with an exponent 2.5.

These measurements are supported by numerical calculations based on
the heat diffusion equation.

This work is supported by the Danish Natural Science Research
Council.
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2.2.11 Molecular Dynamics Simulations of Sputtering
J. Schou, R. Pedrys* andL Dutkiewicz* (* Jagellonian University,
Krakow, Poland)
E-mail: fys-josc@risoe.dk

Sputtering of rare gas solids has been studied with molecular dynamics
simulations. The rare gas solids have become standard systems for
sputtering by electrons and ions, because the interatomic potential as well
as the electronic excitations are well known for these solids.

The emphasis has been on non-linear processes during sputtering of
solid xenon by slow xenon ions. Typical non-linear processes take place
already below 100 eV, but the features have been difficult to identify in
experimental data. The major reason is that violent collisions between
projectiles and target atoms lead to a number of other phenomena such as
high-temperature collision volumes and amorphisation which are difficult
to observe in volatile solids. The simulations show that the non-linear
sputtering is dominant at projectile energies around and above 250 eV.1

This work is supported by the Danish Natural Science Research
Council.
1) L. Dutkiewicz, R. Pedrys, J. Schou and K. Kremer, Phys. Rev. Lett. 75,
1407(1995).

2.2.12 Photon and Charged-particle Irradiation of Solid Surfaces
J. Schou, W. Svendsen, R.A. Baragiola*, D. Bahr*, D.E. Grosjean*,
S. Ritzau* M. Shi* R. Vidal* and C. Wilson* (^Department of Materials
Science and Engineering Physics, University of Virginia, Charbttesville,
USA)
E-mail: fys-josc@risoe.dk

A number of solid targets were irradiated with laser, electron and ion
beams in existing setups at the University of Virginia. The main study
was an investigation of a possible laser-induced erosion of water ice with
a nitrogen laser from Risø operating at 337.1 nm or with a dye laser
operating at 625 nm. The ice was irradiated with the laser without any
prebombardment by ions or electrons. Typically, the ice samples were
exposed to 1020 photons/cm2 without any measurable sign of erosion. In a
second series the ice films were bombarded by keV protons, Ar-ions or
electrons with high fluence before the laser irradition. The defects
produced by these charged particles turned out to show no effect on the
laser irradiation of water ice as well, i.e. no erosion during the subsequent
laser bombardment could be detected.
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2.2.13 Pulsed Laser Deposition of Thin ITO Films
B. Thestrup, A. Nordskov, J. Schou, W. Svendsen and P.M. Johansen
E-mail: birgitte. thestrup @ risoe. dk

A setup for pulsed laser deposition (PLD) of thin indium tin oxide (ITO)
films in the nanometer thickness range has been constructed. ITO films
have a relatively low electrical resistivity and are, at the same time,
transparent to visible light. This gives rise to a wide spread of
applications in, e.g., solar cells and electro-optic devices. The PLD
technique has the advantage of depositing thin films of high quality at
room temperature with the same chemical composition as hot pressed
targets.

By irradiating a rotating target with a pulsed beam from a Nd:YAG
laser (A = 355 nm or 266 nm) at an oblique angle of incidence, a plasma
plume of ions, electrons and neutrals will be emitted from the target.
Thereby target material will be transferred to a glass substrate placed in
front of the target and a thin film can be deposited layer by layer. In order
to achieve homogeneous films the substrate is rotated as well.

Optimum deposition conditions require a correlation between the
deposition rate, i.e. the target-substrate distance, the residual oxygen
pressure and the laser fluence. Typical deposition rates are less than 0.2
Å/pulse at a fluence of about 1 J/cm2 and a residual pressure of a few
mTorr.

The first ITO films have been produced, but have not yet been
characterised. In the near future, we will investigate the resistivity of the
films with a standard four-point probe technique and the absorption of
visible light with a spectrometer (range 190-900 nm). The surface
structure of the films as well as the thickness will be studied with atomic
force microscopy.

This work is supported by the Danish Natural Science Research
Council.

Figure 9. Setup for production of thin films of optical materials with pulsed laser
deposition.
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2.3 Diagnostics

2.3.1 Phase Contrast Image Synthesis
J. Gliickstad (presently at Hamamatsu Photonics K.K. Central Research
Laboratories, Hamakita City, Japan) and L. Lading
E-mail: gluck@ppp.bekkoame.or.jp

Finding simple and fast methods for synthesising arbitrary spatial
intensity distributions by use of phase-only modulating components is a
major challenge within various fields of optics. Especially in systems
involving powerful light sources is it crucial to minimise energy
dissipation that can lead to damage of optical components. Furthermore,
energy that is not absorbed in the optical components can be directly
transferred to a desired target location. The standard techniques applied
in achieving a phase-only modulating system usually rely on computer-
generated holography.1 Generally, holographic elements are synthesised
in such a way that the desired image formation is reconstructed in the
Fresnel or the Frauenhofer region. This implies that the intensity value of
a single resolution element in the generated image becomes a
complicated function of many phase-cell contributions in the holographic
element. Consequently, advanced and time consuming recursive
algorithms are in general needed in order to design these elements. In
addition, a high space bandwidth product is usually required at the phase
modulating medium in order to support high spatial frequency terms.

An alternative approach2 that is based on a simple point-to-point
imaging from input phase element to output intensity distribution through
a phase contrast filter has been proposed. This dramatically simplifies the
synthesis of arbitrary intensity patterns and the requirements to space
bandwidth product are also significantly reduced. Furthermore, the
method renders it much more feasible to utilise a dynamic spatial light
modulator as input phase modulating device. For simplicity, the
explanation of the encoding of the input phase-only spatial light
modulator with phase function (j>(x,y) will be based on a standard 4-f

lens configuration as shown in Figure 10. However, any kind of imaging
system with a phase contrast filter situated in the optical Fourier domain
can be applied.

Phase-only
SLM

Phase contrast
filler Image plane

Collimated
light beam

Figure 10. Phase contrast setup based on standard 4-f lens configuration.
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A detailed theoretical modelling of the light propagation through the
system in Figure 10 provides the following two criteria related to the
input phase function when the phase delay in the Fourier plane is chosen
as n:

_ Ax Ay

\\s\n(<t>{x,y))dxdy = 0

jjcos((j)(x,y))dxdy = -

(2.1)

A.tAy

where A.vAy indicates the area of the input spatial light modulator.
It can be shown that it is only the first requirement in Eq. 2.1 that is

directly related to the synthesised output intensity via the cosine term.
Since there are always two choices for a given phasor value that result in
the same cosine value (excluding 0 and 2K), we notice that the second
requirement can subsequently be fulfilled independently of the first
requirement simply by complex conjugating an appropriate number of
phasor values. This fact is a major point in the method presented since it
makes it possible to solely concentrate on the first requirement in the
process of synthesising a desired intensity pattern. The first requirement
can be fulfilled by several means: histogram adjustment techniques,
spatial scaling of input phasor pattern, half-tone encoding of input
phasors, etc. Here we will concentrate on histogram adjustment
techniques. In these approaches one will typically start out with a desired
relative intensity distribution Hxf,y')de!liri!j, where the maximum
achievable intensity level is unknown, but the relative intensity levels are
known and the lowest intensity level is fixed: Min[l(x',y') ] = 0. The

* 'desired

procedure is now simply to adjust the histogram for I{x', y')lk!.iml while

maintaining identical relative intensity level ratios until the first
requirement in Eq. 2.1 is fulfilled. Subsequently, the second requirement
in Eq. 2.1 is fulfilled by complex conjugating an appropriate part of the
phasors. The simplest procedure is to complex conjugate every second
identical phasor value independently of spatial location. However, the
"phasor flipping" procedure can also be turned into an advantageous tool
(an extra degree of freedom) for manipulating the spatial frequency
content in order to optimise the separation of low and high frequency
terms at the filter plane by taking the spatial phasor location into account.
Neighbouring phasor values can, e.g., be chosen to have a maximum
difference between them, thereby introducing high frequency modulation
easing the phase contrast filtering in the spatial Fourier domain.

The analysis leading to the above procedure was based on the
assumption that the generally complex average value of the input phasor
function is a constant value within the image region. However, for certain
spatial filter parameters the complex average value will not be a space-
invariant constant value throughout the whole image region but will
instead manifest slow oscillations around the desired average value. This
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will introduce deviations in the final superposition between the phase
filtered DC value and the directly propagated AC signal. In order to
circumvent this problem, a technique is needed that can counteract the
distortions by use of phase-on'y encoding in the components already
present in the system. A useful technique has been derived but a detailed
description cannot be given within the framework of this summary. In
short, the technique is based on an "inverse" calculation through the
system resulting in an expression that takes any possible spatial variations
into account. The resulting counteracting predistortion is entirely based
on a pixel-by-pixel oriented modification of the phase function <p{x,y) at
the input side of the system. The technique can also be used to counteract
other types of distortions inherent in a practical implementation of the
system. Finally, it is of interest to notice that the described phase contrast
method can easily be modified in order to utilise it in a so-called dark
field image synthesis where the DC light is blocked instead of being
perturbed by a phase retardation.3

The work has been supported by the Danish Technical Research
Council and by the Danish Agency for Development of Trade and
Industry.
1) Optics and Lasers in Engineering, Special issue on Computer Optics
15, No. 5 (1991).
2) J. Gliickstad, "Generalized Phase Contrast Imaging", Patent
Application No. 0506/95.
3) C. Warde and J. E. Hubbard, Jr., "Membrane-mirror-light-valve-based
Infrared Scene Projector", Proc. of SPIE 2223, 544-557 (1994).

