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Observation of laser-induced microscale knotted and unknotted vortex filaments
on vaporizing tantalum surface
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Laser-induced Ta-surface superheating on a ns time scale is connected with the formation of a spinodal fluid
which decomposes into a gaseous phase through microexplosions, generating vortex filament structures on the
vaporizing surface. Vortex filaments associated with the Reynolds numbel®e 10* are organized into
regular, quasiregular, or chaotic structures. Homotopic operations transfer these structures into irreducible ones
of a simple closed-loop type, showing that all of them are embedded in a three-dimensional torus either as a
vortex ring (unknotted knot as a cloverleaf(trefoil knotted knot, or as Hopf links (knotted knot.
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The paper deals with experimental evidence of generatioat a spot size~3—-4 mm, Q=10" W/cm? performed on
and organization of vortex filaments in the explosive decomsmall samples~1X1x0,05 cm of Ta, indicate that small
position of a spinodal fluidliquid Ta) into a gaseous phase regions of volume boiling may appear inside the planar boil-
on the time scale<10 ns. Spinodal fluiti? is generated dur- ing, i.e., at the laser power densiQ<Q,oume boiling: FOr
ing surface superheating of metals in high-power, short-timelarge samples, however, volume boiling seems to be absent
scale laser-metal interactions when the surface layer behaveader the same experimental conditions. In addition, the con-
as a dielectrié.It thus, becomes transparent enabling a deepour of the volume boiling regions on the small samples
volume absorption of a laser bednThe vapor pressure strongly depends on the location of the laser spot; that as, it
above the surface prevents boiling, and causes superheatifggdifferent in the center, in the corner, or near the sidewall of
of the liquid metaf the sample. This strongly indicates the role of shock waves

The calculations of Gros$ébased on the van der Waals in the generation of regions of the spinodal fluid, and there-
theory have shown that superheating may in principle occuffore of regions of volume boiling inside the planar chie
for all metals, but that the spinodal curve for some of them idarge samples, the stress waves suffer a gradual decay, and
flat rather than cusplike. However, for refractory me{dls  being reflected from the sample sidewalls, they return back
Ta, Mo, etc) the cusp is large, and superheating may reaclinto the laser-interaction space with delay, after the pulse
even 16-10* K. The system is pushed into a metastabletermination. In small samples, however, the attenuation is
region of a thermodynamic diagram, where thermal conducinsignificant, and reverberated waves return into the interac-
tivity k—0, and specific heaf p— .22 Since fluctuations tion space before the pulse termination, with almost the same
play a crucial role in the metastable phase, the system is nehergy. This gives rise to regions of very high pressure, and
stable, and exists only for a short time, after which it decomwith the spinodal characteristics of liquid metal. Thus re-
poses into a gaseous phase through microexplosions of sugions of volume boiling coincide with regions of high pres-
face bubbles, characteristic of the onset of “volume” boil- sure, established by superposition of the shock waves.
ing. As usually assumed, this transition occursQat 10° The explosion of bubbles on the vaporizing surface of
W/cm?. tantalum generates vortex filaments organized into spatial

The transition from planar to “volume” boiling is not a structures, ranging from circuldvortex rings to very com-
well-elucidated problem from the aspect of the phase diaplex, and even to chaotic ones. The vortex ring as the most
gram, nor from the aspect of surface dynamics and the cossimple structure exhibits a rotation of each vertical element
responding surface morphology. Ultrafast cooling after pulsearound the curved axis of the figure. The flow of the subsur-
termination causes the surface morphology to stay permdace fluid separates at the edge of the explosion crater; a
nently frozen, thus enabling posteriorianalysis. cylindrical vortex sheet forms, and rolls up into a vortex

