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Abstract
The dynamics of heterogeneous angularly colliding (Al–Cu) laser-produced plasmas with varying input laser pulse energies 
on each target are studied using fast imaging and optical emission spectroscopic techniques. The stagnation layer formed 
at the collision front consists of both Al and Cu species, and its intensity varied with the variation in laser pulse energy. 
Multispecies stagnation region formation and the variation of spectral line intensity with laser pulse energy are studied using 
the optical emission spectroscopic technique. The depositions of interaction regions are analyzed using the XRD, EDAX, 
FESEM, and AFM techniques. The intermetallic compound formation is possible using this technique, and the composition 
can be varied by varying the input laser pulse energies. The major benefits are the flexibility of controlling parameters and the 
simplicity of experimental setup for the formation of intermetallic compounds. Thus, angular target geometry for colliding 
laser-produced plasma is proposed to efficiently mix different metals with control over the composition of deposited films.

1 Introduction

Laser-produced plasmas have attracted the curiosity of 
researchers for several decades due to its broad range of 
applications, including laser-induced breakdown spectros-
copy (LIBS) [1], pulsed laser deposition (PLD) [2] for thin 
film growth [3], inertial confinement of fusion [4], and 
microelectronics fabrication [5]. Most of the applications 
of laser-produced plasmas can be improved using colliding 
plasmas. The presence of another plasma plume at the col-
lision front can significantly influence the nature and effect 
of a single plasma plume. There exist two extreme possi-
bilities of plasma interaction at the collision front. High-
density plasmas with low relative velocity can stagnate at 
the collision front, forming a dense layer called the stag-
nation region. In contrast, low-density plasmas with high 
relative velocity possess a greater tendency for interpen-
etration. Another exciting factor is the possibility of several 
controlling parameters on the collision dynamics that make 

the colliding plasma more special. The parameters which 
can alter the collision characteristics include target geom-
etry, inter-plume separation, seed plasma parameters, and 
ambient gas [6–9]. Studies on the colliding laser-produced 
plasmas (CLPP) provide an experimental basis for many 
astrophysical phenomena [10] and serve to increase our 
knowledge about the collision processes in indirectly driven 
inertial confinement fusion reactors [11]. Using CLPP, we 
can improve the signal-to-background ratio of LIBS studies 
[12]. Another important application is in PLD, where dual 
pulse PLD or cross-beam PLD can significantly improve the 
quality of film deposition [13].

Several researchers have investigated the parametric influ-
ence on the collision dynamics of plasmas, whereas very few 
focus on the collision dynamics of plasmas from two differ-
ent target materials [14]. The effect of the target angle on 
the stagnation layer formed by the collision of aluminum and 
silicon was studied by Al-Juboori et al., and reported that the 
length of the stagnation layer increases with the decrease of 
wedge angle [15]. Pandey et al. studied the lateral collision 
dynamics of copper and titanium at different oxygen ambient 
pressures [16]. These studies were extended to deposition of 
nanocomposites at different pressures [17].

Most of the studies focus on the influence of ambient 
gas pressure on the properties of films. The engineering 
properties of the stagnation layer can also be effectively 
utilized in deposition techniques. Tuning of incident laser 
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pulse energy can alter the composition and properties of 
the deposited film, which is an advantage of using a het-
erogeneous colliding system. The two simultaneously 
ablated metals have a possibility of getting mixed up in 
the colliding region [18]. Metal alloys that are very useful 
but difficult to manufacture can be effectively prepared 
using this technique. Al–Cu is one of the most signifi-
cant alloys of Al used in different fields such as aircraft 
construction, space technology and in automobiles, due 
to its excellent mechanical properties and high strength-
to-weight ratio. Al–Cu alloys are difficult to manufacture 
due to the difference in physical and chemical properties 
of the base metals [19, 20]. The interaction region formed 
at the collision front of heterogeneous colliding plasmas 
of Al and Cu can be effectively used for the preparation 
of a combination of both metals. By varying the input 
laser pulse energy on the individual metal targets, we can 
control the stoichiometry of the mixture.