2.3.2 Sensors and Industrial Collaboration
S. G. Hanson, L. Lindvold, L Lading, H. T. Yura (The Aerospace
Corporation, Los Angeles, USA), B. Hurup Hansen and E. Rasmussen
E-mail: hanson@risoe.dk

For a number of years the department has worked with different
measuring systems mostly based on quasi-elastic interaction. Several
systems considered are for the measurement of the dynamics of fluids and
solid objects; however, systems for biomedical applications are also
investigated. The schemes are often rather complex and require delicate
alignment because they are based on optical interference or mixing. The
use of holographic optical elements gives a drastic reduction in size and
mechanical complexity.1 Further reduction may be achieved by an
integrated implementation based on a combination of waveguides and
diffractive structures. The perceived layout of an integrated laser time-of-
flight velocimeter is shown in Figure 11.2 Designing diffractive structures
with, e.g., focusing and beam splitting properties that also have high
diffraction efficiency is a demanding task currently being considered.
Another difficult problem with the layout shown in Figure 11 is the fact
that the laser has to be manufactured separately. The mounting of the
laser such that proper coupling efficiency is obtained is delicate. Thus,
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schemes where the base material allows for a fully integrated
implementation are also being considered.

Most of the systems are based on an interaction that has to be
described in statistical terms. The statistics of the detector signals have
been derived in cases where the interaction is with a surface that perturbs
both the amplitude and the phase of the electromagnetic field.3 Most
previous work is based on the assumption of pure phase perturbations
that cause fully developed speckle. However, this is in general an
oversimplifying assumption. It is no matter for surprise that the statistics
of the detector signal exhibit much more complex dependence on the
surface statistics if both amplitude and phase perturbations are
incorporated.

signal processor
(ASIC)

detectors

diffractive
structures

laser
waveguide

Figure 11. Possible implementation of a fully integrated laser time-of flight velocimeter.
The size of the 'chip' is in the order of 1 cm2.

Collaboration with several industrial companies on the development
and implementation of new measuring and sensing techniques is
performed through so-called industrial post doctoral projects. Three such
projects have been initiated, the first of which is aimed at a fundamental
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description of light propagation in tissue. This collaboration with Bang &
Olufsen Technology suits the purpose of investigating the potential for
non-invasive measurement of glucose in tissue. A second project with
Ibsen Microstructures has the objective of integrating a laser-based
velocimeter in a single optical element. The last industrial post doctoral
project is with Kamstrup-Metro. The project addresses the measuring
needs of district heating systems. Besides, a collaboration with
Hamamatsu on further development of a new method for laser marking
has been initiated by locating a Risø scientist in the company. Risø has
submitted a patent application on the method.

In connection with external collaboration on viscoelastic
measurements a number of computer-generated holograms have been
manufactured. A series of special holographic gratings have been
supplied to NASA Lewis Research Center for use in a satellite project
using light scattering to investigate the dynamics of fluid matter.

Figure 12. Different types of gratings produced for dynamic light scattering experiments
at NASA Lewis Research Center.

1) S. G. Hanson, L. R. Lindvold and L. Lading "A Surface Velocimeter
Based on a Holographic Optical Element and Semiconductor
Components", Meas. Sci. Technol. 7, No. 1, 69-78 (1996).
2) A number of different integrated sensor concepts are given in
international patent application no. PCT/DK95/00298.
3) H. T. Yura, S. G. Hanson and L. Lading, "Laser Doppler Velocimetry
Analytical Solution to the Optical System Including the Effects of Partial
Coherence of the Target", J. Opt. Soc. Am. A 12, 2040-2047 (1995).

2.3.3 Environmental Optics

S. G. Hanson, J. Chumside* and V. Zavorotny* (* Environmental
Technology Laboratory, NOAA, Boulder, USA)
E-mail: hanson@risoe.dk

The use of electromagnetic waves for the analysis of the environment has
opened up for various remote sensing opportunities. Various schemes for
probing of the atmosphere have been introduced while the investigation
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of the ocean surface still lags behind. The interest in ocean surface
phenomena stems primarily from the importance of the air-sea
interaction. Besides, the wave behaviour may reveal subsurface
phenomena. Furthermore, a theoretical description of the complex
interaction between gravity waves, capillary waves and internal waves
calls for extensive field measurements. In addition to having minor
impact on the object under investigation, these methods have stand-off
properties.

Theoretical analysis of methods for probing of the ocean wave
spectrum has been performed in collaboration with Environmental
Technology Laboratory (NOAA, Boulder, USA). Two parts of the
electromagnetic spectrum have been employed: the first method relies on
determining the ratio of two polarisations of backscattered incoherent
light, while the second method is based on collective backscattering of
microwaves from the ocean surface at grazing angles.

A method for probing the ocean wave spectrum based on incoherent
light has been introduced.1 Here a light source illuminates the sea surface
at some angle of incidence. The illuminated region is imaged with a
camera at the same location. A rotable polarisation filter is placed in front
of the source and the camera. Images of the same surface are made with
vertically and horizontally polarised light performed by rotating the
polariser between the two states. We can assume that the backscattered
light to the camera mainly comes from scattering from particles
imbedded in the sea. The backscattered intensity is therefore determined
by the amount of scattering material and the transmission coefficient of
light through the surface and back again. Having two recordings with two
orthogonal polarisations facilitates evaluation of the local slope
independently of the irradiance, the refractive index of water being
known.

Figure 13 shows the ratio of the backscattered intensities from
horizontally polarized light to that from vertically polarised light, y, as a
function of the incidence angle, 6U for a refractive index of 1.33. It is
noted that the ratio provides a unique relation between the ratio and the
local angle of incidence. It is surprising that the Brewster angle does not
impose a local extremum in the curve.

Images based on backscattered microwaves from the ocean surface
have revealed discrepancies with respect to the ratio of horizontally to
vertically polarised radiation. Certain sea state conditions have given rise
to an increase in the backscattering cross section for horizontally
polarised radiation to what is expected from first-order perturbation
theory describing resonant scattering by ripples. Various schemes for
explaining this discrepancy have been introduced. Recently, the effect of
enhanced backscattering has been considered as a partial explanation of
the observed effect." In addition to the directly backscattered radiation,
for grazing angles the reflected radiation will be capable of hitting the
next gravity wave. Horizontally polarised radiation will primarily be
subject to reflection, whereas vertically polarised radiation will suffer
little reflection. In this way, a second impact of the reflected radiation
may give rise to an increase in the backscattering cross section. Having a
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co-located transmitter and receiver will make the double-path
contribution give a four-time intensity increase due to the coherent
additition of the two identical fields traversing opposite paths.

Figure 14 shows the normalised backscattering cross sections for
horizontally (curves 1 and 3) and vertically polarised radiation (curves 2
and 4) as functions of the incident angle. Traces 1 and 2 depict the cross
sections without enhancement, whereas traces 3 and 4 show the cases
with enhancement, i.e. including the effect of the two scattering
mechanisms, reflection scattering and scattering reflection. An increase
for grazing angles of about 10 dB is observed primarily for horizontally
polarised radiation. The theoretical investigation presented does not
include the effect of surface curvature of the reflective structure, in which
case an even larger increase in the backscattering cross section would be
expected.

0 10 20 30 40 50 00 70 80 90

8,

Figure 13. Ratio of backscattcrcd intensity from horizontally polarised light to that from

vertically polarised light, y, as a function of incidence angle 9/ for a refractive index of

1.33.

1) J. H. Churnside, S. G. Hanson and J. J. Wilson, "Determination of
Ocean Wave Spectra from Images of Backscattered Incoherent Light",
Applied Optics 34, No. 6,962-968 (1995).
2) S. G. Hanson and V. U. Zavorotny, "Polarization Dependency of
Enhanced Multipath Radar Backscattering from an Ocean-like Surface",
Waves in Random Media 5, 159-165 (1995).
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Figure 14. Normalised backscattering cross sections from ocean waves for horizontally
(curves 1 and 3) and vertically polarised radiation (curves 2 and 4) as functions of the
incident angle.

2.3.4 Disassembly Using Shape Recognition
5. 5. Christensen, T. M. Jørgensen, A. W. Andersen (Electronic and
Engineering Service)
E-mail: las-tmjq@risoe.dk

Recycling of used equipment is becoming an increasingly widespread
procedure. At present reprocessing of used electronic devices is
predominately performed manually. Automated methods are, however,
needed in the future if we want to be able to handle the large amounts of
electronic devices we are going to receive.

We participate in an ESPRIT project on autonomous disassembly by
advanced shape recognition (ADAS). The other partners in the ADAS
project are Siemens (D), 3D Scanners (UK) and Robotiker (E). The main
objective is to develop an autonomous disassembly system for the
recognition and dismantling of electromechanical products such as
television sets or monitors. For this purpose a robot cell (see Figure 15) is
being developed for dismantling the various units within a TV set, where
our specific task is to construct the vision processing part of the system.
Based on 2D and 3D image data we develop specific preprocessors that,
in combination with a neural network, are used to detect shapes and
objects such as printed circuit boards; the neural network is used as it is
essential that learning can take place within the system. Old TV sets from
a period of 15-20 years are received for disassembly. A flexible
disassembly system that has the capability of adapting to the different TV
models is required; the incorporation of a learning capability into the
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shape recognition provides this flexibility. A first version of the trainable
shape recognition system has been developed and is ready for testing. The
first tests of an initial prototype of the complete disassembly system are
planned to take place in the spring of 1996.

Figure 15. A sketch of the ADAS setup. A discarded TV set is dismantled for recycling
by the robots. 3D data are recorded by a chirped laser radar. The sensor data are
processed by a neural network and the results are used to control robots. Two robots are
used for handling the tools.

2.3.5 Image Processing for Quality Control
S. S. Christensen, T. M. Jørgensen, C. Rogaard and A. W. Andersen
(Electronic and Engineering Service)
E-mail: las-tmjq@risoe.dk

As it is possible today to acquire high-quality CCD cameras and
substantial computer power at a reasonable price, it has also become
relevant in many areas to consider the possibility of using computer
vision for quality control. In order to keep the costs for a computer vision
system as low as possible, general image processing methods that can be
applied to a wide range of tasks are needed.

