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Possibility of rarefaction shock wave under short pulse laser ablation of solids

Nadezhda M. Bulgakova
Institute of Thermophysics SB RAS, 630090 Novosibirsk, Russia
(Received 17 June 1999

Attention is drawn to a phenomenon that may give a radically different explanation for the recent observa-
tions of the system of dark rings above a solid surface vaporized by a short laser pulse. If a substance is heated
to near-critical temperature, the existence of the compression shock wave becomes impossible, whereas the
rarefaction wave takes a form of shock. The rarefaction shock can be considered as an interface in the
expanding near-critical substance to form Newton rings in time-resolved optical microscopy experiments. The
qualitative picture of the laser-ablated material expansion in vacuum with the generation of the rarefaction
shock is discussedS1063-651X%99)50410-§

PACS numbsd(s): 79.20.Ds, 68.35.Rh

In recent work[1] using time-resolved optical micros- speed of sound, is smaller than the wave velocify, in the
copy, the system of Newton rings was observed above ®w-pressure region ang,>D; behind the wave; that is, the
solid surface vaporized by a short laser pulse in vacuum thatondition of existence of the compression shock waves and
implied the formation of a sharp interface in the expandingimpossibility of the formation of the rarefaction shock
material. The rings show up at the near-threshold laser fluwaves.
ences lasting about 100 ns and disappear with increasing At the critical point, ¢?p/dv?)7=0. In the critical iso-
laser fluence[2]. To explain this unusual phenomenon, atherm Il (T=T,, T, being the thermodynamic critical pojnt
harmonious theory based on the decay of metastable state @fere is a part with §?p/9v?)+<0 (a portion of curveCA).
matter into a two-phase mixture has been propd8¢dAc-  The isotherms close to the critical one with bdtk T, and
cording to this theory, the outer liquid layer of the irradiated T> T exhibit the same behavide.g., curve lI). If the value
target swells under the pressure of the vaporized inner layers, is large enough=20 cal/(molK) [4]], the adiabat fol-
which represent a vapor-drop mixture. In this paper, attentows close to the isotherrfdotted curve and thus, a portion
tion is drawn to another intriguing phenomenon that can givesf adiabatB D is convex upwards as wethbnormal adiabat
rise to shock generation in the expanding substance, thufat is, (72p/dv?)s<0. In such cases the right-hand side of
causing interference of the probe laser pulse. Eq. (1) becomes negative and this expression transforms to

As early as 1946, Zeldovicf4] pointed out that in the the condition of existence of rarefaction shock waves and
vicinity of the critical point “liquid-vapor” the value impossibility of compression shock waves. Correspondingly,
(9°plav®)s (p, v, andSare the pressure, the specific vol- in the adiabat portioBD, the speed of sound increases with
ume, and the entropy, respectivelyecomes negative for a decreasing pressure, which is the case in the vicinity of the
substance with a reasonably high specific heat at constagtitical point[9]. Notice that such a portion of the adiabat
volumec, . As a result, rarefaction shock waves can be gencan lie off the region of condensed matter. Thus, the sub-
erated in a substance heated to the critical temperature, whilgance that expands following this adiabat does not need to
the compression waves become nonsharp with the width praye two-phase as is taken in mo(ig] where expansion along

portional to the distance the wave has traveled. A comprea subcritical adiabalV) is assumed. Another radical distinc-
hensive theoretical study of the possibility of the rarefaction

(negative shock waves was performed jB]. The rarefac- p

1

tion shock wave was first observed in freon-13 near its criti- H “G

cal point only in 19806,7]. |§_\ \\
A typical p,v-diagram is sketched in Fig. 1. Far from the }AE v

\
critical point, adiabatic compressibility of the substances, be \ "-..\m\
they gases, liquids, or solids, decreases with increasing pres- b
sure[e.g., adiabat)], which is to say that @?p/dv?)s>0.

According to the Jougueondition for the entropy change in /Z -
a low-intensity shock wave given by
< 1 (#p 5 L
1 SO_l_ZTo P S(Vo Vi) 1)

(subscripts 0 and 1 denote the variables in front of and be- FiG. 1. A typicalp,v-diagram. A qualitative picture is shown,
hind the shock wave, respectivglyentropy increases with which does not correspond to any real substance. To impact the

the compression of the substarjdeg]. For a typical adiabat essence of the discussed phenomenon, the details are presented in
() that is convex down, it can easily be shoy8] that the  an exaggerated form.
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FIG. 2. Evolution of the densityleft) and velocity(right) pro-

frozen profiles for expansion along the normal adiabat are
shown with the dashed curyesotherwise the rarefaction
shock reflects from the nonablated boundary after a time.
Thus, a density jump is formed that may be responsible for
the interference of a probe sign&lewton rings observed in
[1,2]. Notice that the decay of the rarefaction shock wave is
shown in Fig. 2e). This may occur when the pressure behind
the rarefaction wave decreases to a value corresponding to
the pointD (Fig. 1); that is, the further expansion follows the
normal portion of the adiab&F [7,13]. The picture of the
reflection of the rarefaction shock from a solid surface is
open to speculation; a general idea can be had from calcula-
tions on the basis of a hydrodynamic approach aflB.