Studies focused on the collision dynamics of heteroge-
neous colliding plasmas and its utility are very limited. 
It is essential to explore the complex collision dynam-
ics of two different targets with great differences in all 
its properties. In the case of angular target geometry, it 
is expected to have a better collision of individual seed 
plasmas resulting in excellent mixing of metals. In the 
present work, we report the dynamics of angularly col-
liding aluminum and copper plasmas by varying the input 
laser pulse energy on each target and the study of film 
deposition and its variation.

2  Experimental setup

The heterogeneous colliding plasma is produced using a 
Q-switched Nd:YAG laser of pulse width 10 ns and a rep-
etition rate of 10 Hz operating at its fundamental wavelength 
of 1064 nm and an energy of 130 mJ, split into two using a 
wedge prism of 2° 5′ 56″ wedge angle. The two laser pulses 
are allowed to focus on two different targets using a focusing 
lens with a focal length of 60 cm. The two targets consist of 
Aluminum and Copper kept at an angle of  400, and the two 
seed plasmas are at a separation of 9 mm. The two targets are 
rotated using two separate motors to avoid surface etching. 
The schematic diagram of the target holder and the direct 
photograph of collision is shown in Fig. 1 and the details of 
the experimental setup are given in our previous work [8, 9]. 
The glass substrate is kept 3 cm away from the interaction 
region in an off-axis position. Undesirable contamination of 
the film can be avoided by keeping the substrate in off-axis 
position. All these set up is kept in a vacuum chamber with 
a base pressure of 0.015 mbar.

Initially, the wedge prism is kept in such a way as to have 
equal energy in two laser beams and is verified using an 
energy meter placed between the wedge prism and the focus-
ing lens. The position of the wedge prism is adjusted to vary 
the input laser pulse energy on the targets.

The images of plume dynamics under different ratio of 
laser pulse energy are recorded using an intensified charge 
coupled device (ICCD) camera (ANDOR New iStar ICCD, 
Model no. DH334T-18U-E3) with a gate width of 20 ns 
and temporal resolution of 2 ns. Figure 2 represents the 

Fig. 1  Angular target geometry: 
a schematic representation and 
b direct photograph of heteroge-
neous colliding laser-produced 
plasma
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schematic representation of experimental setup for ICCD 
imaging. Two-lens setup is used to couple the plasma 
emission to the spectrometer (ANDOR SR-500i-B1-R) 
with wavelength resolution of 0.04 nm, to study the time-
resolved optical emission. A dove prism is placed between 
the lenses to couple the desired region of plasma along the 
slit of the spectrometer. The slit width is fixed as 10 μm. 
A detailed diagram of experimental setup for spectrum 
recording is given in our previous work [21].

The deposition time is fixed as 2 h and the deposited 
films are analyzed using X-ray diffraction (XRD), field 
emission scanning electron microscopy (FESEM), energy-
dispersive X-ray spectroscopy (EDAX), and atomic force 
microscopy (AFM).

3  Results and discussion

3.1  ICCD fast imaging

The temporally resolved 2D imaging of angular collision 
between two seed plasmas from different targets, including 
aluminum and copper, with varying input laser pulse ener-
gies is shown in Fig. 3. The dynamics of individual seed 
plasmas, its collision and expansion were clearly depicted 
in the ICCD images.

Figure  3a shows the time-resolved ICCD images of 
Al–Cu colliding laser-produced plasma with equal input 
laser energies of 65 mJ on each target. The individual seed 
plasmas expand freely at an initial time delay. Angular tar-
get geometry permits the interaction of fast-moving forward 
expansion velocity components of seed plasmas resulting in 
an earlier interaction of seed plasmas than of planar targets 
[8]. At 150 ns, the interaction region started to form at the 
collision front. From the image of 150 ns, it is clear that 
the Al seed plasmas reach the collision front faster than Cu 
plasma. It is due to the lower atomic mass of Al ions, which 
leads to its faster expansion, and also due to the higher abla-
tion rate of Al. The thermal depth of a material is given by 
�T =

√

DT�P , where DT is the thermal diffusivity and �P is 
the laser pulse width. The thermal depth of Al is estimated 
as 0.91 μm, whereas for Cu, it is 1.05 μm. Lower thermal 
depth implies a greater ablation rate of Al compared to that 
of Cu [16].