We are involved in a EUREKA project the purpose of which is to
develop a flexible machine vision system for quality control in industry.
The vision system being developed combines the use of suitable
preprocessors with RAM based artificial neural networks.

Making use of the RAM based networks, it becomes possible to train
the system on specific images instead of having to develop specific
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classification rules based on the knowledge of experts. If a new product
must be inspected, a number of examples of good and bad samples are
shown to the system.The neural network then tries to adapt to the
examples to distinguish between the two classes of objects. This
adaptability of the computer vision system reduces the costs associated
with the introduction of new objects.

The development of the machine vision system has been based on a
couple of prototype tasks. One of these tasks was to develop a system for
detecting and classifying danger labels on containers (see Figure 16). The
system was trained on images recorded at a Danish container terminal.
With the use of statistical edge detectors and local colour histograms as
preprocessors we obtained a working prototype.1 Rambøll is currently
developing a commercial computer vision system for quality control
based on these principles. A first version of this system has been
demonstrated at the Danitek exhibition and at the Herning Industri
Messe.

The work is carried out together with Rambøll, Christian Liisberg A/S
and BICC (UK).
1) S. S. Christensen, T. M. Jørgensen, A.W. Andersen, "Detecting
Danger Labels with RAM Based Neural Networks", in: Proceedings of
the Weightless Neural Network Workshop 1995, D. Bisset (ed.), 123-
127(1995).

Figure 16. An example of the rear of a container. Notice the danger label. It is the task
of the developed image processing system automatically to detect this label.
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2.3.6 Memory-based Neural Networks
T. M. Jørgensen and S. S. Christensen
E-mail: las-tmjq

Our research within the area of neural network architecture is based on
the so-called RAM based nets. The architecture of these nets corresponds
to the so-called memory based reasoning models. The RAM net
architecture memorises the input patterns in a distributed way making use
of a range of look-up tables (LUTs). This architecture has some
advantages:
• fast recall time (500 ji seconds/ classification on 90 MHz pentium),
• no wrong classifications on the training examples.

The classification time and the memory requirements increase linearly
with the number of LUTs used in the system. At Risø we have been
looking at methods for reducing the number of LUTs without degrading
the accuracy of the system. An information measure for evaluating the
quality of the input connections to the LUTs has been developed;1 using
this quality measure to select input connections it is possible to lower the
number of LUTs needed for a given performance. The information
measure is also useful for evaluating which preprocessors are most
suitable for a given task.

Recently, we have developed an inhibition technique that introduces
negative weights into the LUTs. Tests have shown that this modification
on difficult tasks can reduce the error of the system by 50%. The
computational overhead introduced in the recall phase is neglible (< 5%).
During training the training time is doubled. This modification of the
RAM net architecture has led to impressive results on the reference task
of classifying handwritten digits (see Figure 17). When training on
14,000 digits and testing on 13,000 digits from the NIST data base, a
recognition performance of 98.4% was obtained on a test set.2

1) T. M. Jørgensen, S. S Christensen and C. Liisberg, "Crossvalidation
and Information Measures for RAM Based Neural Networks", in:
Proceedings of the Weightless Neural Network Workshop 1995, D.
Bisset (ed.), 87-92(1995).
2) T. M. Jørgensen and S. S. Christensen, "Optimisation of RAM Nets
Using Inhibition between Classes", in Proceedings of the Weightless
Neural Network Workshop 1995, D. Bisset (ed.), 99-103 (1995).
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Figure 17. Examples of handwritten digits. The developed recognition system is
capable of recognising this kind of digits with a reliability of 98.4 % .

2.3.7 Waste Incineration
C. Rogaard, S. Sloth Christensen and T. M. Jørgensen
E-mail: carsten.rogaard®risoe.dk

In the field of environmental protection special attention is directed
towards "cleaner technologies" that reduce the generation and emission
of toxic substances. In the near future waste incineration is expected to
become the dominant method for disposal of waste. Waste incinerators
cause production of CO, NOx and toxic organic substances such as
dioxins, PCDFs and PAHs. It is thus of increasing importance to reduce
the emissions and residues from waste incinerators.

We participate in a project funded by the EU environmental
programme. The purpose of this project is to reduce the emissions from
waste incinerators by improving the control of the incineration process. In
order to achieve this goal, a vision sensor is investigated and new
adaptive control strategies are developed.

It is the task of Risø to develop methods for the analysis of the current
state of the incineration process based on image data recorded inside the
incineration chamber. During the first year of the project a self-organising
method for the clustering of the image data from a high-dimensional
space into a smaller number of clusters has been developed. This method
maintains structural information and permits a labelling of the different
regions within the incineration chamber. The results of this analysis will
then be fed into a neural network control module developed by the other
partners, viz. Technische Hochschule Darmstadt (D),
Kernforschungszentrum Karlsruhe GmbH (D) and Lappeenranta
University of Technology (F).
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3. Plasma and Fluid Dynamics

3.1 Introduction
J. P. Lynov
E-mail: lynov@risoe.dk

Under the Plasma and Fluid Dynamics programme research is performed
on the dynamic behaviour of nonlinear continuum systems. The
continuum systems under investigation cover fluids, plasmas and optical
media. Despite a pronounced variation of physical parameters between
these systems, fundamental nonlinear dynamic processes such as self-
organisation, pattern formation and the evolution of localised waves
known as solitons are remarkably similar. Thus, the dynamic evolution of
a certain class of vortical structures in hot, magnetised plasmas closely
resembles the evolution of localised cyclones in the atmospheres and
oceans of rotating planets, and strikingly similar patterns are
spontaneously formed in externally heated or sheared fluids and in
nonlinear optical media. Fundamental nonlinear processes play an
important role for the understanding of turbulent flows, but they may also
be controlled and applied in the development of new optical devices.

A long-term objective of the research in this programme is to utilise
the knowledge acquired through the studies of the dynamic behaviour of
nonlinear continuum systems to synthesise and optimise new devices and
systems of benefit to society and industry. The development of a new and
virtually inexhaustible energy source based on fusion is an example of
such a goal, as is the development of novel optical devices based on
controlled pattern formation. The investigations of the fundamental
properties of the nonlinear dynamic processes are performed through a
combination of theoretical, numerical and experimental studies. These
three angles of approach supplement and stimulate each other. In this
way, theoretical predictions are tested by detailed numerical studies,
numerical results are sought verified by experimental studies, and
experimental results give impulse to new theoretical and numerical
investigations.

In this report the research projects under the Plasma and Fluid
Dynamics programme are divided into three groups:
• Fusion research. Under this heading scientific results that are specific

to fusion research are described. Large-scale numerical simulations of
drift wave turbulence have been performed, and the results have been
analysed by methods known from chaos studies. New theoretical
results for both pressure driven flute mode turbulence and for
Langmuir turbulence have been obtained. A laser diagnostic based on
a novel two-point correlation collective scattering method is under
construction, and in 1995 a formal agreement of collaboration based
on this diagnostic has been signed with the Institut fur Plasma Physik
in Garching, Germany. Finally, a pellet injector constructed at Risø
has been installed in Padova, Italy.
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Fluid dynamics. Numerical simulations have been performed
concerning various aspects of generic, two-dimensional fluid
turbulence. These numerical studies include the role of coherent
structures as well as the influence of coherent structures and
turbulence on particle transport. New numerical schemes have been
developed for certain partial differential equations with rapidly
varying coefficients, and for unsteady compressible flow problems in
complex geometries. Experimental studies have been carried out in a
new parabolic vessel for which a new, whole-field velocity
measurement system has been developed. Finally, detailed studies of
the damping of a three-dimensional vortex ring in a stratified fluid
have been carried out.
Nonlinear optics. Experimental studies have been performed of the
nonlinear coupling of laser light in a photorefractive crystal
demonstrating a large variety of different patterns, some of which are
entirely new. In addition to these experimental studies, theoretical
studies have been conducted concerning various problems connected
with self-focusing and collapse of optical fields.

3.2 Fusion Research

3.2.1 Resistive Coupling in Drift Wave Plasma Turbulence
P. K. Michelsen, T. Sunn Pedersen and J. Juul Rasmussen
E-mail: pomi@risoe.dk

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.1 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 nonlinear
quasi-stationary turbulent state is achieved. 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
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physical processes modelled by the HW system. In addition, a new
numerical scheme for the time integration has enabled longtime
simulations in the adiabatic regime showing that the total energy and the
total generalised enstrophy do not vanish in this limit. An example of the
turbulent state of the potential and the density is shown in Figure 18.

Computer resources were supported by the Danish Research Councils.
1) A. Hasegawa and M. Wakatani, Phys. Rev. Letters 50, 682 (1983).
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Figure 18. Contour plot of <)> (left) and n (right) in the saturated state.

3.2.2 Lyapunov Exponents and Particle Dispersion in Drift Wave
Turbulence
P. K. Michelsen, T. Sunn Pedersen and J. Juul Rasmussen
E-mail: pomi@risoe.dk

The Hasegawa-Wakatani (HW) model equations for resistive drift waves
are 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 nonlinear 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 thev: 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.
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In this investigation, the degree of unpredictability or chaoticity is
determined by calculating the largest Lyapunov exponent, X\, 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 series of, e.g., reflectometer or probe measurements using a phase
space reconstruction technique. Other characteristic inverse time scales
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 a1 -{du/d x-dv/d y) +{du/dy + dv/dx)' is the square of the

strain (or deformation) and co is the curl (or rotation) of the velocity field,
i.e. the vorticity. From the expression it can be seen that the Qweiss < 0
regions are elliptic regions where rotation dominates over strain. The
Qweiss > 0 regions are strain-dominated hyperbolic regions. Contour plots

of the vorticity co and the Weiss field Qwehs are shown in Figure 19. 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
fcr 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, Xp, and the largest
Lyapunov exponent is made. The Lagrangian velocity autocorrelation
function £(f) is also determined, and two characteristic time scales
defined by l{f), the microscale and the Lagrangian integral time scale, are
calculated. The results show that X\ seems to be correlated with several
of the time scales investigated, in particular the particle separation
exponent Xr. The regions of the turbulence that spread particles fast are
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compared with the regions of the turbulence that are most unpredictable
to see whether there is also a spatial correlation between Å\ and Åp.