Recent studies of these problems on metals,ring. The fluid velocity associated with microexplosions is
semiconductor§,and superconductor cerami@shed more comparable with the velocity of the expelled vapor in laser-
light on superheating on a ns time scale. In spite of the difdriven vaporizationy~10°-1¢ cm/s! which gives high
ference in the absorption process and the superheéting Reynolds numbers Re10°~10%. Similar Reynolds numbers
face or subsurfagean these materials, the surface morphol- were obtained in experiments under highly controlled condi-
ogy associated with fully developed volume boiling is thetions (Reed® and Widnall and Sullivaft).
same. The most intriguing aspect relates to the onset of vol- Typical examples of the spatial structures developed in
ume boiling(not fully developed associated with the reach the bubbling zones, for the laser spot, are shown in Fi@s. 1
spectrum of dynamic phenomena, and generation of and Xb). The spatial structure consists of a number of vortex
strange morphology. rings which denseljfFig. 1(a)] or not densely{Fig. 1(b)]

Our studies with a&-switched Nd:YAG(yttrium alumi-  cover the surface, and resemble a sheet of small-scale struc-
num garnetlaser, with 10 ns at half width at half-maximum, tures of vorticity in a turbulent field.
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FIG. 1. Local bubbling zone on the Ta surface. Generation of vortex rings of different f@agi@ne of small bubbling zones.
M ~50. (b) A part of another bubbling zon®1 ~110. (c) Distribution of radia for the vortex ring¢d) Vortex ring on a boiling Ta
surface. The vortex core becomes gradually more and moréiflathe side oscillations which represent the azimuthal instability appear on
the circumference of the vortex ringi) The instability involves the appearance and amplification of azimuthal waves around the circum-
ference of the ring(iii) The waves may subsequently break down to turbulence if their amplitude is large enough. Growth of azimuthal
instability is clearly seen, but a transition to turbulence does not take place.

The distribution of the vortex radid was found to follow r .
the scaling relation a= oo nyl—n°In(y»R), 2
N(R)=R™¢, (1 wherel is the total vorticity,n the number of maxima of

disturbance of the vortex ringy the vortex filament diam-

with a~1.5, which holds for all ring vortices, except for the eter, andrR the radius of the ring. Although it is difficult to
smallest and largest ongsig. 1(c)]. determinen for very small rings, we estimated it to be 3 or 5

A more precise determination of requires a larger mag- for a majority of vortex rings. This should be compared with
nification. However, a larger magnification causes the edgethe vortex rings obtained on a much larger spatial scale by
of the vortex rings to become hazy, and the error bar inGlezer*? Reed® and Fohl and Turner®
creases. In the present experiment the azimuthal instability does

The vortex ring is unstable. The instability sets in on thenot reach the stage which causes a transition of the vortex
perimeter leading to a transformation of a laminar vortexring into a fully turbulent state. Development of a fully tur-
ring into a turbulent one. The transformation occurs througtbulent state would probably require a time scale larger than
an azimuthal instability seen as a sinusoidal oscillation orthe pulse duratiofl0 ng. Instead, deformation of the vortex
the circumference of the vortex ring. This process is accomfilament becomes very intensive. As a consequence rings be-
panied by a ring flattening that occurs through elliptical de-come flat, and are embedded into the background fluid. The
formation of the vortex filamen{Fig. 1(d)]. The sinusoidal vortex core flattening is caused by viscosity effects which
perturbation amplifies with the facter, given by start to increase after the laser pulse readies a maximum.
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FIG. 3. Complex organization of the vortex filamet#. Micro-

FIG. 2. (a) Local bubbling zone showing different types of the graph of the knotted vortex rinlow right corney. M ~230X. (i)
vortex filament organization than Fig. M~110. (b) The Magnified micrograph after numerical filtration by the image ana-
“eight-type organizationM ~230X. (i) Symbolic representation lyzer. The knotted vortex is identified as the asymmetrical clover-
of the filament by a curve(ii) Folding of the loop transforms the leaf with one loop shrinked(ii) Symbolic representation of the
structure into a simple vortex ringc) The crossed ring organiza- cloverleaf-knotted vortex filamentiii) Schematic illustration of
tion of the vortex filaments(Overcrossing and undercrossjng) embedment of the knotted filament into a 3D toroidal spabg.
Symbolic representation of filaments indicates the knotted vorticeg\nother type of complex organization of vortex filament.
of the Hopf-link type. M ~230. (i) Magnified micrograph after numerical filtratiofii)

