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Accelerated Expansion of Laser-Ablated Materials near a Solid Surface
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A dynamic source effect that accelerates the expansion of laser-ablated material in the direction
perpendicular to the target is demonstrated. A self-similar theory shows that the maximum expansion
velocity is proportional toc,/a, wherel — « is the slope of the velocity profile and is the sound
speed. Numerical hydrodynamic modeling is in good agreement with the theory. A dynamic partial
ionization effect is also studied. With these effeetsis reduced and the maximum expansion velocity
is significantly increased over that found from conventional models.

PACS numbers: 79.20.Ds, 03.40.Gc, 47.45.-n, 81.15.Fg

The behavior of material expanding into a vacuumso that we can compare with free expansion models that
or ambient background is an important issue in gaslo notinclude absorption.
dynamics [1-6]. Itis of interest in materials research [7— In free expansion models the material that will form
18], fluid dynamics [2], chemical physics [4,13], plasmathe plume is initially held in a reservoir. At = 0,
sciences [4—6], detonation processes [4—6,19], cosmologyhen the gate of the reservoir at= 0 is opened, the
[3,4,20], and many other disciplines. It has long been amas adiabatically expands forward and a rarefaction wave
important conclusion [1-5,13] that the escape (maximummoves with the sound speed from the gate to the back wall
expansion or expansion front) velocity of an originally atx = —d in a period of time(z,) during which the back
stationary gas has a limit, which for an ideal gas iswall pressure remains constant. Then, the wall pressure
cs/2/(y — 1) for a steady expansion aritt;/(y — 1)  begins to drop quickly. For the expansion remaining self-
for an unsteady expansion, whergis the initial sound similar (+ = ¢,), the average velocity gained per particle
speed and is the ratio of specific heats. involved in the expansion is;/y. For monatomic gases

For laser ablation in materials research, the quality ofy = % the maximum velocity iS$c, and the velocity and
the deposited films is critically dependent on the rangelensity profiles of the expanding gas are= 3¢,(1/4 +
and profile of the kinetic energy and density of the ab-x/4c¢,r) and n = ny(3/4 — x/4c,t)’, respectively [1—
lated plume [7-9]. Experimental measurements consiss,13], wherec, = (ykgT,/m)"/2, kg is the Boltzmann
tently show that, at low laser fluence for which the laserconstant,T, is the vapor temperature; is the mass of
energy absorbed by the plume is thought to be negligiblethe plume atoms, ana, is the initial gas density.
the expansion front is a factor of 2—3 faster than predicted In our approach, chosen to correspond more accurately
from unsteady adiabatic expansion with typical vaporizato the true physical situation, the material with the same
tion temperatures [7,10-13]. The effect of a Knudsertemperature is inserted as a source dynamically introduced
layer [15] was studied in an attempt to explain the higheiinto the system atc = 0 after r = 0. For the plume
escape velocity. It gives a velocity df, [13], where  pressureP below its thermodynamic critical pressure and
ur < ¢y is the Knudsen layer velocity, which is still too with low plume viscosity, we may assume that the plume
low. The inability to explain the experimental observa-behaves as an ideal gas such t®at= n(1 + 0)kgT,
tion through gas dynamics has prompted a suggestion [14yheren (T) is the density (temperature) of the plume, and
of increased vapor temperature due to violent interactiong is the ionization fraction. We use Euler's equations
inside the target such as “phase explosion” [17]. to model the plume dynamics and the Saha equation to

In this Letter we demonstrate for the first time a dy-determine the ionization fraction [16]:
namic source effect that accelerates the unsteady expan-

d

sion front in the direction perpendicular to the target 5(’1) = —a—(nv) + 8,8(x — xy), (1)
surface significantly faster than predicted from conven- ;
tional models. The related effect of dynamic partial ion-  ;;; — (nv) = —— (P + mnv?), (2)
ization that increases the expansion in all directions is dx

i i - d d
also studied. These results may help explain the long —(E) = ——[w(E + P)] + Sed(x — x,), (3)
time puzzle of high expansion front velocities observed in ot 0x
laser-ablation experiments without introducing more ex- 2 2 2 knT 3/2
otic mechanisms. As in previous work [11-14], we are 1 71 = — u—+< Wn;lfz B ) e UilksT (€]
interested here in a laser fluence range high enough for nooni

hydrodynamic theory to be applicable but low enough forwhere E = mne + mnv?/2 is the energy density,
the absorption of the laser energy by the plume to be weak = (1 + %) (k3T /m)/(y — 1) + nU; is the enthalpy,
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U; is the ionization energyu,+ and u, are the elec- From Egs. (1) and (2) we obtain the density profile=
tronic partition functionsyn, is the electron mass; is  ns(1 — £)("®/® and the pressure profil® = ng X
Planck’s constant, = njqvys is the density source, vZma’(1—a)/(1+a)(1— &)U1+1/®) The temperature
Sg = niquisksT,/(y — 1) is the energy sourcesq is  profile is thenksT/m = vZa(1 — a)/(1 + @) (1 — €)%