Computer resources were supported by the Danish Research Councils.
1) J. Weiss, Physica D 48,273 (1991).
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Figure 19. Contour plot of CO (left) and Qmh,, (right) in the saturated turbulent state.
Dashed lines correspond to negative values, solid lines correspond to positive values.

3.2.3 Pressure Driven Flute Modes in an Inhomogeneous Magnetic
Field
J. Nycander (Institute of'Technology, Uppsala University, Sweden) and J.
Juul Rasmussen
E-mail: juul@ risoe. dk

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 Rayleigh-Taylor instability in the long-
wave limit in addition to a weaker instability that appears when the
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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 turbulence driven by these instabilities may give rise to
an up-gradient flux, i.e. a "pinch flux". Further, the conditions for
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).

3.2.4 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 Leurs
Applications, CNRS URA 1611 et ENS de Cachan, France) and T. Colin
(Mathématiques Appliquées de Bordeaux, CNRS ERS 123 et Université
Bordeaux I, France)
E-mail: berge @ limeil. cea.fr

We study the so-called time-envelope approximation classically made in
the theoretical description of a turbulent plasma medium, where electron
plasma (Langmuir) 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 describing the
inertial regime of this strong Langmuir turbulence, namely

1 d2E n.dE ._ _
— / I R — —17 /•*

co2 dt2 dt

1 d2 n .

which differ from the usual Zakharov equations by the inclusion in the
first equation for £ of a second-derivative, multiplied by the parameter
Mar that vanishes under the time-envelope approximation consisting of
the limit co2 —> +°°. 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 c2 -> 0. In the opposite case, i.e. as c2

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 CO2 —> +°° is detailed for a
fixed value of c2. Under some specific initial data, we rigorously
demonstrate that, provided (0 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 G)2 = +<*>) 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.
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3.2.5 Spatially Resolved Collective Scattering Measurements of
Turbulence in Fusion Plasmas
M. Saffman, J. Thorsen and W. Junker (from 21 October)
E-mail: saffman@risoe.dk

Work has continued on development of a novel two-point correlation
collective scattering diagnostic for spatially resolved turbulence
measurements in magnetically confined plasmas. In 1995 Risø signed a
formal agreement of collaboration with the Institut fur Plasma Physik in
Garching, Germany. Within the framework of this agreement Risø will
develop and install a large-scale version of the light scattering instrument
for measurements on the W7-AS stellarator in Garching. Risø has also
received preferential support from EURATOM for development of this
instrument.

receiving
bench

transmitting
bench

Figure 20. Schematic diagram of the W7-AS stellerator cross section together with the
collective scattering diagnostic.
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There are two essential objectives of this work. The first is to
characterise the structure of the plasma turbulence in the W7AS
stellarator. Turbulence studies in the W7AS stellarator offer the
possibility of improving the present turbulence data base to a
configuration with small shear, and of studying the role of turbulence on
confinement in currentless plasmas achieved using electron cyclotron
heating and neutral beam injection heating systems. The second objective
is to advance the state of the art in optical diagnostics of plasma
turbulence. A COi laser-based collective light scattering system is being
developed. The light scattering system is founded on a novel proposal for
a hybrid Doppler/time-of-flight configuration put forward recently by
Risø. This system is expected to provide an order of magnitude better
spatial resolution than has been possible previously with laser-based
plasma diagnostics.

A schematic view of the instrument as it will be installed on the W7-
AS stellerator is shown in Figure 20. The optical system is divided into a
transmitting bench located below the plasma vessel, and a receiving
bench located above the plasma vessel. The instrument has been designed
for remote control of both the measurement direction and the magnitude
of the scattering k vector. When installed at W7-AS, the distance from
laser to receiving detectors will be about 10 m. In order to ensure system
alignment with such long optical paths, an automatic alignment system
based on a quadrant infrared detector and two-axis tilting piezo mirror
has been designed. Commissioning of the diagnostic at W7-AS will
begin in April 1996.

3.2.6 Nonparticle Laser Anemometry: Propagating and
Nonpropagating Fluctuations
L. Lading, R.V. Edwards (Case Western Reserve University, Cleveland,
USA) and M. Saffman
E-mail: lading@risoe.dk

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 scatterers that in some way support a large-scale (large
compared with the mean free path) scattering structure. A sound wave
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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
Doppler configuration with a time-of-flight anemometer1 (Figure 21).

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.2 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
(Figure 22). Thermal diffusivity causes the maximum of the
'nonpropagating peak' to be displaced relative to the case of no
diffusivity.

Bragg
cell

diffractive
beamsplitter

Figure 21. Hybrid configuration for nonparticle laser anemometry. The reference beams
arc introduced with a small angular offset in order to ensure the mixing and spatial
highpass filtering.
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Figure 22. 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. 2546-
62, 444-453 (September 1995).

3.2.7 Pellet Injector for RFX, Padova
P. K. Michelsen, B. Sass, H. Sørensen and J. Bundgaard
(Engineering and Computer Department)
E-mail: pomi@risoe.dk

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 m/s) 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 department's Annual Progress Report for 1994.
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3.3 Fluid Dynamics

3.3.1 Energy Spectra and Intermittency in 2D Turbulence
M. R. Schmidt and J. Juni Rasmussen
E-mail: jiiid@risoe.dk

We have investigated the evolution of the energy spectrum and the effects
of intermittency in two-dimensional turbulent 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 one-
dimensional function that does not contain phase information. We can
express the dynamic equation of the energy spectrum governed by the
incompressible Navier-Stokes equations as:

^ T(k)2vkE(k) ttk), (3.1)
dt

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: (£& kJ) (the
inertial 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 leu:;.> to algebraic forms for the energy spectrum E(k) - k'5 3 and
E(k)~ k'3, respectively, in steady state; the latter has been corrected by the
logarithmic term ln(A/fco)~1/3 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 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 obtain a more quantitative picture, we would like to have a
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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, cok, where all wave numbers below a
given limit have been cut off (high-pass filter).

(3.2)

where pik,(J
2
k 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 23 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.

T=2000.00

1 2 4 6 8 10 20 4 0 6 0 8 0 10 30 30 40 30 60 70

Figure 23. A turbulent field pumped continuously from zero vorticity (energy) by
forcing modes near the wave number: kf = 20 with random phases; energy is dissipated
by physical viscosity. The domain is double periodic: lx = ly = 1.0, the resolution is in =

n = 512, the viscosity v = 10'8. (a) Iso-vorticity contours, (b) The energy spectrum
corresponding to (a), (c) The kurtosis K(k) of the filtered field cok corresponding to (a).
The range of the intermittency coincides with the typical scales of coherent structures.
Further, the intermittent scales are embedded in the inertial range, which is not
consistent with the Kolmogorov theory.
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3.3.2 Vortex Merging and Corresponding Energy Cascade in Two-
dimensional Turbulence
A. H. Nielsen, J. Juni Rasmussen, X. He and T. Bohr (CATS, Niels Bohr
Institute, University of Copenhagen, Denmark)
E-mail: plf-ahni @ risoe. dk

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 Euler equations 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 Figure 24.
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.

This work was supported by the Danish Natural Science Research
Council.
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Figure 24. The evolution of the energy spectrum for the merging of two like-signed
vortices.
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3.3.3 Particle Tracing in Two-dimensional Turbulent Flow Fields
A. Høst-Madsen (Dantec Measurement Technology A/S, Skovlunde,
Denmark) and A. H. Nielsen
E-mail: plf-ahni@risoe.dk

A well known way of determining the flow field in experiments is by
injecting particles in the flow and measuring their displacement in space;
thereby reconstructing of the temporal evolution of the flow is possible.
Dealing with a large number of particles it is necessary to make an
average over a finite space element or volume. At Dantec Measurement
Technology a particle image velocimetry (PIV) system has been
developed and in order to determine its accuracy the method is tested
against results from particle simulations performed at Risø. We have
numerically solved the Navier-Stokes equation in a two-dimensional,
double periodic domain using a spectral method. The time integration
was performed by a fully corrected Adams-Bashforth third-order scheme.
In this time-dependent flow field we randomly distribute a large number
of passive particles (in the order of 20,000), and using all the information
stored in the spectral expansion we can track these particles with the
same accuracy as the time scheme, e.g. with spectral accuracy. Such
particle simulations are very time consuming and the code has therefore
been implemented on a CRAY C90A supercomputer located at UNI*C,
Lyngby, Denmark.

Until now we have investigated two different initial conditions: one
for a flow field from a so-called Lamb dipole, which can be characterised
as a nearly laminar flow, and one for a turbulent flow field with an
equilibrium spectrum of the form: E(k) = l/(a+/J£2). In both cases the
PIV measurements gave reasonable results but as the implemented
turbulent flow field lacks a well defined length scale, the results were
inconclusive. In late 1995 we have consequently implemented a forced
flow field. By injecting energy into the flow in a limited range of mode
numbers, we thus introduce a well defined length scale in the flow.

Computer resources were supported by the Danish Research Councils.

