
applied 
surface science 

ELSEVlER Applied Surface Science 96-98 (1996) 24-32 

An analytical model for three-dimensional laser plume expansion 
into vacuum in hydrodynamic regime 

S.I. Anisimov a9 * , B.S. Luk’yanchuk b, A. Luches ’ 

a L.D. Landau Institute for Theoretical Physics, Russian Academy of Sciences, 117940 Moscow, Russia 
bG eneral Physics Institute, Russian Academy of Sciences, 117942 Moscow, Russia 

’ Departmenr of Physics, Uniuersiv of Lecce, 73100 Lecce, Italy 

Received 22 May 1995 

Abstract 

Dynamic of a dense, laser-produced vapor plume is studied. The analysis is based on the special solution of gas dynamics 
equations that describes the expansion of an ellipsoidal gas cloud into vacuum. This solution is employed to explain the 
apparent ‘rotation’ of the cloud - the so called ‘flip-over effect’. The flux of atoms onto the substrate and the film thickness 
profile are calculated using the model. The present model can be used for the interpretation of the time-of-flight spectra of 
atoms in laser ablation, and for the description of the shape of vapor cloud expanding into an ambient gas. 

1. Introduction 

Pulsed laser deposition (PLD) is extensively em- 
ployed for the growth of thin films. This method is 
used to grow high-Z,, superconducting thin films, 
multi-layer X-ray mirrors, diamond-like carbon films, 
etc. (see reviews [l-6]). The films produced by PLD 
are nonuniform in thickness. The thickness profile is 
determined by the angular distribution of the mass 
flux of evaporated material which, in turn, depends 
on the evaporation regime and on the focal spot 
shape. This has been studied in detail both theoreti- 
cally and experimentally [7-181. Note that, in the 
major part of theoretical studies, vapour expansion is 
assumed to be isothermal. This assumption is not 
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confirmed by the experiment 119-211 and numerical 
calculations (e.g., [22]). Adiabatic expansion of a 
non-isothermal plume was studied in [17]. However, 
the analysis [17] is restricted to the case of axially- 
symmetric flow, which is relevant for the circular 
focal spots. Experimentally, non-circular spots are of 
considerable use, so that the vapor flow has, gener- 
ally, no axial symmetry. It should be noted that the 
initial asymmetry of vapor cloud is not ‘forgotten’ 
during its expansion. To the contrary, the asymptotic 
shape of the expanding cloud is determined just by 
this initial asymmetry. For example, the experiments 
[9,12,13] reveal that, for an elliptic focal spot, the 
spot of deposited material has elliptic shape with the 
axes rotated by 90” (so called ‘flip-over effect’). 
Clearly such effects can not be understood on the 
basis of axially-symmetric model. 

The spatial structure of the vapor plume produced 
by nanosecond laser pulse is well known since the 
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60th. It was shown [19] that a dense cloud (n 2 10” 
cmM3) of the evaporated material is formed in the 
immediate vicinity of the target. Maximum velocity 
of the outer boundary of this cloud is about lo6 
cm/s (for carbon at the laser intensity 10’ W/cm*). 
The size of the cloud grows during the laser pulse 
due to material evaporation and saturates for typical 
times by order of l-3 durations of laser pulse. For 
the laser intensities higher 4 - 10’ W/cm2 the 
boundary of the dense cloud even slowly collapsed 
towards the center after the laser pulse end. 

In the present paper, we study the three-dimen- 
sional expansion of the dense core of laser plume. 
We use the special solution of gas dynamics equa- 
tions describing the motion of gas with uniform 
deformation. This solution results from the Lie group 
invariance properties of the gas dynamics equations 
[23,24]. One-dimensional solutions of this type were 
first studied in [25]. Three-dimensional uniform de- 
formation solutions were first considered in [26]. It 
was shown that the gas dynamics equations can be 
reduced to the set of equations of motion of a point 
in nine-dimensional space. The same result was ob- 
tained later in [27]. In specific cases, the set of 
ordinary differential equations derived in [25,26] was 
solved numerically [27-291, or analytically [30]. 
Qualitative analysis of these equations was per- 
formed in [31]. 