the liquid density, and, is the recession speed of the Thus, the plume profiles are known, except for
target surface due to ablation. Here we take the smab,,, «, ns, andTs. From mass conservation, we have
Knudsen layer limit, usav = 0 at the surface, and let U = Mg /N5 5)
S, and Sg be constant. Because > v, the effect m ligPrs /RO

of surface recession on the plume expansion can behich shows that the mass flux at equals the mass

neglected [21], i.ex; = 0. source. WhenP; is approximated to be a constant in
Intuitive physical explanatior—For the system with- time, the conservation of momentum gives
out any ablated material at= 0, we expect that at > 0 Um = C5/AJTg 6)

the surface pressure rises due to the dynamic source and
the gas expansion decreases the rise rate. Then, the baibere ¢ = (1 — a)/(1 + @) and ¢5 = (yksTs/m)"/2.
ance between them causes the surface pressure to salle energy conservation yields
rate. Since the plume momentum is determingd by_the Um = cs/arlyh, 7)
pressure gradient, the sustained pressure may yield higher
average velocities at early times. Moreover, the accom¥heres = [2(1 —a) + (5 + a)(y — D]/2(1 + a) X
panying source of energy inflow also makes the unsteadyl + 2a). So far, we have three equations for four
expansion nonadiabatic, especially near the surface. Duftnknowns. We need one more equation to uniquely de-
ing an unsteady expansion, the kinetic energy of the plumiérmine the solution. This requires the solution of the
is redistributed. The increase of entropy due to nonadia?onlinear equations in the transition region near the sur-
baticity further changes the plume profiles and may thugace, where the entropy increases. Instead of introduc-
result in an even higher maximum expansion velocity, esli"d this complexity, numerical hydrodynamic modeling is
pecially in the direction perpendicular to the surface. Thisused. From the slope of the velocity profile found from
will be studied analytically. this modeling, a value od is obtained, Whl_ch th(—;-n allow
The effect of dynamic partial ionization further increasesuS t0 compare other parameters and profiles with the ana-
the maximum expansion velocity, but in all directions. ytical solutions. We note that iz = (y — 1)/(y + 1)
When the material expands into a background gas, a shodk used, the analytical th_eory can recover the previous re-
wave is generated at the expansion front. As a result, theults [13] of free expansion with a Knudsen layer.
temperature at the front increases. With dynamic partial The analytic results show interesting physics. From
ionization some of the heat is transferred to ionization enthe plume profiles, we know that the lower the constant
ergy such that the increase of the temperature at the frot: the more nonuniform the flow. Also, Egs. (5)-
becomes smaller to balance the plume enthalpy. That i§/) indicate that lowera implies higherv,,. Figure 1
less energy goes to thermal (or random) motion. SimulShows v, normalized toc, "g‘”d ¢s, as a function of
taneous conservation of energy and momentum causes te for a monatomic gasy = 3. The rapid rise of the
flow velocity to become larger, which represents directednaximum expansion velocity a¥ = 0.1 is due to tt?e
motion. This effect is reduced for lower vapor tempera-1/a dependence. The value,/cs =4 for a =
ture. It has no effect when the material is fully ionized.corresponds to the case of adiabatic expansion with a
We will quantify the effect with numerical modeling. Knudsen layer [13]. Equation (6) gives the local flow
A self-similar theory for the dynamic source effest. condition até, i.e.,vs/cs = /(1 + @)/y(1 — a). The
For simplicity and comparison with the free expansionflow at § is sonic for the case of adiabatic expansion with
results, our analysis considers the gas expanding into the Knudsen layer. Figure 1 also shows that the flow at
vacuum to be neutral, which is a good approximation¢ = & is subsonic (supersonic) far < %(a > }). The
for T, < U;. With an energy source, the system islocal temperature in terms @f, is not sensitive tax.
not adiabatic near the surface. Nevertheless, except Numerical hydrodynamic simulatioch-The Rusanov
for early times and a transition regiof®x) near the scheme [22] was used to solve Euler’s equations, Egs. (1)—
surface, we expect self-similar expansion as in a fre€3); the nonlinear calculation df and n was done with
expansion. The self-similar variable i§ = x/v,,f, the Newton-Raphson method [23]. The logarithm of
where v,, is the maximum expansion velocity, and the Eq. (4) was used for numerical stability. The system
velocity profile is v = vy[a + (1 — a)é], where @« size was 1000 spatial cellsyx. The initial adaptive
is determined by the flow propertigs = o = 0) and  grid size wasl0~> cm, which is required for numerical
is expected to be different from that of adiabatic freeconvergence. New vapor was added into the first cell near
expansion, i.e.,a = (y — 1)/(y + 1). The source the surface perturbatively; this limited the time step size to
boundary conditions af = 6§ = éx/v,t < 1 are given  njiqursTy At < n1T1Ax, with subscript 1 the first cell.
by the constants: = ns, T = Ts, and v = vs. We Typical physical parameters were as follows. The
transform the independent variables fropa,¢) to £.  system was initialized with a uniform background gas
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FIG. 1. Normalized maximum expansion velocity and local (cm)
flow L\/Iach number(vs/cs) at ¢ = & as functions ofa for FIG. 2. The plume density and velocity profiles rat= 5 ns
y = 5 from self-similar theory. In free expansion models, from the analytical self-similar theory, numerical hydrodynamic
a = 0.25. modeling, and conventional free expansion model. Here, we