3.3.4 Nonlinear Mode Saturation in Circular Shear Layers
K. Bergeron (USAF Academy, Colorado, USA), E. A. Coutsias
(University of New Mexico, Albuquerque, USA), J. P. Lynovand
A. H. Nielsen
E-mail: lynov@risoe.dk

Shear layer instabilities provide a fundamental mechanism for the
formation of coherent structures in fluids and plasmas. 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 self-
organisation in forced/damped flows. We have performed both analytical
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and numerical studies of the Navier-Stokes equations with external
forcing in an annular geometry. 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

dx
A, (3.3)

where A is the complex amplitude of the unstable perturbation, T is a
slow time scale, and a and ft are complex constants. A comparison of the
predictions from the Landau equation with the results from a full
numerical simulation is shown in Figure 25. Here, the temporal evolution
amplitude of the perturbation and its angular velocity are shown in Figure
25(a) and Figure 25(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.

Computer resources were supported by the Danish Research Councils.

Figure 25. (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, "Self-
organization in 2D Circular Shear Layers", AIAA-94-2407, 11 p. (1994).
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3.3.5 Direct Numerical Simulations of Subcritical Onset of
Turbulence in Planar Channel Flows
S. Lomholt, J. P. LynovandA. H. Nielsen
E-mail: lynov@risoe.dk

Despite the simplicity in geometry, two-dimensional flows in periodic
channels display a rich variety of complex dynamic processes that are
still not well understood. There are many practical examples of flows
which can be modelled either as a classical Poiseuille flow generated by a
constant pressure drop throughout the channel, or as a classical Couette
flow in which energy is fed into the flow by a differential motion of the
walls of the channel. A Couette flow is linearly stable for all Reynolds
numbers, while linear stability analysis of the Poiseuille flow predicts the
onset of unstable modes at Reynolds number 5772. However,
experiments on both types of flows demonstrate subcritical transitions at
Reynolds numbers of the order of 1000. This behaviour is due to fully
nonlinear interactions not included in the theoretical stability analysis.
Direct numerical simulations of this problem have previously been
carried out, but since a full three-dimensional flow evolution was
assumed in these studies, the numerical resolution was limited. There are
systems in which two-dimensionality can be emphasised, e.g. by flow
stratification or by imposing an external magnetic field to a conducting
fluid. We have initiated high precision simulations of the turbulent
behaviour of such two-dimensional flows employing an efficient and
accurate Navier-Stokes solver1 based on spectral methods. The
simulations will investigate the role of different types and strengths of
initial perturbations and include analysis of both the vorticity and the
pressure fields.

Computer resources were supported by the Danish Research Councils.
1) E. A. Coutsias, J. S. Hesthaven and J. P. Lynov, "An Accurate and
Efficient Spectral Tau Method for the Incompressible Navier-Stokes
Equations in a Planar Channel", Proceedings of ICOSAHOM '95,
Houston, Texas, paper 34,16 p. (1995).

3.3.6 Numerical Algorithm for the Homogenised P-parabolic
Equation
N. Svanstedt (University of California, Santa Barbara, USA),
N. Wellander (University College of Gdvle-Sandviken, Sweden)
and J. Wyller (on sabbatical leave from Narvik Institute of Technology,
Norway)
E-mail: jw@hin.no

Mathematical modelling of fluid flows in porous media, stress analysis
and heat conduction in composite materials naturally lead to the study of
linear and nonlinear partial differential equations (PDEs) with variable
coefficients. In many cases the variation of these coefficients is assumed
to be periodic, and the periodicity scale is much smaller than the
characteristic scale of the medium. From a practical, numerical viewpoint
the solution to such PDEs becomes cumbersome and requires computer

50 Risø-R-865



power far beyond present-day capabilities. Therefore, instead of attacking
the PDEs directly, one approximates the governing equations with a
constant coefficient problem (the homogenised problem) that describes
the averaged homogeneous medium, as some smallness parameter £
measuring the fineness of the microvariations tends to zero. The
existence of the homogenised problem together with a local problem
which turns up in the homogenisation process is guaranteed by some
general convergence and compactness results in (non)linear functional
analysis.

In the present project we work out a numerical algorithm for the
nonlinear p-parabolic equation with rapidly oscillating coefficient a in
space and time:

with xeQ c%N,(N = 1,2,3,...) te]0,T[(T> 0). This algorithm is
based on a coupled system of two augmented Lagrangians, where one of
them corresponds to the variational form of the local problem, the other
to the homogenised problem. The algorithm obtained in this manner
converges and is stable with respect to time discretisation, but is not
optimal with respect to the rate of convergence to good numerical
accuracy.
1) N. Svanstedt, N. Wellander and J. Wyller, "A Numerical Algorithm
for Non-linear Parabolic Equations with Highly Oscillating Coefficients",
accepted for publication in Numerical Methods for Partial Differential
Equations (1995).

3.3.7 Stable Spectral Multidomain Methods for the Unsteady
Compressible Navier-Stokes Equations in Complex Geometries
J. S. Hesthaven and D. Gottlieb (Brown University, Division of Applied
Mathematics, Providence, USA)
E-mail: jansh@cfin.brown.edu

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
neighbourhood 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 multidomain techniques in which a complex domain is decomposed
into several simpler, non-overlapping subdomains. This method has been
applied successfully to incompressible flows (the spectral-element
technique) and to problems in structural mechanics (the h-p method).
Additionally, multidomain spectral methods are well suited for coarse
grain parallel computing, with one or several subdomains being assigned
to each different processor.
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We are in the process of developing a very general multidomain
scheme suitable for solving 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 have proven
difficult to implement when using spectral methods. To circumvent this
problem we impose the boundary conditions using a penalty method.
This method has several attractive features: using energy methods we can
prove the semidiscrete multidomain schemes asymptotically stable and
the penalty method allows for imposing boundary conditions of a very
general type. Additionally, we obtain schemes for dissipative wave
problems that remain stable even in the limit of vanishing dissipation.

These methods have primarily been developed for the compressible
Navier-Stokes equations given in conservation form. Work has begun on
the development of a general multidomain algorithm, based on the same
ideas as outlined above. The building block of the multidomain 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 mesh and
have devised an asymptotically stable scheme for imposing the boundary
conditions.1 The stable scheme includes a novel treatment of edges and
vertices, which has been the Achilles' heel of previously proposed
multidomain schemes.

For testing the stability and accuracy of the general approach, we have
developed and implemented a similar scheme for solving the two-
dimensional advection-diffusion equation in general geometries. An
example of a general grid and a steady state solution is given in Figure
26. 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, viz. that the general approach is very well suited for handling
unsteady problems.

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 emphasised that since the patching
conditions are local in time and space, the developed scheme is inherently
parallel in nature, thereby making it easy to implement efficiently at
contemporary parallel architectures. This will be of significant
importance when in the near future we will implement the full three-
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dimensional algorithm for simulating the compressible Navier-Stokes
equations in complex geometries.

Finally, we emphasise that although the schemes developed here are
centred around the compressible Navier-Stokes equations, the general
approach that we have developed can be applied also for devising
multidomain schemes for Maxwell's equations and the
magnetohydrodynamic (MHD) equations.

a)

Figure 26. a) Grid for 16 domains and N = 8. b) Steady state solution as calculated on
the grid shown.

1) J. S. Hesthaven, "A Stable Penalty Method for the Compressible
Navier-Stokes Equations. HI. Multidimensional Domain Decomposition
Schemes", in preparation.

3.3.8 Flow Studies in a Rotating Paraboloid by Means of Depth
Measurements
T. Stoltze Laursen, M. Lind Petersen, J. Juul Rasmussen, B. Stenum and
E. N. Snezhkin (Kurchatov Institute, Moscow, Russia)
E-mail: plf-bjst@risoe.dk

The free surface of a fluid rotating around a vertical axis assumes a
parabolic shape. Hence fluid contained in a paraboloid, rotating around
the vertical paraboloid axis, will be distributed as a thin layer covering
the surface. In such a tank, the Coriolis force is maximum at the top point
of the paraboloid and decreases outwards. Flows in the fluid layer can
therefore be considered as a model of the geostrophic flows in the oceans
or the atmosphere of the earth, where the Coriolis force varies from its
maximum value at the poles to zero at the equator.

The tank surface is shaped as the free surface of water rotating at a rate
of 71.9 rpm; the inner diameter of the paraboloid is 560 mm at the top of
the tank. In the shallow water a shear layer can be produced by differential
rotation of a replaceable inner part of the paraboloid. In addition, a water
circulation system with a controllable flow makes it possible to force a
flow from the outer periphery of the paraboloid to the middle (and vice
versa). In the water layer, waves and vortical structures show up as depth
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perturbations. Therefore, flow dynamics can be studied by depth
measurements. These are based on fluorescence from dyed water; the water
is illuminated by a commercial UV light tube and the intensity distribution
of the emitted light is measured by a corotating video camera. By means of
calibration in each pixel in the digitised camera image, the intensity
distribution can be converted into water layer depth distribution. With a
spatial image resolution of about 3 mm, the depth is measured with a
resolution of about 0.2 mm. Using shallow water approximation,1 the
pressure perturbations are proportional to the depth perturbations; from the
pressure a velocity field can be determined.

Figure 27 shows depth perturbations caused by a forced shear flow; the
flow was created by a cyclonic differential rotation of the inner part of the
paraboloid tank by approximately 9.5 rpm and pumping to the centre at a
rate of 0.3 1/min.; the figure shows the existence of six anticyclonic vortices
and six smaller cyclonic vortices. In the figure the background flow has
been extracted to clarify the modes.

This work was supported by the Danish Natural Science Research
Council.
1) J. Nycander, "The Difference between Monopole Vortices in Planetary
Flows and Laboratory Experiments", J. Fluid Mech. 254, 561-577 (1993).
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Figure 27. The distribution of the depth perturbations caused by a forced shear flow and
corresponding velocity field.

