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ABSTRACT: The plume expansion dynamics of an ablated target of Sm2O3, Nd2O3 and NiO mixture oxides by 
a KrF excimer laser into oxygen atmosphere has been investigated using fast imaging. The study was carried out 
for different laser fluences. The plasma plume dynamics was analysed in the framework of the Predtechensky 
and Mayorov (PM) model. It was found that the PM model gives a general description of the plume expansion 
from the early time to later time delays by using parameters (laser fluence and oxygen pressure) that ensure a 
hemispherical expansion of the plume. The latter was discussed in the framework of the shock-wave model. 
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1. Introduction 
Due to its metal–insulator transition and thermochromic properties, the rare earth nickelate 
perovskite RNiO3 (R ≠ La),   has received a great deal of attention [1].The metal–insulator 
transition temperature (TMI) can be tuned by changing the R cation. The interesting property is 
the ability to tune the TMI in the wide range of temperature, especially around the ambient, by 
adjusting the relative ratio of the cations (R and R’) in the R1-xR’xNiO3 compound [2, 3]. 
Pulsed laser ablation is used to synthesise a variety of materials such as oxides [4, 5]. The 
main advantage of this technique is the stoichiometric transfer of the multicomponent target 
elements to substrate. Nevertheless, in the case of oxides, the deposition under oxygen 
atmosphere is required to compensate the oxygen loss. The latter is due to the fact that oxygen 
is a volatile element. Also, it is due to film bombardment by high energetic ablated species 
where sputtering of the light elements is expected. Thus, the oxygen pressure is used as a 
moderator for the energetic plume. Therefore, the plume dynamics study is important to 
control the ejected species energy and consequently the films properties. Elsewhere, 
a correlation was found between the plume dynamics and the characteristics of the deposited 
films [6-12].  
Several models have been proposed to describe the ablation plume expansion in a background 
gas. Among these models, shock wave model [13–18] and drag model [14, 19] are widely 
used in the literature. However, these models fit only a limited region of the experimental data 
as reported by several authors. Recently, using a simple physical approach proposed by 
Predtechensky and Mayorov (PM model) [20], Amoruso et al. [21] and Sambri et al. [22–24] 
showed a good agreement between their experimental data and the prediction of PM model 
from the early time of the plume expansion until later time delay.   
In this work, we study the validity of PM model to describe the plume expansion into oxygen 
background pressure for three different laser fluences.  
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2. Experimental 
The schematic of the experimental set-up is illustrated in Fig. 1. The vacuum chamber was 
evacuated first by a turbomolecular pump to a residual pressure of 3 × 10−6 mbar and than 
filled with oxygen gas. Two cylindrical lenses are used to focus the KrF (λ = 248 nm, τ = 25 
ns) laser beam on the rotating target with an incident angle of 45°. The target is a mixture of 
samarium, neodymium and nickel oxides. The relative ratio of neodymium (x = 0.45) is set to 
have a TMI close to room temperature (310 K). A set of spherical and planar mirrors and a 
Zeiss lens (76-mm focal length, spectral response: 350–800 nm) are used to form a two-
dimensional image of the luminous plume on the ICCD camera (Princeton Instruments PI-
MAX, 1024×256 pixels, pixel size = 26 × 26 μm).The ICCD camera spectral response is 
within the range of 190–850 nm. The observation was made along the normal to the plume 
direction of expansion. The study was carried out at 0.2 mbar of oxygen gas pressure. The 
fluence was fixed at 1.5 and 2 J cm-2. The number of accumulation, ICCD gain and gate are 
adjusted for each image to compensate the reduction of the plume intensity during the 
expansion. The target surface and the end of the laser pulse were taken as the origin of 
distances and time delays. 

 
Figure 1:  Schematic of the experimental Setup 

3. Results and discussion  
Typical ICCD images of the temporal evolution of the expanding plume into 0.2 mbar of 
oxygen pressure and for the two laser fluences used are given in Fig. 2. Each image represents 
the spectrally integrated emission in the range of 350-800 nm of the plume excited species. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: The temporal evolution of the visible plume. The position of the ablating surface is at 
the limit of the left side of the images. 
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In order to study the plasma plume expansion dynamics, we plotted the plume luminous front 
position versus time delay (see Fig. 3). It appears that independently of the laser fluences the 
plume expansion is still almost linear at early times. The initial plume front velocity passes 
from 1.7 × 106 cm/s to 1.4 × 106 cm/s when the laser fluence passes from 2 Jcm-2 to 1 Jcm-2. 
As the time evolves a deviation from free-plume expansion occurs and the plume slows down. 
This effect corresponds to the propagation regime where the ejected species collide with gas 
molecules and loss their kinetic energy. Later, the plume front comes to rest. This occurs at 
3.8 and 3.3 cm for 1.5 and 1 Jcm-2 and out of our observation range for 2 Jcm-2. At this stage, 
the ejected species diffuse into the ambient gas until they reach a distance where they loss 
completely their kinetic energy. Note that the transition from one expansion regime to the 
following occurs at different time delays and distances depending on the laser fluence. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: Plume front position as a function of the time delay at fluences of 1.5 and 2 Jcm-2 and 

0.2 mbar of oxygen pressure. The solid line represents the plume front trajectory predicted       
by PM model. 