. . Symbolic representation of the vortex filament by a curiig)
Also, the surface tension starts to increase abruptly becau&qﬂdmg the large loop to the right and the small one to the left

of ultrafast surface cooling at the end of the laser pulse.  reyeals a more simple homotopic structuie) The final stretching

A different pattern of spatial structures, whi6h addition  gperation transforms the structure into a simple vortex fthg
to the vortex ringscontains a vortex filament organization of ynknotted knot

various complexity levels, can be seen in Figp)2Some of
the structures, showing a complex but still regular organiza- . . . .
tion of vortex filaments of the closed-loop type, are shown insample walls, grain boundaries, or defects m_the underly_lng
Figs. 2b) and 2c). Both cases represent the vortex ringsSOI'd' 'I_'hese_sh_ock waves cause deformatlo_n, stretching,
embedded into a three-dimensioriaD) torus: the first one Sdueezing, winding, and folding of the vortex filament seg-
is unknotted, and the second one knott&d? ments, thus giving rise to a chaotic spatial organization.
Additional types of complex organizations of vortex fila-  Systematization of the vortex filament organization is
ments are shown in Figs. 3 and 4. These structures are tt@sed on knot theor¥/;** and the assumption that each par-
result of motion of the vortex segments in different planesticular knot has a complexity level, or skewnes level, which
with different velocity. The amplitude of the disturbance thatis given by the number of topological operations needed to
causes the motion of vortex core segments is much largeeconstruct the basic homotopic structure. According to this
than that of the core radius, and it is associated with locaprinciple, the vortex filament organization shown in Figs.
shear flow. This is the result of strong shocks imposed by th@—4 follows an increasing level of topological complexity.
laser pulse on the fluid. The shock waves which interact with  Homotopic operations reveal that every chaotic structure
vortex filaments are generated in the center of the beam, bumay be transferred into a basic structure of a simple closed-
they can be also reflected, refracted, or dispersed from thi@op type. They are embedded in a 3D torus, and appear to
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FIG. 4. Chaotic organization of the vortex
filament.(a) Micrograph of chaotic filament orga-
nization. M~110. (i) Micrograph after nu-
merical filtration.(ii) Symbolic representation of
the vortex filament by a curvdiii) By folding
and stretching the left and right loops, the struc-
ture is transformed into a simple one, indicating
the three Hopf links(iv) Symbolic representation
of three Hopf links(knotted knots (b) Another
type of chaotic vortex filament organizatiot)
Micrograph after numerical filtration(ii) Sym-
bolic representation of the filament by a curve.
(ii ) By stretching the large undercrossing loop to
the right, the structure becomes more simfile).

By folding the large loop to the left, the structure
is further simplified.(v) In the final homotopic
operation the structure appears to be the Hopf
link, i.e., the knotted knot also embedded in 3D

O toroidal space.
()

be a vortex ringunknotted knat a cloverleafitrefoil knot-  duration. Therefore, the turbulent field of the vaporizing tan-
ted kno}, or Hopf links (knotted knot. talum surface, generated by the short high-power laser pulse,
The background field contours have too small an intensitynay be characterized by two time scales: The first one is for
to be reliably analyzed. Magnetification and contrasting ofthe background turbulent field with fast turbulent cascades
the flowlines give patterns similar to those obtained in nuwhich ends a stratified fluid. The second one is the long-time
merical simulations by Ruetsch and MaxéyMost of the  scale(comparable to the pulse duratjoof the knotted and

flow lines of the background field are merged in the momen{,\knotted vortex filaments, associated with microexplosions
when the laser pulse is switched off. This means that theip¢ spinodal fluid.

dissipative time scale is very short, i.e., shorter than the pulse
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