3.3.9 Shear Flow Instability in a Parabolic Vessel
T. Stoltze Laursen, R. de Nijs, J. Juni Rasmussen and B. Stenum
E-mail: plf-bjst@risoe.dk

The instabilities caused by a forced, circular shear flow have been studied
in a parabolic vessel (section 3.3.8). The shear flow was created by
differential rotation of the inner polar part of the vessel. The instability
organises into steady modes where the mode number equals the number
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of vortices induced outside the shear flow. The mode number has been
studied as a function of the rotation rate of the polar part at different
background rotations. This was done by slowly increasing the inner
rotation rate to a prescribed value. At steady state the mode number was
identified from the depth perturbations determined by means of
fluorescence from the dyed water (see, e.g., Figure 27, section 3.3.8).
Subsequently, the same procedure was carried out for decreasing inner
rotation. In Figure 28A the mode number versus the inner rotation rate is
shown; as can be seen, some hysteresis was found. Figure 28A is closely
symmetric for inner rotation with and opposite the background rotation.
The measurements were performed at the background rotation inducing
an unperturbed water surface equal to that of the vessel. At this rotation
rate the influence of the thickness variations of the water layer cancels the
variations in the Coriolis force. At different background rotations some
asymmetry was observed, probably due to the different depth profiles at
the shear layer. For higher background rotations there is a tendency for
the data points to be shifted to the right. For lower background rotations
the data points are shifted to the left.

Furthermore, we have investigated the transient behaviour when the
inner rotation was instantaneously initiated with a fast rotation in the
direction opposite to the background rotation. It was observed that the
initial instability with a large mode number (Figure 28B) decays into
modes with a lower number: 2,3 or 4, depending on the depth profile.

This work was supported by the Danish Natural Science Research
Council.
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3.3.10 Drift Velocities of Forced Monopoles in Rotating Shallow
Water
T. Stoltze Laursen, J. Juni Rasmussen, B. Stenum and E. N. Snezhkin
(Kurchatov Institute, Moscow, Russia)
E-mail: plf-bjst@risoe.dk

The drift velocities of forced monopoles in shallow water in a rotating
parabolic tank (see Section 3.3.8) have been studied. A tube has been
placed in the middle of the tank; the outlet of the tube was situated 2 mm
above the surface of the tank at a distance of 20 cm from the axis of
rotation. The tube can been rotated relatively to the outer tank together
with the inner, polar part of the tank, where the radius of the polar part is
10 cm. A water circulation system with a controllable flow makes it
possible to pump water out of the tube or to suck water into the tube. An
outward flow produces a small elevation around the tube and, thereby, an
anticyclonic vortex due to the Coriolis force. Contrarily, an inward flow
produces a depression and a cyclonic vortex. The drift velocities of the
vortices were found by following the vortex with the tube maintaining the
pumping, i.e. the vortices are excited resonantly. In the rotating frame the
drift velocities of the anticyclones were found to be shifted against the
bulk rotation by an increased flow while the tendency was less clear for
the cyclones having drift velocities inside the regime of linear Rossby
wave propagation. Therefore, only anticyclones can propagate freely as
long-lived coherent structures without emitting linear waves. This
behaviour is in qualitative agreement with theoretical predictions.1 The
limit of zero flow drift velocity of the vortices was found to depend on
the rotation rate of the whole tank.

This work was supported by the Danish Natural Science Research
Council.
1) J. Nycander, "The Difference between Monopole Vortices in Planetary
Flows and Laboratory Experiments", J. Fluid Mech. 254,561-577 (1993).

3.3.11 Detailed Studies of the Damping of a Vortex Ring in a
Stratified Fluid
T. Stoltze Laursen, J. Juul Rasmussen, B. Stenum and D.R. McCluskey
(Dantec Measurement Technology)
E-mail: plf-bjst@risoe.dk

The FlowMap system1 for flow field measurements developed at Dantec
Measurement Technology has been used for detailed studies of the
collapse of a three-dimensional vortex ring injected horizontally into a
stratified fluid. The time evolution of the velocity fields has been studied
in the vertical cross section. The FlowMap system is based on a fast
correlation analysis of multiple exposed video images of the seeded flow
illuminated by a pulsed light sheet produced by an argon ion laser and a
polygon scanner.

The vortex rings were produced by gravity induced inlet of well defined
water puffs through a circular tube with an inner diameter of 4.7 cm in a
water tank of a length of 80 cm, a width of 50 cm and a depth of 50 cm.
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The stratified fluid was produced by the two-tank method with a buoyancy
frequency of 1.4 Hz. When the vortex ring is penetrating through the
stratified fluid, the ambient fluid performs an oscillating movement. In the
vertical direction these movements induce internal waves. The centre of
emission of the internal waves is seen behind the vortex ring in the velocity
field shown in Figure 29. The internal waves drain the vortex ring for
energy resulting in a reduction in size of the vortex ring and deformation of
the internal structure of the vortex ring. Finally, the vortex ring collapses
into a horizontal motion. Subsequently, this horizontal motion self-
organises into a dipolar structure.

60 70 80 cm
10cm/s

Figure 29 Velocity and vorticity field for a vortex ring injected horizontally into a
stratified fluid.

1) D. R. McCluskey, T. S. Laursen, J. J. Rasmussen and B. Stenum,
"Evolution of Vortical Flow Fields Measured by Real Time PIV System",
FED Vol. 229, Laser Anemometry ASME, p. 313 (1995).

3.4 Nonlinear Optics

3.4.1 Pattern Formation in Anisotropic Nonlinear Media
M. Sajfman and A. V. Mamaev (Institute for Problems in Mechanics,
Moscow, Russia)
E-mail: saffman@risoe.dk

Spatial patterns have been observed in many different areas of the natural
sciences. These include the Rayleigh-Bénard experiment in fluids,
chemical reactions, dishes of granular solids and nonlinear optics. Pattern
formation phenomena that were originally observed in other fields have
been reproduced in nonlinear optics in recent years. Current interest in
nonlinear optics goes, however, deeper than demonstrating the
universality of pattern formation. The widespread use of optical
technologies in information transmission and processing points towards
applications of optical patterns. At a more fundamental level there are
aspects of the physics of nonlinear optics that are not found in other
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fields. In this work we study the formation of hexagonal spatial patterns
in a photorefractive crystal with strongly anisotropic nonlinear coupling.
In our experiment the nonlinear coupling is zero along one axis of the
observed pattern. The anisotropy breaks the rotational symmetry in the
plane of the pattern and clamps the orientation of the participating wave
vectors. Nonetheless, we observe rotationally symmetric hexagonal
patterns identical to those seen in isotropic media. A perturbative
expansion of the equations of motion shows that the necessary coupling
appears at both second and third order in the amplitude of the sidebands,
even though the nonlinearity may be zero along one direction in the
plane.

(a) (b)

Figure 30. Far- and near-field images obtained from coupling of two incoherent lasers
in SBN. Frame (a) shows a roll pattern obtained at low nonlinearity and frame (b) shows
a fully developed hexagon obtained at high nonlincarity.

Figure 30 shows the far-field and near-field patterns observed due to
the instability of counterpropagating laser beams in a photorefractive
crystal of SBN. The nonlinearity, which is controlled by an externally
applied voltage is largest along the horizontal axis, and identically zero
along the vertical axis. At low nonlinearities we observe rolls as shown in
Figure 30a. At large nonlinearity, obtained by increasing the applied
voltage, a fully developed hexagonal structure is formed as shown in
Figure 30b. This is the first example of hexagonal patterns in a strongly
anisotropic nonlinear medium.

This work was supported by the Danish Natural Science Research
Council.
1) A.V. Mamaev and M. Saffman, "Hexagonal Optical Patterns in
Anisotropic Nonlinear Media", submitted to Europhys. Lett. (November
1995).

58 Risø-R-865



3.4.2 Multiple Scale Hexagonal Optical Patterns
M. Sqffinan, A. V. Mamaev (Institute for Problems in Mechanics,
Moscow, Russia), V. Mezentsev (Institute of Automation and
Electrometry, Novosibirsk, Russia)
E-mail: saffinan@risoe.dk

Hexagonal optical patterns appear due to transverse instability of
counterpropagating laser beams in a nonlinear medium. In large aspect
ratio experiments, where transverse boundary conditions play only a
weak role, a single spatial scale characterises the hexagons. This scale
results from a compatibility condition between different mechanisms; in
the Rayleigh-Bénard problem, e.g., it is the interplay of heat convection
and thermal diffusivity. In transverse nonlinear optics a resonance occurs
when a nonlinear phase shift, due to, e.g., a cubic nonlinearity, cancels
the linear diffractive phase shift due to propagation. The resulting

transverse patterns have a characteristic spatial scale given by VX/,
where X is the optical wavelength and / is the length of the nonlinear
medium.

When the nonlinear medium is placed in an optical cavity that
provides feedback, additional resonances come into play. By placing the
nonlinear medium, here a photorefractive crystal of KNbC>3, in a weakly
reflecting Fabry-Perot cavity, new spatial scales corresponding to cavity
resonances are selected. An example, showing simultaneous excitation of
two distinct scales, is shown in Figure 31. We have studied the
coexistence of multiple scales theoretically on the basis of a dispersion
relation that accounts for the influence of the cavity resonances.
Numerical work that is in progress is aimed at direct simulation of the
observed structures.

This work was supported by the Danish Natural Science Research
Council.

Figure 31. Near-field (left) and far-field (right) images showing two simultaneous
scales.
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1) A.V. Mamaev and M. Saffman, "Multiple Scale Hexagonal Optical
Patterns", in preparation.