At 200 ns, the two seed plasmas interact to form the 
stagnation region. Thus, the strong collision of Al and Cu 

Fig. 2  Schematic representation of experimental setup

Fig. 3  Time-resolved ICCD images of Al–Cu colliding plasma with varying input laser energies: a 65–65 mJ, b 80–50 mJ and c 50–80 mJ on 
Al–Cu, respectively
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plasmas occurs. As time elapses, the stagnation region 
expands, and the individual seed plasmas later interpenetrate 
each other.

Figure 3b and 3c represents the time-resolved ICCD 
images of Al–Cu collision with unequal input laser energies 
of 80–50 mJ and 50–80 mJ, respectively. In Fig. 3b, more 
laser energy is given for the ablation of Al plasmas, and 
therefore a significant contribution to the stagnation layer 
is due to Al plasmas. In Fig. 3c, since more laser energy is 
coupled to Cu target, more contribution in stagnation layer is 
from Cu plasma. At 150 ns, the Al seed plasma reaches the 
collision front and is found to be less intense. The heavier 
Cu plasma expands slower than Al plasma, making a slight 
shift in the interaction region closer to Cu target.

In all three cases, the individual seed plasmas expand, 
interact to form the stagnation region, and later interpen-
etrate each other. By varying the input laser energies, the 
time required for the interaction of seed plasmas, the shape 
and position of the stagnation region, and the interpenetra-
tion time get varied.

3.2  Optical emission spectroscopy

Time-resolved optical emission spectra of the colliding 
region of Al–Cu (65–65 mJ) at  10–2 mbar pressure range 
are shown in Fig. 4. Tracking the progression of the emis-
sion line in the stagnation region gives better insight into the 
evolution of various ionic stages in the stagnation region. 
The higher ionic states (Al III) exist only at the initial time 
delays and decrease more rapidly than the lower order ionic 
stages (Al II). At initial time delays, the kinetic energy of 
electrons is greater due to the absorption of laser energy, 
leading to an increase in collision frequency. Thus, the atoms 
or ions become more ionized due to the high collision rate, 
enhancing the intensity of ionic emission lines. In addition, 

the higher ionization state and greater intensity of Al species 
compared to that of Cu is because of the localized heating 
that takes place on the Al target surface. Al with low abla-
tion threshold needs only a small part of laser energy for 
the formation of the melted zone, and the remaining part 
of laser energy is utilized for the further heating the melted 
zone by inverse bremsstrahlung processes [16]. The details 
of major spectral lines covered in this experiment are given 
in Table 1.

Figure 5 depicts the optical emission spectra of both ele-
ments of Al and Cu in all three input laser energy variations. 
At equal laser energy ablation (65–65 mJ) of both elements, 
the intensity of ionic stages of Al is greater compared to 
that of Cu ionic lines. A higher ionic state like Al III also 
reveals the greater ionization of Al. In the case of Cu, due to 
the greater thermal depth, more laser energy is required for 
melting of the heavier target than that of heating processes 
[16]. It is the reason for observing atomic and lower state 
ionic lines of Cu with less intensity. Another reason for the 
enhancement of ionic lines of Al is due to the greater col-
lision with the heavier Cu species. It is clear from Fig. 5 
that there is a correlation between the laser energy and the 
intensity of spectral lines. By varying the laser energy on 
the desired target, it can tune the intensity of spectral lines at 
the collision front. Another interesting factor is the intensity 
increase of Al II line compared to Al III line in 80–50 mJ 
collision. In this case (80–50 mJ), the presence of Cu atoms 
or ions is less due to the less coupling of laser energy to the 
Cu target; therefore, the ionization rate with Cu atoms is 
less. In all other cases, Al III line dominates because of the 
greater ionization due to the collision with the heavier ele-
ment. The collision between the lighter Al atoms with the 
heavier Cu atoms resulted in the gain of energy by the lighter 
atoms. It causes an enhancement of emission lines of Al and 
suppresses Cu emissions at lower wavelengths.