Special solutions of gas dynamics equations ob- 
tained in [26] allow for an arbitrary initial tempera- 
ture profile. Recently, simplest solutions of this type 
with constant temperature were employed for the 
interpretation of experimental results on laser abla- 
tion (see, e.g., [10,11,14]). Note that the isothermal 
flow model is not reconcilable with experiment and 
quite often inadequate because, in the framework of 
hydrodynamics, there is no physical mechanism to 
maintain a finite temperature at the boundary of 
expanding cloud. We assume that the temperature at 
the cloud boundary is zero. This is the case, in 
particular, for uniform initial entropy distribution 
over a cloud [17]. Some of the results obtained in 
this paper are quite general and do not depend on a 
particular initial entropy profile. However, a number 
of cloud characteristics are sensitive to the initial 
conditions, so that appropriate experiments can give 
an information about the initial state of evaporated 
material. 

2. Model 

The schematic of typical PLD-experiment is 
shown in Fig. 1. The laser beam with a pulse length 
of about few tens of nanoseconds produces a vapor 
cloud near the target surface located at z = 0. The 
cloud expands into vacuum and reaches the substrate 
located at z = Z, at time r,, which is of the order of 
z,/c,, c, being the sound speed. We assume that the 
formation time of the initial cloud is much shorter 
than the time of its expansion. The expansion of the 
vapor cloud is described by the gas dynamics equa- 
tions 

2 + div( pv) = 0, 

&J 1 
$+(vv)v+-vp=o. 

P 

~+(vv)s=a, 

where p, p, v and S are the density, pressure, 
velocity, and entropy (per unit mass), respectively. 
We consider the vapor as an ideal gas with a con- 
stant adiabatic index y = c,,/c,, 

Fig. 1. The schematic of typical PLD-experiment. The shape of 
expanding vapor cloud is shown for two moments of time t = 0 
and t = r,(O, 0). 
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As pointed out above, a special solution of the gas 
dynamics equations (l)-(3) obtained in [25] is em- 
ployed for the analysis of vapor expansion. With this 
solution, the flow parameters are constant at ellip- 
soidal surfaces. The coordinates of a fluid particle 
r,(t) change with time according to the affine trans- 
formation 

ri(t) =qk(t)uk, i,k=x, y* Z, (4) 

where uk = r,(O) are the Lagrangian coordinates of 
the particle and summation is carried out over recur- 
ring subscripts. For present purposes, it is sufficient 
to consider a non-spinning cloud. In this case, the 
matrix Fik(t) has diagonal form: 

X(t)/X, 0 0 

Fik= 0 Y(t)/Yo 0 , (3 
0 0 Z( t) /Zll 

where X,, Y,, Z,, are the initial values of X(t), Y(t), 
Z(t), respectively. One can see from Eq. (4) that gas 
particle velocity is a linear function of its radius-vec- 
tor: 

vi = Fik Fk;’ ri (6) 
where Fk;.’ is inverse of matrix Fkj. Substituting (4) 
into (l)-(3), we arrive at a set of ordinary differen- 
tial equations, provided the density and pressure 
profiles have the following forms: 

P(r? t) = h(t)H( x)7 p(r,t) =f(I)$ 

f(r) =A,[dct(&)]-‘, h(t) =B,[det(F~j)]-Y, 

X=gik‘Ji‘Jkv (7) 

where A, and B, are constants and gjk is a COnStam 

symmetric matrix. 
Taking the matrix F;.k in the form (51, the profiles 

of density and pressure may be written as 

(8) 

Here M = /p(r, t) dV is the mass and E = ( y - 
I>-‘/p(r, 0)dV is the initial energy of the vapor 
cloud. The constants I,, Z2 appearing in Eq. (8) are 
equal to 

7F3/* r( (Y + 1) 
I,(Y) = - 2 r(cz+i)’ 

7r3’2 r((v+2) 

12(y)= 2(7-l) r(a++) 

where r(z) is the Gamma-function. For the density 
and pressure profiles defined by Eq. (81, the entropy 
depends on the coordinates and time as 

S= --&ln{ x0yrz0r2 ( xoy~z’)’ 

X [ I)( x, y, z, t)]‘pa(y-~j 
1 

+ const. (9) 

The entropy remains constant at the moving ellip- 
soidal surfaces $(n, y, z, t) = const. The entropy 
gradient is directed outward if a(-y - 1) > 1 and 
inward if a( y - 1) < 1. When the initial vapor cloud 
is isentropic, (r = l/(y - 1). 