3.4.3 Optical Patterns in Linear and Ring Photorefractive
Oscillators: from Rolls to Rotating Flowers
A. V. Mamaev (Institute for Problems in Mechanics, Moscow, Russia)
and M. Saffman

E-mail: sajfman@risoe.dk

We present experimental and theoretical results on the diversity of
pattern formation in linear and ring photorefractive oscillators. In a linear
oscillator with plane parallel mirrors pumped by counterpropagating
beams we observe both periodic patterns (rolls, rhomboids, tiles) and
more complex irregular structures.1 When the cavity is detuned from the
pump radiation so that on-axis emission is suppressed, periodic patterns
are dominant. When the tuning is adjusted to bring the cavity on
resonance, irregular dynamic structures are seen. In the unidirectional
ring oscillator we observe characteristic rotating vortex patterns.2

Introduction of field rotation into the ring using a dove prism leads to
novel structures, including concentric counterrotating rings, each with
different numbers of field dislocations. Periodic switching between
different dynamics is also seen. A numerical model of the ring dynamics
has been used to capture much of the observed behaviour.

In addition to the immediately apparent differences in the patterns seen
in the two systems, there is a fundamental distinction. Inspection of the
near- and far-field patterns in the linear oscillator reveals that they are not
self-similar, as seen in Figure 32. In other words the near- and the far-
fields are not related by a simple rescaling of coordinates. In this respect
these patterns are closely related to the hexagonal and other patterns that
may be observed due to counterpropagation instabilities with no cavity.
On the other hand the ring resonator patterns are self-similar. This
implies that these patterns are well described in terms of linear cavity
modes, even though they are observed in a geometrically unstable ring
cavity.

This work was supported by the Danish Natural Science Research
Council.
1) A.V. Mamaev and M. Saffman, submitted to Opt. Commun. (1995).
2) M. Vaupel and CO. Weiss, Phys. Rev. A 51,4078 (1995).
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Figure 32. Optical patterns observed in photorefractive resonators.

3.4.4 Propagation of Optical Beams in Bulk Nonlinear Media:
Self-focusing, Defocusing and Spatial Chaos
A. V. Mamaev (Institute for Problems in Mechanics, Moscow, Russia),
A. A. Zozidya (J1LA, University of Colorado, USA) andM. Saffinan
E-mail: saffman@risoe.dk

Solitary wave solutions of nonlinear propagation equations are a
fascinating topic in nonlinear dynamics. Analysis of their stability and
nonlinear evolution properties is one of the most crucial parts in the
problem of self-trapping of optical beams. Two-dimensional (stripe)
beams, including solitary wave solutions, are unstable in bulk nonlinear
media. The reason is that in bulk media these beams constitute a low-
dimensional (1+1) subclass of higher-dimensional (2+1) allowable
solutions and break up due to transverse instabilities along the "hidden"
homogeneous coordinate. We have obtained a spectrum of experimental
and theoretical results demonstrating all stages of breakup and
subsequent complex spatial evolution of stripe beams for both a focusing
and a defocusing photorefractive nonlinear response. The results include
transverse modulation instability of a bright solitary stripe,1 and snake
instability of a dark stripe beam with subsequent formation of vortices or
wave front defects.2 These are the first observations to date of transverse
modulation instability of stripe solitary waves in bulk optical nonlinear
media. The breakup of wide beams3 results in the generation of spatial
chaos characterised by a random array of hundreds of (2+1) filaments.
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Figure 33 shows experimental observation of filamentation of a mm
sized laser beam in the photorefractive crystal SBN. The nonlinearity,
which is controlled by an externally applied voltage, is increasing from a)
tod).

Figure 33. Experimental observation of large-scale filamentation of a wide beam.

Figure 34 shows the result of three-dimensional numerical simulations
performed on Risø's SGI computer. Frame a) shows the input beam,
while frames b) and c) show the output for increasing propagation
distances. The nonlinear coupling is directed mainly along the horizontal
coordinate in the above figures. The vertically aligned fringes observed
clearly for intermediate values of propagation distance are a signature of
the anisotropic nature of the photorefractive nonlinearity. Calculations for
an isotropic Kerr nonlinearity show a different scenario, with no
formation of aligned stripes. For larger nonlinearity a random array of
filaments is generated. Simulations show that the filaments execute an
apparently random dance as the propagation length is increased.

This work was supported by the Danish Natural Science Research
Council.
1) A.V. Mamaev, M. Saffman and A. A. Zozulya, "Breakup of Two-
dimensional Bright Spatial Solitons due to Transverse Modulational
Instability", submitted (October 1995).
2) A.V. Mamaev, M. Saffman and A. A. Zozulya, "Propagation of Dark
Stripe Beams in Nonlinear Media: Snake Instability and Creation of
Optical Vortices", submitted (November 1995).
3) A.V. Mamaev, M. Saffman and A. A. Zozulya, "Three-dimensional
Breakup and Spatial Dynamics of Two-dimensional Beams in Bulk
Nonlinear Media", submitted to Quantum Electronics and Laser Science
Conference, Anaheim, June (1996).
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Figure 34. Numerical simulation of beam filamentation in photorefractive media.

3.4.5 Generation of Quantum-correlated Twin-beams by Beam
Coupling in Photorefractive Media
M. Saffinan
E-mail: saffinan@risoe.dk

Twin beams that exhibit intensity correlations below the shot noise limit
have been generated using several different methods. These include
optical parametric oscillation and amplification as well as four-wave
mixing. Although methods for producing twin beams, and beams with
quadrature squeezing, are now well established, the necessary technology
is often very complex. The proposal and analysis developed in this work1

are motivated in part by the quest for simpler methods.
A very simple interaction geometry for generating correlated twin-

beams by photorefractive coupling has been proposed. An incident
coherent beam is split up into a pump/? and two equal intensity signals s\
and si. The three beams intersect in a photorefractive medium with the
geometry chosen such that there is equal coupling between the pump and
each of the signals, but no direct coupling between the signals. The
intensity ratios at the input to the crystal are defined by /n, = p2(0)/s2(0)
and m2= p2(0)/sl(0). W e show that for ml=m1, m{<\, a real
coupling constant F, giving energy coupling in steady state, and the sign
of the coupling arranged to provide loss to the signal beams, the output
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signals are correlated to better than the shot-noise limit. The correlations
are strongly frequency dependent and the noise reduction occurs at
frequencies inversely proportional to the photorefractive time constant.

The analysis is based on a semiclassical approach, valid when the
fluctuations are small compared with the average intensities of the
interacting beams. Starting classically we decompose the interacting
beams into a time independent, purely real part that depends on z only,
plus time and space dependent complex fluctuations:
s(z,t) = so(z) + 8s(z,t), and p(z,t) = po(z) + 8p(z,t). Decomposing the
fluctuations into real and imaginary quadratures, and linearising in the
small fluctuations, we arrive at a set of decoupled equations for the
evolution of the quadrature components. The in phase quadrature can be
solved for analytically, while the out of phase quadrature is solved for
numerically. Including noise operators to account for coupling to internal
modes of the material we obtain an expression for the spectrum of
fluctuations in the intensity difference of the exiting signal beams.
Typical theoretical results are shown in Figure 35. While the bandwidth
of the noise reduction is relatively narrow, the advantage of this scheme
is that the nonlinearity is nonresonant, and can be tuned easily over a
broad spectral range.

1.5

Figure 35. Spectral density of fluctuations in the intensity difference of the output
signals for several values of coupling strength and input beam intensity ratio. The shot
noise limit is normalised to 1, £2 is the fluctuation frequency and 17 is the coupling
constant times interaction length.

It should be emphasised that the phenomenological introduction of
noise operators represents a lower bound on the excess noise level.
Generation-recombination noise in real photorefractive media will result
in a partial loss of coherence. Future work will concentrate on
experimental verification of these ideas.

This work was supported by a grant from the Danish Natural Science
Research Council.
1) M. Saffman, "Tunable, Twin-beam Generation by Beam Coupling in
Photorefractive Media", to appear in Coherence and Quantum Optics VII,
J. Eberly, L. Mandel and E. Wolf, eds. (Plenum, New York, 1995).
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3.4.6 Self-focusing of Optical Pulses in Media with Normal
Dispersion
L. Bergé (CEA, Centre d'Etudes de Limeil-Valenton, Villeneuve-St-
Georges cedex, France), E. A. Kuznetsov (Landau Institute for
Theoretical Physics, Moscow, Russia), J. Juul Rasmussen, E. G. Shapiro
(Institute of Automation and Electrometry, Novosibirsk, Russia) and S. K.
Turitsyn (Institutfiir Theoretische Physik I, Heinrich-Heine-Universitdt
Diisseldorf, Germany)
E-mail: juul@risoe.dk

Light beam propagation in nonlinear media is governed by the nonlinear
Schrodinger (NLS) equation for the scalar envelope A(z,r±,t) of the wave
in dimensionless form:

i— + A1A-(y^-4+2\A\2A = 0, (3.4)
dz d t

where the different signs of the coefficient cr= -1 and cr= +1 correspond
to the anomalous and normal group velocity dispersion (GVD) regimes,
respectively. Equation 3.4 is a Hamiltonian system deriving from the
Hamiltonian

H=U\VxA\2~a\^j\2-\A\'\drxdt

and preserving the power

Psj\A\2dr±dt.

For a = 0 Eq. 3.4 describes the 2D self-focusing of light beams at a
finite distance z = Zo. A necessary condition for self-focusing is P > Pc ~
5.84. For cr= -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 optical
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 time domain. 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 temporal compression of the
pulse, 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 temporally while it shrinks in the
transverse diffraction plane, we found numerically that chirping can
generate highly spiky electric fields. Furthermore, we have described the
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splitting process taking place near the self-focusing finite distance of
propagation by means of a quasi-self-similar analysis.

This work was supported by the Danish Natural Science Research
Council.