Fig. 4  Temporal variation of a Al II (358.65 nm), Al III (360.19 nm and 361.23 nm) and b Cu I (514.27 nm, 515.32 nm), Cu II (511.55 nm, 
512.17 nm, 515.12 nm, 515.72 nm, 515.80 nm, 516.76 nm, 517.59 nm, 519.43 nm) of stagnation region
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3.3  Band emission

Figure  6 depicts the molecular band emission of  Cu2 
(A–X) in the stagnation region of Al–Cu (65–65 mJ) col-
liding plasma at 200 ns [16]. Copper having a greater abla-
tion threshold, consumes a major part of the laser energy 
to form the melted zone, initially expanding isothermally 
and later adiabatically. Thus, the thermal energy of the 
plume is converted into kinetic energy and then the plasma 
cools down [22]. Molecular formation occurs due to the 
various recombination and condensation processes in 
the plasma. Since the Cu atoms possess a greater abla-
tion threshold, most of the laser energy is consumed for 
the ablation and the rest for the ionization of the plume. 
Therefore, the Cu ions undergo recombination and lead to 
the formation of molecules [23].

The electron density is estimated using stark broadened 
line of Al I transition (394.40 nm). The other important 
broadening mechanisms includes Doppler and instrumen-
tal broadenings. The estimated spectral width due to Dop-
pler effect is ~ 0.0004 nm, and is negligible. We use a mini-
mum spectrometer slit width of 10 μm and at a resolution 
of 0.04 nm, therefore, the instrumental broadening is also 
negligible [21]. The relation between the full width at half 
maxima (FWHM) of Stark broadened line and the electron 
density is given in Eq. (1):

where Δ�1∕2 is the FWHM, W  is the electron impact param-
eter and ne is the electron density [24, 25].

The line intensity ratio method is used to estimate the 
electron temperature by assuming that the plasma is in local 
thermodynamic equilibrium (LTE) and by substituting the 
line intensities of Al II (358.65 nm and 466.30 nm) into the 
Boltzmann Eq. (2):

where I  is the emission intensity due to the transition 
between two energy levels, A is the Einstein coefficient, � is 
the frequency of the spectral lines, g is the statistical weight 
of the energy level, KB is the Boltzmann constant, E is the 
energy, Te is the electron temperature, and the subscripts i, 
j, k, and l indicate the energy levels. The main criteria for 
LTE is

where ΔE is the energy difference between the states. For 
the spectral line Al I (394.40 nm), it is about 2.185 eV 
and the lowest density value is about 1.7976 ×  1015  cm−3. 

(1)Δ�1∕2 = 2W
( ne

1016

)

(2)
Iij

Ikl
=

�ijAijgi

�klAklgk
exp

(

−
(

Ei − Ek

)

KBTe

)

(3)ne ≥ 1.6 × 1012T1∕2
e

(ΔE)3

Table 1  Major emission lines of 
Al and Cu covered during this 
experiment

Spectral species Wavelength (nm) Aki  (s−1) Ei −  Ej  (cm−1) Ionization 
energy 
(eV)

Al II 358.70 1.46e+09 95,550.51–123,420.45 18.82855
Al III 360.19 5.84e+07 115,958.50–143,713.50 28.44764
Al III 361.23 2.90e+08 115,958.50–143,633.38 28.44764
Al I 394.40 4.99e+07 0.000–25,347.756 5.985169
Cu II 491.89 2.6e+09 117,747.3504–138073.5826 20.29239
Cu II 492.14 2.6e+09 115,638.8036–135,952.279 20.29239
Cu II 493.72 1.1e+08 117,928.2197–138,176.8797 20.29239
Cu II 495.16 1.2e+08 115,638.8036–135,863.6857 20.29239
Cu II 496.98 1.7e+07 116,325.9148–136,441.817 20.29239
Cu II 497.12 1.7e+07 116,643.960–136,754.1104 20.29239
Cu II 498.10 3.0e+07 116,371.18040–136,441.817 20.29239
Cu II 501.26 9.6e+07 116,325.9148–136,269.9996 20.29239
Cu II 511.55 2.0e+06 118,071.302–118,071.302 20.29239
Cu II 512.17 2.0e+07 116,387.7873–135,910.7245 20.29239
Cu II 514.27 2.0e+07 45,820.94–65,259.93 20.29239
Cu I 515.32 6.0e+07 30,535.324–49,935.195 7.72638
Cu II 515.72 6.0e+07 116,375.406–135,760.1548 20.29239
Cu II 515.80 2.4e+07 116,576.5758–135,958.1919 20.29239
Cu II 516.76 2.4e+07 116,387.7873–135,733.433 20.29239
Cu II 517.59 2.4e+07 117,928.2197–137,242.914 20.29239
Cu II 519.43 2.4e+07 114,481.674–133,728.0387 20.29239
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Fig. 5  Time-integrated emission spectra of Al II (358.65  nm), 
Al III (360.19  nm), Al III (361.23  nm), Cu I (493.69  nm), Cu 
II (491.83  nm, 492.14  nm, 493.72  nm, 495.16  nm, 496.98  nm, 