Using Eqs. (51, (6), (81, the gas dynamics equa- 
tions (l)-(3) can be reduced to a set of ordinary 
differential equations for the elements of matrix F,k 

where 

5y-3 E X,Y,Z, y-’ (y=-- - 
I 1 y-l M XYZ 

The equations (10) are identical with the equa- 
tions of motion of a point particle in three-dimen- 
sional Euclidean space. The initial conditions for Eq. 
(10) are taken in the form 

X(0) =x0, Y(0) = Yo, Z(0) =z,, 

ri(0) = I;(O) = i(0) = 0. (11) 

Here we assume for simplicity that the initial 
kinetic energy of the vapor is much smaller than its 
internal energy. This assumption may be subject to 
refinement when more detailed information on the 
initial vapor cloud is available. 
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Except of some special cases, Eq. (10) are not 
completely integratable in terms of known functions. 
An example of analytical solution of these equations, 
for the special case y = i, is given in reference [30]. 
In general, Eq. (10) can be integrated numerically. 
For this purpose, we transform Eq. (10) to dirnen- 
sionless form using X0 as a spatial scale length: 

(12) 

with initial conditions 

S(0) = 1, n(0) = 1709 r(0) =&b, 

i(O) = i(O) = i(O) = 0, 

where 
(13) 

5=x/x,, 7 = Y/X,> f=Z/X,, 

r= @“2/X0, r], = Y,/X,, 

50 = Z,/X, . p+-3);. (14) 

Without loss of generality, the axes of the initial 
ellipsoid can be chosen in such a way that X, 2 Y,, 
2 Z,. We have, therefore, lo I r], 5 1. The energy 
integral follows immediately from Eq. (12) 

U(T) 
T ‘(p+i12+%*]+T= &= (y- 1>-’ 

= const. (15) 
In the special case y = 5 Eq. (12) has an addi- 

tional integral [30]: 

52+77*+~2=3r*+1+~702+~a. (16) 

3. Numerical integration. Flip-over-effect 

One can see from (12) and (13) that the vapor 
flow is determined by three parameters: no, to, and 
y. The set of equations (12) was solved numerically 
for whole range of these parameters associated with 
laser ablation. It is evident that the vapor expansion 
becomes inertial when T + M. We introduce the new 
functions k,$r) = v(T)/,$(T) and ki(r) = 
l(~)/e(r), describing time variations of the shape 
of expanding vapor cloud. Figs. 2 and 3 show typical 
dependencies $(T) and k, (7) for different values of 

1.5 - 

00 .‘. '. ” ” “I. 
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b(d 

Fig. 2. Dependencies of /C,(T). 

parameters y, no and &,. Note that k,,(7), /Q(T) are 
monotonically increasing functions of time for y 2 $ 
and reach their asymptotic values, kq(m) and kg(w), 
respectively, at r of the order of 10 . For y < 7 the 
functions kql(T), k, (7) reach their maximum values 
at finite r and then slowly decrease. 

As shown in Fig. 2, the function k,,(T) reaches 
the value k, = 1 at 7 = 10. At this point the plume 
becomes symmetric about z-axis. At a later time, 
k,,(T) continues to grow, hence ~(7) > 5(r) at large 
T. We see, thus, that the expansion of an ellipsoidal 
cloud goes faster along the axis that initially was 
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shorter. This explains apparent ‘rotation’ of laser 
plume during its expansion observed experimentally 
in references [9,12,13]. It is obvious, that a similar 
effect will take place for an arbitrary focal spot with 
the axis of rotation of n-th order, C,. In this case the 
angle of rotation is equal to r/n. 

An analysis shows that kq(7) depends strongly on 
the parameter 70 and practically does not depend on 
the parameter &,, whereas kit71 has strong depen- 
dence on &, and only week dependence on Q. One 
can say that the plume expansion resembles a super- 
position of two independent motions: (1) the expan- 
sion along the z-axis controlled mainly by the pa- 
rameter &,, and (2) the expansion in the (xy)-plane 
largely dependent on the parameter qO. If y is not 
close to unity, both motions become inertial at T on 
the order of 100 to 1000. Since this moment, the 
shape of the cloud does not change, and the func- 
tions k,,(T) and kf(T) take their asymptotic values, 
k,(m) and $(m), respectively. Some of these values 
are presented in Tables 1 and 2. 