havea = 1/14 andv,, = 7.42¢, for the analytics, andy, =

of densitynp, = 1 X 1010 em™3 and temperatur@y, = NiiqUss/cs = 2.69 X 10%° cm™? for the free expansion case.

293 K, for a pressure?,, ~ 0.3 uTorr. A constant sup-

ply of vapor was added for 6 ns with a temperatlife=  with the analytical theory. The average velocity at 5 ns
7000 K, given by the Clausius-Clapeyron equation foris 1.8 X 10° cm/s, which is about 60% higher than that
a surface pressure at several hundred atmospheres. Tékthe free expansion model. After the rarefaction wave
target surface recession speed was= 1 X 10° cm/s.  of the free expansion reaches the back wall, the difference
These parameters are typical for the ablation of silicon at iill be significantly reduced (and disappeartat> o if
laser fluence of a few/&m? [24]. Both source and back- the system remains one dimensional). However, the max-
ground gases are chosen to have a mass of 28 amu withraum expansion velocity and the self-similar profile have
solid density 05.01 X 10> cm™3, an ionization potential been reached much earlier. In Fig. 2, for the free expan-
of 1.3 X 10" ergs (8.1 eV)u+ = 6, andug = 15; these  sion caseny = njqvrs/c, is chosen to make the total
parameters correspond to silicon. The normalized resultsumber of atoms involved (and energy) equal to that of
should also be applicable to different materials. We usethe dynamic source case. We note that the pressure in the

y = % Thus,c, = 1.85 X 10° cm/s. reservoir is 258 atm, which is smaller than that from the
We first study the case without the Saha equatiordynamic source case as shown in Fig. 3.
(no ionization, i.e.,y = 0). Figure 2 shows the pro- Figure 3 shows how the dynamic source causes the

files of density and velocity at = 5 ns, at which time surface pressure to rise quickly and approach a saturation
the expansion is almost steady state. From the modelevel of 4.7 X 10® dyn/cnm?, or 460 atm, consistent with
ing, we found that the expansion developed self-similarlyneasured values [18]. Then the surface pressure drops
after 0.1 ns. The front position is at = 0.0069 cm  exponentially after the source is terminated: at 6 ns.

at + = 5ns. From the ratio of the front position and Maximum velocity atr = 10 nsis1.2 X 10° cm/s.

the time, we estimate,, = 1.38 X 10° cm/s or 7.46¢;, When we use the Saha equation (the more physical
which is 2.5 times that predicted from the free expansiorcase), we find that the surface pressure remains unchanged
model (i.e.,3c; = 5.55 X 10° cm/s). From the slope and the maximum velocity is about 40% higher as also
of the velocity profile, we knowa = 1/14 = 0.07143,  shown in Fig. 3. It reache$.7 X 10° cm/s or9.2¢;, at
which givesvs = 9.85 X 10* cm/s. Thus,6x = 6.4 X t = 10 ns. As discussed earlier, this is an effect due to
1073 cm. The simulation also shows that = 4.7 X  dynamic partial ionization as a result of increased energy
10 cm™3 andTs = 3693 K. From Eq. (7), the analyti- channeled into directed motion. This effect is reduced
cal maximum expansion velocity ®42¢,. From Eqgs. (5) when the vapor temperature is lower; it gives only about
and (6),n5 = 5.07 X 10°° cm 3 andT; = 2836 K. The a 6% increase whefi, = 3500 K, for example.

analytical profiles, from the self-similar theory, shown When the background pressure is lower, the simulation
in the figure arer = ns[1 — x/(0.0069 cm)]"® andv = results show thatw is lower, the maximum velocity is

v, /14 + (13/14)[x/(5 n9]. Although the profiles atthe higher (which is linear in the Ia®,, scale), and the
shock front are flattened due to the small but finite backeffect of dynamic partial ionization is greater. We also
ground pressure (not included in the analytical theory)checked the effect of different surface recession speeds.
the overall profiles and scalings are in good agreemerBoth surface pressure and density are linearly proportional
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