497.12  nm, 498.10  nm, 501.26  nm) of stagnation region of Al–Cu 
colliding plasma at  10–2 mbar pressure range

Fig. 6  Band emission spectra of  Cu2 (A–X) band in the stagnation region of Al–Cu (65–65 mJ) colliding plasma
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Experimentally measured values of electron density are 
about ~  1016–1017  cm−3, so the assumption of LTE is valid.

The temporal variation of electron density is given in 
Fig. 7a. The electron density is found to be greater for 
Al–Cu (80–50 mJ) case in which the aluminum is ablated 
more. Since the ablation threshold of aluminum is less, a 
major part of the laser energy is used for the ionization 
of the plume, and leads to the increase of electrons. The 
temporal variation of electron density is found to be equili-
brating quickly, and it may be due to the early formation 
of the stagnation layer. The temporal variation of electron 
temperature is given in Fig. 7b. In all three cases, the elec-
tron temperature shows a decreasing nature. Pandey et al. 
[16] compared the temporal evolution of electron den-
sity and electron temperature of Cu–Ti colliding plasma 
at different pressures of oxygen ambient. They reported 
the increase of electron temperature and the higher value 
of electron density for a longer time with the increase of 
ambient pressure. Al-Juboori et al. [15] studied the effect 
of target geometry on the collision of Al–Si plasmas. Simi-
lar to our results, they also reported that the variation of 
electron density remains almost constant with an increase 
at initial time delays.

The angular target geometry is an effective method of 
mixing two metals with different physical and chemical 
properties. The significant advantage of this technique is 
the good control over the composition of the film. The depo-
sition of intermetallic compounds is reported, whereas the 
engineering possibilities on the film composition are yet to 
be explored [13, 26]. To get the film, a glass substrate is 
kept at an off-axis of the expansion of the interaction region. 
The films deposited by varying the input laser energies are 

analyzed using techniques such as XRD, EDAX, FESEM, 
and AFM.

3.4  XRD analysis

Figure 8 shows the XRD pattern of Al–Cu films by vary-
ing the energy composition on Al–Cu (a) 65–65 mJ, (b) 
80–50 mJ and (c) 50–80 mJ, respectively. The diffraction 
peaks 38.548°, 44.811°, 65.261°, and 78.382° correspond-
ing to the planes (111), (200), (220), and (311), respectively, 
consist of combinations of Al–Cu including  Al0.99Cu0.01 
(PDF 01-074-5170), and 43.327° and 50.448° correspond-
ing to the planes (111) and (200) consists of combinations of 
Al–Cu including  Al0.0565Cu0.9434 (PDF 01-074-5169).

The reason for the two combinations may be due to the 
gradient mixing of two metals at the interaction region 
and the position of substrate is on the off-axis of expan-
sion. Al0.99Cu0.01 intermetallic compound is formed by 
the mixing of Cu into the Al. The shift in the diffraction 
peak from pure Al diffraction data [19] clearly indicates the 
mixing of Cu into Al. The diffraction peak shifts are from 
38.350° to 38.548°, 44.546° to 44.811°, 65.068° to 65.261°, 
and 78.075° to 78.382°.  Al0.0565Cu0.9434 is formed by the 
mixing of Al into the Cu. The diffraction peak shifts from 
Cu are from 43.2° to 43.327° and 50.4° to 50.448°.

It is interesting to note that in all the three cases, the dif-
fraction peaks obtained are of Al–Cu intermetallic com-
pounds, and the intensity of combination varies with the 
variation of input laser energies.