One might expect the initiation of the backflow toward the
target as a result of drastic pressure fall near the reflecting
wall.

According to the scenario considered, Newton rings can
be observed with a delay with respect to the laser pulse and
they have to disappear within the time that the plume takes to
enter a free-molecular regime of expansion and all sharp ir-
regularities are flattened due to the velocity distribution of
the ablated particles. With increasing laser fluence the sub-
stance is thrown to a higher adiabat. At some laser fluence it

files in the expanding ablation plume along the normal to the targetg heated to a normal adiabatgoint G in Fig. 1) when the

x=0 corresponds to the boundary of subthreshold material.

tion of the described phenomenon from that proposg@jn

rarefaction wave is not generated and Newton rings must
vanish. This is in general agreement with the experimental
results[1,2].

is the increasing speed of sound behind the rarefaction shock Whether or not the picture described is real can be under-
wave, whereas it decreases dramatically during decay of gtood in the context of a rigorous theory, which must take

metastable liquid into a two-phase mixture.

into account the behavior of the material properties and their

As has been analyzed [ 0], for fs-laser pulses the abla- relaxation in the vicinity of the critical point. As such the
tion may be considered as direct solid-vapor transition. Neaproblem seems to be currently intractable. First of all, doubts
the ablation threshold for short pulse laser ablation, the temare cast upon the valug, which has to be large enough for
perature of the ablated materials reaches 5000—10 0@ K the rarefaction shock formation, and upon the relaxation of
estimated iff1]) that is near or even above the critical tem- the system to a definite state under rapid heating. Neverthe-
perature of the studied material§.& 7890, 6520, and 5410 less, the following arguments in favor of the described pic-
K for Ti, Au, and Al, respectively11]). Let us assume that a ture can be advanced:
thin layer of a solid target has been heated quickly by a laser (i) As mentioned above, the formation of the rarefaction
pulse to a supercritical statd £ T.) in an abnormal adiabat shock near the critical point requires to be higher than
(point E in Fig. 1). The possible scenario of its expansion in ~20 cal/(motK). It is well-known thatc, for most liquid
vacuum is shown in Fig. 2, where the profiles of the densitymetals is reasonably described by the Dulong-Petit law and
and the velocity along the normal to the target are showrs nearly temperature-independent. Near the melting point it
qualitatively. At the early stage the vaporized material ex-is about 6 cal/(molK). For freon-13 under normal condi-

pands freely following the normal portion of the adiabBf(

tions ¢, =16 cal/(molK), which is less than required by

in Fig. 1), thus taking a smooth sloping profile of the densitythe mentioned criterion. The fact of the rarefaction shock

toward vacuuniFig. 2(a)] [12] with a linear increase of ve-
locity [Fig. 2(b)]. When the conditioiP<P,, (pointB in Fig.

discovery in freon-13 argues for much wider variety of the
materials that may exhibit this effe€13]. Notice that the

1) is reached in the outer region of the plume, the centeredriterion was obtained ifi4] on the assumption that the,

rarefaction wave splits into the centered and shock p&its

value was constant; that is, on the basis of the van der Waals

2(c)] [7]. The velocity profile exhibits a sharp increase be-theory of the critical phenomena. As for now, it is common

hind the rarefaction shockFig. 2(d)]. To the moment of

knowledge that, as a liquid approaches its critical tempera-

splitting, the centered part of the rarefaction wave can reacture, c, increases sharply, tending to infinity by a near-
the subthreshold material and all the ablated substance lIggarithmic law [9]. This is true for bothT<T; and T

taken into expansiofsolid lines in Figs. &) and 2d)]; oth-

>T.. Thus,c, may reach high values in a range of tempera-

erwise the profiles take the forms shown by the dasheture to satisfy the condition of the rarefaction wave forma-
curves. The further scenario depends on what local flow vetion.

locity (subsonic or supersoni¢s gained by the substance in
front of the rarefaction shockpoint S). For supersonic ve-

It should be mentioned that such specific heat behavior is
exhibited during slow heating, as commonly used in studies

locity, the density jump moves away from the target and withof critical matter. The question is raised as to whether the
time the expansion picture becomes frozen with possiblepecific heat manages to relax to the discussed behavior dur-

density and velocity profiles as in Figs(e and Zf) (the

ing extremely fast process of fs-laser ablation.
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(i) In a substance heated very quickly to a near-criticalNewton rings, the velocity of the plume boundary must es-
temperature(e.g., by a short laser pulsethe fluctuations sentially exceed the value obtained from interference evolu-
have not initially been excited but the equilibrium betweention. On the other hand, the inflated liquid lay&i eventu-
the nearest neighbotthe correlation at several intermolecu- ally has to burst and the released two-phase mixture can
lar distancepis established rapidlj/14]. For nanoscale pro- reach a high velocity during further free expansion. To settle
cesses, such as fs-laser ablation pluthe ablation depth is the question, it might be well to analyze the deposit. In a
typically 10~100 nm near the ablation thresholdanoscale  gypstance that has experienced decay to a two-phase mixture,
fluctuations, which are generated first, are of importanceine droplets are to be observed. The presence of droplets in
The time of generation of the fluctuations is proportional tohe geposit will support the modéB], while the lack of
their size. It seems likely that only small-scale fluctuationsyqpjets in the expanding material will argue for the scenario
have a chance to develop on rapid heating and further expagescriped (the condensation in the plume expanding in