4. Time-of-flight spectra 

In order to investigate the structure and dynamics 
of laser produced vapor plumes, the time-of-flight 

Table 1 
kJ=kl(4& Y) 

(TOF) mass spectroscopy is widely used. Measured 
TOF distributions can be employed, in principle, to 
determine parameters of the initial vapor cloud. When 
the mass of vapor is small, the cloud expands in 
free-molecular (collisionless) regime, and TOF dis- 
tribution can readily be expressed in terms of the 
initial velocity distribution of evaporated atoms. This 
simplest approach cannot be applied, however, when 
the plume expands in hydrodynamic regime. In this 
case, the solution of gas dynamics equations consid- 
ered in the present paper offers a proper basis for the 
analysis of TOF spectra. In Fig. 4, the time depen- 
dence of the vapor density at the point &,, = 0, 
77, = 0, &,, = 10 is shown by circles. The calculation 
was performed using Eq. (8) with y = 1.1, (Y = 10. 
The curve presented in Fig. 4 is similar to experi- 
mentally measured TOF distributions (see, e.g., 
[ 14,32-351). 

Notice that the dependence shown in Fig. 4 can 
be approximated by the Gaussian function (solid line 
in Fig. 4): 

p,(T) = $exp[ -B(t --us], (17) 

where A, B, and u are constants. Functions of this 
type were used in [14,32] to describe TOF spectra, 
and the adjustable parameter B was related to an 

1.1 2.16 1.97 1.71 1.59 1.39 
2.28 2.08 1.86 1.66 1.43 
2.40 2.18 1.93 1.71 1.45 

1.2 3.69 3.18 2.61 2.24 1.79 
4.21 3.61 3.00 2.48 1.92 
4.81 4.09 3.35 2.70 2.02 

1.20 1.0 
1.22 0.3 
1.22 0.1 

1.39 
1.44 
1.47 

1.3 6.00 4.84 3.78 2.96 2.17 1.55 
7.26 5.83 4.50 3.45 2.44 1.65 
9.07 7.21 5.45 4.03 2.68 1.71 

1.4 9.66 7.23 5.20 3.77 2.55 1.69 
12.2 9.09 6.46 4.58 2.96 1.83 
16.4 12.1 8.40 5.69 3.38 I .93 

5/3 35.8 20.7 11.3 6.52 3.53 1.98 
45.9 24.4 14.4 8.16 4.24 2.21 
65.6 37.6 20.1 10.9 5.15 2.40 

The three numbers in each block demonstrate the dependence of k, on parameter q,. 
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Fig. 3. Dependencies of ki(.r). 

‘effective temperature’ of the vapor. This approach is 

not justified, because the ‘effective temperature’, 

thus defined, does not exhibit the properties of ther- 

modynamic temperature (it depends, for example, on 

the shape of initial vapor cloud). 

5. Expansion of vapor cloud into an ambient gas 

So far it has been assumed that the evaporated 

material expands into vacuum. The presence of an 
ambient gas complicates the situation. The evapo- 

Table 2 
k, = k&p y) 

70 

Y 1 0.3 0.1 0.03 & 

1.1 I 1.22 1.44 1 .I2 10-j 
1.22 1.45 1 .I3 10-Z 
1.22 1.45 1.71 10-l 

1.2 1 1.46 2.03 2.87 
1.41 2.05 2.91 
1.41 2.02 2.70 

1.3 1 1.71 2.78 4.74 
1.72 2.81 4.76 
1.71 2.68 4.03 

1.4 1 1.95 3.68 7.65 
1.96 3.72 7.52 
1.93 3.38 5.69 

5/3 1 2.58 6.53 19.4 
2.56 6.33 17.4 
2.40 5.15 10.9 

The three numbers in each block demonstrate the dependence of 
k, on parameter &, 

rated material acts on the surrounding gas like a 
piston generating a shock wave in the gas. The 
shock-compressed gas is separated from the expand- 
ing vapor by the contact surface, whose velocity 
slows down with time. As the result of contact 
surface deceleration, an additional shock wave arises 
in the vapor. The flow structure outlined above is 

Fig. 4. Density of species according to formula (8) (circles) with 
(Y = l/(y - 1). The solid line is Maxwellian distribution accord- 
ing to (17). The dashed line is hydrodynamical temperature ac- 
cording to VP ’ - 7 = const. 
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similar to that occurring when detonation products 
expand into an ambient gas. As shown in [36], in the 
flows of this type, the contact surface is unstable. 
This instability, called the Rayleigh-Taylor instabil- 
ity, results in turbulent mixing between the expand- 
ing medium and the ambient gas [37]. These phe- 
nomena were observed experimentally in detonation 
[38,39] and laser ablation [40-421. 