By analyzing the diffraction pattern of film produced 
with the increase of laser energy on Al target (Al–Cu 
(80–50 mJ)), the intensity of diffraction peaks (38.548°, 

Fig. 7  Temporal distribution of a electron density and b electron temperature of stagnation region of different energy distributions
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44.811°, 65.261°, and 78.382°) corresponding to  Al0.99Cu0.01 
increases, and the Al0.0565Cu0.9434 decreases. Likewise, 
by analyzing the diffraction peaks of Al–Cu (50–80 mJ), 
the intensity of diffraction peaks (43.327°, 50.448°) corre-
sponding to  Al0.0565Cu0.9434 increases, and the  Al0.99Cu0.01 
decreases.

The FESEM and EDAX pattern of Al–Cu (65–65 mJ) 
are shown in Fig. 9. Figure 9a shows the FESEM of film 
with equal ablation energy on targets. Some of the particles 
are spherical in nature and the size of the particles is not 
uniform. Figure 9b shows its EDAX pattern, which consists 
of Al and Cu having greater peak for Al. In equal energy 
of ablation also, Al with low ablation threshold get ablated 
more.

Figure 9c shows the FESEM of the film with ablation 
energy on targets of Al and Cu as 80 mJ and 50 mJ, respec-
tively. More agglomeration of particles can be clearly visible 
in the FESEM, and the density of deposition is also greater. 
From Fig. 9d, EDAX patterns clearly indicate the increased 
presence of Al. More laser energy is coupled to the Al target, 
and due to the less ablation threshold, greater formation of 

particles occurs. Figure 9e shows the FESEM of film with 
ablation energy on targets of Al and Cu as 50 mJ and 80 mJ, 
respectively. Figure 9f is the EDAX pattern of this combina-
tion, confirming the increased presence of Cu.

The surface topography of films of various mixing com-
binations is studied using AFM analysis. The two-dimen-
sional (2D) and three-dimensional (3D) AFM images are 
used to measure the surface smoothness of the film. Fig-
ure 10a shows the 2D and 3D AFM image of Al–Cu with 
equal ablation energy on targets (65–65 mJ). These images 
consist of peak and valley structures with contrast colors. 
AFM images of film with increased amount of Al is shown 
in Fig. 10b and of Cu is shown in Fig. 10c. The AFM images 
show the broadening of lighter and darker regions, respec-
tively. It is due to the agglomeration of more particles with 
increased concentration of Al and Cu [27]. The parameter 
RMS roughness provides information about the average sur-
face roughness of the sample. The estimated surface rough-
ness of the films are (a) Al–Cu (65–65 mJ) is 7.33 nm, (b) 
Al–Cu (80–50 mJ) is 25.3 nm and (c) Al–Cu (50–80 mJ) is 
58.63 nm. Cu-dominated films have more roughness com-
pared to other films.

Thus, the mixing of immiscible metals such as Al and Cu 
can be possible using the angularly colliding laser-produced 
plasma scheme and have a great control over the composi-
tion of deposited film.

4  Conclusions

The propagation dynamics of heterogeneous angularly col-
liding copper–aluminum laser-produced plasmas with vary-
ing input laser pulse energies are studied using fast imaging 
and optical emission spectroscopic techniques. The stagna-
tion layer formed at the collision front consists of neutral 
and ionic species of both aluminum and copper species. The 
variations of spectral intensity of multispecies stagnation 
layer with respect to time and the variation in input laser 
pulse energies are studied. The variations in input laser pulse 
energies on each target can significantly influence the spec-
tral composition in stagnation layer. Thus, the stoichiometry 
of composition in the stagnation layer can be controlled. 
The deposition of interaction region where the mixing of 
two different metals results in the formation of intermetallic 
compounds and the stoichiometry can be varied with input 
laser pulse energies. Thus, a one-step synthesis method of 
intermetallic compounds using a nanosecond laser ablation 
and special target geometry and without using any chemical 
reagents is proposed. Less time consuming and more provi-
sion to control the stoichiometry make it more special. Mix-
ing of other immiscible metals used for various applications 
can also be synthesized by this method.

Fig. 8  XRD pattern of various energy composition of Al–Cu a 
65–65 mJ, b 80–50 mJ and c 50–80 mJ
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Fig. 9  FESEM and EDAX of various energy composition of Al–Cu a and d 65–65 mJ, b and e 80–50 mJ and c and f 50–80 mJ
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Fig. 10  AFM images of films having various energy composition of Al–Cu a 65–65 mJ, b 80–50 mJ and c 50–80 mJ
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