 
The plasma plume dynamics was analysed in the framework of Predtechensky and Mayorov 
(PM) model. This model is based on the balance between linear momentum variation and the 
external pressure force. It considers plume and adjoint background gas as a hemispherical thin 
layer of radius R moving at velocity u and experiencing the force due to the background gas 
pressure P0. Then, the equations of motion for R and the velocity u are given as follows [21, 
22, 24] : 
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where Mp is the confined plume mass. P0 and Mg = 2/3πρ0R3 (ρ0 being the background gas 
density) are the background gas, pressure and the swept-up mass. The initial conditions are 
R(t = 0) = 0 and u(t = 0) = u0, u0 being the initial velocity at the early time of the plume 
expansion. By changing the variables, ( ) dRdRudtd = , an analytical solution is given to 
Eqs. (1) and (2) where the front velocity as function of R is given by: 
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where a is a characteristic scaling length corresponding to the radial distance from the target 
at which the mass of the swept-up gas equals the confined plume mass, while b is a constant 
which depends on the initial conditions. c0 is a characteristic velocity scaling, which is equal 
to 278 m/s for the case of oxygen at room temperature. By using the initial plume velocity 
indicated above and by choosing a suitable value of the plume mass, Eq. (3) has been 
numerically integrated. The fitted trajectories are shown in Fig. 3 and the predicted 
parameters (plume, mass and stopping distance) are summarized and compared to the 
experimental ones in table (I). Note that the experimental plume mass (the ablated one) was 
obtained by weighing the target before and after irradiation with 6000 laser pulse.  
 

Table 1: Plume stopping distance and mass: comparison between the experimental and PM 
model predicted ones. 

 
Laser fluence 

(Jcm-2) 

Mp(µg) 

Experimental 

Mp (µg) 

Predicted 

Rst (cm) 

Experimental 

Rst (cm) 

Predicted 

1 0.36 0.75 3.2 5 

1.5 0.75 0.87 3.8 6.3 

2 1.13 1.1 / 8 

 
As we can see on Fig. 3, the predicted trajectory of the plume front agrees well with the major 
part of our experimental. However, the predicted plume stopping distance is still larger than 
the experimental one for 1 and 1.5 Jcm-2 where the plume stopping is observed. In order to 
verify if the predicted stopping distance at 2 Jcm-2 is also overestimated, a thin layer was 
deposited onto unheated (100) silicon substrates at this distance (d = 8 cm) for 9000 laser 
pulses. The obtained layer morphology analysis using Scanning Electron Microscopy 
revealed a high porous structure (see Fig. 4). This structure is known as a result of a diffusion-
like deposition regime where the deposition distance is far from the plume stopping distance 
[9, 12, 25]. Thus, the stopping distance predicted by PM model is also overestimated              
at 2 Jcm-2.  
 

(1) 

(2) 

(3) 
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Figure 4: SEM scan of the deposited layer at 2 Jcm-2 of laser fluence, 0.2 mbar of oxygen 
pressure, and 8 cm of target-substrate distance. 

 
The overestimation of the plume stopping distance by PM model could de attributed to the 
use of the hemispherical expansion simplification. This argument could be supported by 
considering the predicted to the experimental stopping distance ratio (r). In our previous work 
[27], at 2 Jcm-2 and at the pressure used here, the sopping distance was estimated to be around 
4.3 cm using drag model. Thus, the ratio (r) is 1.55, 1.65 and 1.86 for 1, 1.5 and 2 Jcm-2, 
respectively. This decreasing of the ratio (r) could be correlated to the plume shape. 
Effectively as we can see on Fig. 2, the latter tends to be less forward-peaked by decreasing 
the laser fluence.  
Concerning the plume mass, as we can on Table 1. the predicted plume mass is very close to 
the experimental one for 1.5 and 2 Jcm-2. However at 1 Jcm-2, the predicted mass is higher 
than the experimental one. The overestimation of the plume mass using PM model has 
already reported by Amoruso et al. [15]. It was attributed to the deviation of the plume 
expansion from an ideal hemispherical symmetry expansion. However the coincidence of the 
experimental plume mass with the predicted one at 1.5 and 2 Jcm-2 is surprising and further 
investigation is needed. Also, additional exploration is needed to find the ablation parameters 
(laser fluence and oxygen pressure) that lead to the hemispherical expansion of the plume and 
therefore to the study of the validity of PM model in such condition.     
 
 
4. Conclusion  
The expansion dynamics of an ablated plume of Sm2O3, Nd2O3 and NiO mixture oxides target 
by KrF laser in background oxygen atmosphere has been investigated using a fast ICCD 
imaging. The study was done for three laser fluences 1, 1.5 and 2 Jcm-2 into 0.2 mbar of 
oxygen pressure. The plume dynamics was analysed by using Predtechensky and Mayorov 
(PM) model. It was found that PM model gives a general description of the plume dynamics 
for all fluences used. However at later time delay, the predicted plume stopping distance was 
overestimated due to the use of the hemispherical expansion simplification.  
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