In the strict sense, special solution of gas dynam- 
ics equations considered in this paper is applicable 
only to the expansion into vacuum. It can be ex- 
tended to the expansion into an ambient gas when 
the gas pressure is low, P, < E/X,Y,,Z,. In this 
case, the contact surface is described by the equation 

P(X, y> z, t) =p, (18) 

where p(x, y, z, t) is given by (8). It is easy to 
show that each point of this surface initially moves 
away from the origin, and stops at a time t = t * (x, 
y, z), when its distance from the origin reaches 
maximum. The set of thus defined stagnation points 
forms the surface of stationary vapor plume. The 
stationary plume can be observed using time-in- 
tegrated photography [40,43]. The length of the plume 
in z-direction is expressible as 

L= (I- [ 5(7.*)r1(7*)5(7*)](y-‘) 

x [ POW)1 (r-l)/y}1’*l(7*)X0, (19) 

where p0 = P,,X~(Q&,)‘- y/E. In Fig. 5, the de- 
pendence (19) is compared with experimental data 

1.8 I 

Fig. 5. The normalized plume length L= L/X, of stationary 
plume according to (19). obtained from the solution of gas 
dynamics equations. Squares arc experimental data [40]. 

[40] where the ablation of high-T, superconducting 
material YBa,Cu,O, in the oxygen atmosphere was 
studied. 

Within the wide region of the ambient gas pres- 
sures the model under consideration predicts the 
pressure’s dependence of the plume length in the 
form 

POX,’ -p 
L=X,G - 

i 1 E (20) 

where G and p are functions of Q, I$,, and y. The 
values of p which follow from (19) are given in 
[44]. The analytical solution for the spherical plume 
yields [40]: 
G = [3( .,, _ l)] ‘/221/(3(r- ‘“(3r _ 1)(‘-3~)/(6(~- l)) 1 713,2 

x 2(Y-- 1) 

r( 3 + 1) -“(3y) 
r($+i)_ ’ 

p=;. 

The coefficient G here is smaller (approximately 
twice for y = 1.2) then corresponding coefficient 
obtained for the rectangular pressure profile [45]. 

Eq. (20) can be used to determine the adiabatic 
exponent of ablated material from measured depen- 
dence L( P,). Experimental data [40] give the expo- 
nent /3 = 0.287. Taking into account that fit depends 
only slightly on vO, &,, and that, p P 1/3y, we 
obtain: y = 1.16. This value is in a good agreement 
with [34,46]. 

6. Film thickness profile 

We now calculate the thickness profile of de- 
posited film, MB, ,@,>, where 0, = arctan(x/z,), 
eJ = arctan( y/z,). The mass flux to the substrate 
surface z = z, is 

j(x, y, z,, t) =p(x, Y, Z,r t)u,(x, Y? Z,r f) 

Mz,h,V 
= I,(y) XYZZ’ 

I 

r>t,(x, y), 

0, t<t,(x, y). 

(21) 
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Here t,( X, y) is the time when the outer boundary of 
the expanding cloud reaches the substrate z = z, at 
the point (x, y) which can be derived from the 
equation $(x, y, z,, t, = 0. Integrating the mass flux 
(21) over the time from ts(x, y) to infinity and 
dividing the result by the density of the deposited 
material p. we obtain the thickness profile h( 0,, Oy>. 
In general case, the integration can be performed 
numerically using the functions X(t), Y(t), Z(t) 
resulting from numerical solution of (12). A simple 
analytical expression for h( 0,) 0,) can be obtained if 
z, L+ x,, which is satisfied in many experimental 
situations. In this case, we can use the asymptotic 
relations: 

X(t) =Z(t)/k&+ y(t) =Z(t)k,(~)/kg(% 

and obtain the thickness profile in the form: 

h(ex7 0,) = 2TpqI 2 [ p  + tg*ex + q*tg*eJ -3’2, 
s s 

(22) 
where p = l/kc(m) and q = l/k,(w). At small 6J,, 
19~ Eq. (22) is reduced to h(8,, 0,) a cos’7VX cos’Y$ 
with m = 3/p2, n = 3q2/p2. The values of m and n 
obtained from numerical integration of Eq. (12) are 
in agreement with experimental data. 
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