3.4.7 Soliton Stability and Self-focusing in Quadratic Nonlinear
Media
L. Bergé (CEA, Centre d'Etudes de Limeil-Valenton, Villeneuve-St-
Georges cedex, France), V. K. Mezentsev (Institute of Automation and
Electrometry, Novosibirsk, Russia), J. Juul Rasmussen and J. Wyller
(Narvik Institute of Technology, Norway)
E-mail: juul@risoe.dk

Solitons play an important role in the dynamics of dispersive wave
systems in nonlinear media where they arise as steadily propagating
localised wave structures with finite energy. Well-known examples are
the envelope soliton of electromagnetic waves propagating in dielectric
media with a third-order nonlinear response, i.e. in the so-called Kerr or
%(3)-media characterised by an intensity dependent refractive index. These
solitons are stable in the (l+l)-space-time-dimensional case; however,
they are unstable to transverse perturbations. Also solitonlike solutions in
higher dimensions are unstable and may undergo a catastrophic collapse
(self-focusing) provided the initial power exceeds a threshold value.1

Consequently, these cubic media have limited applications in guiding and
steering of optical beams.

The propagation of intense light beams in quadratic nonlinear media
(so-called x(2)-materials) has recently attracted wide attention due to the
possibility of forming multidimensional solitary waves that have been
shown to be stable.2 In such media, solitonlike structures are formed by
the interaction of the fundamental and second harmonic waves that
mutually trap each other and form a bound state. This effect is often
referred to as the x(2>: x(2) cascaded nonlinearity.

We have investigated the behaviour of multidimensional localised
structures in quadratic media, with particular attention to the stability of
spatial soliton-type structures and to the self-focusing effects in (D+l)-
dimensional space, i.e. a D-dimensional transverse "plane" orthogonal to
the propagation direction. By deriving a virial-type identity governing the
mean square radius of the structure, we have shown that in %<2)-media
total self-focusing to a singularity of optical beams will not take place. In
addition, by means of a Lyapunov analysis we found that solitonlike
solutions are generally stable for all D (< 3), at least to perturbations that
do not break their symmetry. The dynamics of initial localised structures
with coupled first- and second-harmonic waves is also studied by means
of the virial identity that predicts either stable propagation of mutually
trapped solitons or spreading of both waves, depending on the incident
beam power.

This work was supported by the Danish Natural Science Research
Council.
1) J. Juul Rasmussen and K. Rypdal, Physica Scripta 33,481 (1986).
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2) L. Bergé, V. K. Mezentsev, J. Juul Rasmussen and J. Wyller, Physical
Review A 52, R28 (1995).

3.4.8 Dynamics of Localised Solutions to the Raman-extended
Derivative Nonlinear Schrodinger Equation
L Bergé (CEA, Centre d'Etudes de Limeil-Valenton, Villeneuve-St-
Georges cedex, France), J. Juul Rasmussen and J. Wyller (Nannk
Institute of Technology, Norway)
E-mail: juul@risoe.dk

The temporal evolution of localised solutions to the Raman-extended
derivative nonlinear Schrodinger (R-EDNLS) equation is considered.
This equation describes, e.g., the evolution of the envelope, u, of a
nonlinearly modulated wave train in optical waveguides (e.g. single mode
optical fibres). With suitable normalisations it reads (see Section 3.4.9):

u, + iuxx + a\ u\2 ux + iy{\ u\2 )x u + io\ u\* u = 0, (3.5)

where a, y and a are real constants. (In the context of optical
waveguides, t corresponds to the propagation distance along the
waveguide and x plays the role of time). For Eq. 3.5 in general only the
"wave action" (N = J \u\2dx) is conserved. (For y = a = 0 Eq. 3.5 is
integrable, it has soliton solutions and possesses an infinite number of
conserved quantities; for 7= 0 it forms a Hamiltonian system with three
conserved quantities: N, the linear momentum and the energy, the
Hamiltonian, H).

Localised solitary wave solutions and periodic cnoidal wave solutions,
which exist in the case y = 0, are shown not to exist in the presence of
the Raman term I^IMI2)*«. However, by means of a test function approach
using the Lagrangian of the equation (for y- 0), and by using virial type
estimates it is possible to study the temporal evolution of an initially
localised structure. In the latter approach the evolution of the mean
square width of the structure is estimated.

The main results are: For the case a = y = 0 the critical nonlinear
Schrodinger equation appears, for o> 0 this has collapsing solutions for
Af > Ncr and H < 0, where Ncr is the "wave action" of the ground state
solitary wave solution. For y=0, a > 0 finite time collapse will still
occur for N larger than some critical value and H < 0. While we found
that a finite Raman effect (y^0) may arrest the collapse, i.e. hinder the
formation of a singularity in finite time.

This work was supported by the Danish Natural Science Research
Council.
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3.4.9 Classification of Shock Type Solutions to the Extended
Derivative Nonlinear Schrodinger Equation
J. Wyller (Narvik Institute of Technology, Norway), T. Flå
(University ofTromso, Norway) and]. JuulRasmussen
E-mail: juul@risoe.dk

Under a slowly varying amplitude assumption the propagation of
modulated weakly nonlinear wave trains is described by the standard
nonlinear Schrodinger equation with a cubic nonlinearity. In dielectric
guides, e.g., the nonlinearity describes the Kerr-effect. The higher order
nonlinear Schrodinger (HNLS) equation

iØr + Ø« = a1løl2ø + ̂ løl>H^a3løl2ø{+(a4 + ias)ø(løl2)4 (3.6)

can describe wave propagation in dielectric guides, with the account of
higher-order nonlinearities. Here a, (/ = 1, ..., 5) are real coefficients,

<p{g, T) is the slowly varying amplitude, r is the propagation coordinate

and £ the reduced time coordinate, both being normalised to true physical
quantities. In this context, the nonlinear terms represent: the Kerr-effect
(fl,løl2ø), the first-order contribution to the nonlinear saturation
(c/2l0l40), the nonlinear dispersion (/a3løl20£ and ia5(Iøl2).</>) and the

Raman effect ( a jø l 2 ^ ) . In addition, Eq. 3.6 with a* = 0 is a model for

the so-called marginally stable modulated wave trains in different
physical systems.

When 03 & 0, Eq. 3.6 can be transformed to the extended derivative
nonlinear Schrodinger equation:

q, + iq^Mql2 qx + iy(\q\2 )xq + io\q\4 q = 0 (3.7)

by means of a point transformation and a subsequent gauge
transformation. Here y is proportional to a4 and o is a function of a\, a2,
«3 and #5.

The properties of Eq. 3.7 are studied by Flå and Wyller1 for the case y
= 0. We have shown that the Raman effect (i.e., finite y) excludes the
possibility of having periodic cnoidal waves as well as
localised/compressional/rarefactional solitary wave structures that exist
for y- 0.. However, a new class of non-localised solutions are found in
the form of travelling and stationary kinks. These structures appear as a
localised change of the wave amplitude and may have either a monotonic
or an oscillatory structure. The kinks are referred to as optical shocks in
analogy with hydrodynamic shocks, or optical double layers in analogy
with electrostatic double layers in plasmas. We have classified the
different types of kink solutions by applying hydrodynamic shock theory
to the hydrodynamic equations for the action density and local wave
number derived from Eq. 3.7.
1) T. Flå and J. Wyller, Physica Scripta 47, 214 (1993).
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3.4.10 Quasi-collapse of the Moving Excitations in the Two-
dimensional Discrete Systems
V. K. Mezentsev (Institute for Automation and Electrometry, Novosibirsk,
Russia), P. L Christiansen*, Yu. B. Gaididei (Institute of Theoretical
Physics, Kiev, Ukraine), J. Juul Rasmussen and K. 0. Rasmussen*
(*IMM, The Technical University of Denmark, DK-2800 Lyngby,
Denmark)
E-mail: juul@risoe.dk

The localisation phenomena are widely recognised as a key for
understanding the excitation dynamics in many physical contexts such as
theory of light pulse propagation in nonlinear waveguides, charge and
energy transport in condensed matter physics and biophysics.1 We study
the discrete localised stationary states (solitons and breathers) and their
localisation dynamics in the framework of the generalised discrete
nonlinear Schrodinger equation (GDNSE), which in the continuum limit
becomes the well-known nonlinear Schrodinger equation (NLS).

The model we use to describe the localisation dynamics is given by

where lF,,un is the complex amplitude of the on-site excitation, Qm,n
describes inhomogeneous frequency shift, b measures the intrinsic on-site
nonlinearity, the constants a and J describe the simplest cases of linear
and nonlinear coupling between nearest neighbours. The one-dimensional
quantised version of this model was first considered in the quantum case
by Salerno2 and was recently introduced as a model of the classical
lattices by Cai et al.3

We show the essential importance of the existing stable immobile
solitons in the two-dimensional dynamics of the travelling pulses. The
typical scenario of the 2D quasi-collapse of a moving intense pulse
results in the formation of the trapped standing narrow spikes. In one-
dimensional discrete systems the stopping of the initially moving smooth
pulse and the corresponding energy localisation are known as the pinning
effect. We study two-dimensional dynamics of the intense, moving
excitation, which exhibits collapse to a singularity in the continuous
limit. The discreteness of the system arrests the collapse and prevents the
appearance of the singularity. Contrary to the continuous case, an initial
pulse of sufficient amplitude may create more than one localised state -
states that are in fact the localised stationary standing solitons or
breathers. A typical example of the pinned localised states as a result of
the collapse of the initially moving Gaussian pulse is shown in Figure 36.
We have thoroughly studied this dynamics as well as the dynamics of
scattering of the collapsing pulse on point impurities.

This work was supported by the Danish Natural Science Research
Council.
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1) Nonlinear Coherent Structures in Physics and Biology (Eds. K. H.
Spatchek and F. G. Mertens, Plenum, New York (1994); Future
Directions of Nonlinear Dynamics in Physics and Biology (Eds. P. L.
Christiansen, J. C. Eilbeck and R. D. Parmentier, Plenum, New York
(1993)).
2) M. Salerno, Phys. Rev. A 46, 6856 (1992).
3) D. Cai, A. R. Bishop and N. Gronbech-Jensen, Phys.Rev. Lett. 72, 591
(1994).
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