sion of a laser plume; that is, the correlation rad@sength 5cyum results in only small clusters up to several atoms per
scale characterizing the interaction between the fluctuanon%msteb_

is small for such objects. The width of the rarefaction shock |t the described phenomenon actually takes place during
that is determined by the correlation radili§ has to be  |ager aplation, it will have much potential for yielding infor-
small as well. What the properties are of small portions ofy ation about the behavior of hard-melting substances near
matter heated rapidly to near-critical temperature is uncleagne critical point in fast processes. It is worth noting that
In the ordinary sense, the term “critical” may not be applied 7¢|qovich[14] described the possibility of detecting the rar-

to such a substance. Conceivably its properties might diffeptaction wave in rapid processes using a technique operating
essentially from those of large parcels of the critical mattery, the basis of interference of probe light beam: [,
Possibly an analogy with atomic clusters may be applied,

whose properties differ dramatically from the properties of The author would like to thank D. von der Linde for the
the bulk. With cluster growth their properties tend to the bulkintroduction to the results of himself and his colleagues. She
ones(often nonmonotonically is further grateful to A. Bulgakov for helpful discussions and

Much more research must be done to either validate oto G. Khabakhpashev for providing important references.
disprove the hypothesis proposed. Time-of-flight measureThe critical reading of the manuscript by D. Swindell is
ments are unlikely to favor one or the other hypotheses. If igreatly appreciated. The work is supported by the Russian
is assumed that the rarefaction shock is responsible for thEoundation for Basic Resear¢Grant No. 99-3-32331a

[1] K. Sokolowski-Tinten, J. Bialkowski, A. Cavalleri, D. von der

Press, New York, 1996

Linde, A. Oparin, J. Meyer-ter-Vehn, and S.I. Anisimov, Phys. [9] M.A. Anisimov, Usp. Fiz. Naukl14, 249 (1974 [Sov. Phys.

Rev. Lett.81, 224 (1998.

[2] A. Cavalleri, K. Sokolowski-Tinten, J. Bialkowski, M.
Schreiner, and D. von der Linde, J. Appl. Phyg5, 3301
(1999.

Usp. 17, 722 (1979]; in Critical PhenomenaProceedings of
the International School of Physics “Enrico Fermi,” Course
LI, 1970, edited by M. S. GreefAcademic Press, New York,
1971).

[3] N.A. Inogamov, A.M. Oparin, Yu.V. Petrov, N.V. Shaposhni- [10] B.N. Chichkov, C. Momma, S. Nolte, F. von Alvensleben, and

kov, S.I. Anisimov, D. von der Linde, and J. Meyer-ter-Vehn,
Pis’'ma Zh. EKsp. Teor. Fiz.69, 284, (1999 [JETP Lett.69,
310(1999].

[4] J. Zeldovich, Zh. Eksp. Teor. Fid6, 363(1946.

[5] P.A. Thompson and K.S. Lambrakis, J. Fluid Meéf, 187
(1973.

A. Tunnermann, Appl. Phys. A: Mater. Sci. Proce§8, 109
(1996.

[11] M.M. Martynyuk, Zh. Fiz. Khimii 57, 810 (1983 [Sov. J.

Phys. Chem57, 494 (1983)].

[12] R. Kelly and A. Miotello, Nucl. Instrum. Methods Phys. Res.

B 122 374(1997.

[6] ALLA. Borisov, A.A. Borisov, S.S. Kutateladze, and V.E. Na- [13] A.A. Borisov and G.A. Khabakhpashev, J. Appl. Mech. Tech.

koryakov, Pis’ma Zh. Esp. Teor. Fiz.31, 619 (1980 [JETP
Lett. 31, 585(1980)].

[7] A.A. Borisov, Al.A. Borisov, S.S. Kutateladze, and V.E. Na-
koryakov, J. Fluid Mech126, 59 (1983.

[8] Ya. Zeldovich and Yu. P. RaizePhysics of Shock Waves and
High Temperature Hydrodynamic PhenomeriAcademic

Phys.23, 115(1982.

[14] Ya.B. Zeldovich, Zh. Esp. Teor. Fiz.80, 2111 (1981 [Sov.

Phys. JETF53, 1101(1981)].

[15] Ya.B. Zeldovich, S.B. Kormer, M.B. Sinitsyn, and K.B.

Yushko, Dokl. Akad. NaukUSSR 138 1333 (1961 [Sov.
Phys. Dokl.6, 494 (1961)].



