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Abstract. Laser-produced plasma plumes and the subsequent interaction zone of multispecies colliding plasmas
have been investigated in vacuum (at 5 × 10−7 mbar) by using Nd:YAG nanosecond laser as the energy source.
The key features such as shape, size, expansion dynamics of the primary plumes and the resulting interaction
zone have been examined by using a combination of solid targets (e.g. Al–Ni and Al–W) with different atomic
masses. Fast imaging technique has been utilised to visualise the formation and expansion dynamics of the primary
plasma plumes as well as the interaction zone. Optical emission spectroscopy (OES) is used to estimate the electron
temperature and density of the plasma plumes. Optical time of flight has been used to get the velocity of ion and
neutral particles in the plasma plume. Time-resolved images of plumes show significant differences depending
on the target materials and energy of the two beams. We have observed that the primary plasma plumes with
non-uniform expansion velocity produces interaction zone which expands at an angle in vacuum. Optimisation of
laser energy imbalance has been done based on fast imaging results for the targets of different elements. These
experimental findings can have important roles in the generation of multispecies plasma plumes and to control their
species contribution in different applications, e.g. thin film deposition.
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1. Introduction
Laser-produced plasma plumes have been studied widely
since early sixties because of their importance in fundamental research and applications in different areas
[1–5]. Pulsed laser sources having wide range of energies and pulse widths have been used to produce plasma
plume by using different types of targets (e.g. solids,
thin films and liquids) [6–8]. Single plasma plumes
have been studied extensively in different experimental conditions [9–12]. When two adjacently expanding
plasma plumes (generally termed as seed plumes) collide with each other, an interaction region is formed
between them under suitable experimental conditions.
This interaction region possesses several interesting
features which are potentially applicable and also different from its source plasma. Colliding plasmas have
applications in laser-induced ion sources, laser-induced
breakdown spectroscopy (LIBS), neutral particle generation, pulsed laser deposition of thin films etc. [13–16].
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A few researchers have reported studies on colliding
plasma interaction zone in different ambient pressure
and gases, beam separation, geometries and with varying pulse widths (nano and femtosecond) [17–19]. But
the complexities of formation and characteristics (e.g.
confinement, compositions etc.) are not yet fully understood and require more investigation. To the best of
our knowledge, very few literatures reported about
the multispecies laser-induced colliding plasma and
their mass-dependent effect on the interaction zone
[20,21].
In this paper, we have reported the characteristics of
multispecies colliding plasma plumes and their effect
on the interaction zone formation, expansion dynamics and other parameters (e.g. electron temperature,
density etc.). Also single plasma plumes with varying atomic numbers (i.e. Al, Ni and W) are studied
to understand the most effective combination based
on the different plasma parameters and to comprehend the general trend of z-dependency of laser-ablated
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plasma plumes. We have found significant properties
of the interaction zone with target materials of different atomic number by analysing images captured
by fast imaging technique. We have also reported the
temporally resolved plasma electron temperature and
density profiles of both the seed and interaction zones
in vacuum. Monochromator-based optical time-of-fight
(OTOF) profiles (both temporal and spatial) have been
analysed to extract neutral and ion velocities of different species inside the interaction zone and also in the
primary plume.
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emission spectroscopy is used as the diagnostic tool. A
double lens telescopic arrangement is employed to collect the plasma emissions (spatially resolved) by using
optical fibre and fed into 0.5 m spectrometer (Acton
Advanced SP2500A, Princeton Instruments). The output of the spectrometer is coupled with an ICCD. The
resolution of the spectrometer is 0.08 nm. The ICCD
camera, spectrometer and the laser beam are synchronised by microcontroller-based timing generator with
timing jitter less than 1 ns.

2. Experimental set-up
3. Results and discussions
The schematic diagram of the experimental set-up is
shown in figure 1. An Nd:YAG laser (λ = 1064 nm,
pulse width ∼8 ns, full-width at half-maximum) has
been used to produce the plasma plume. The single
laser beam is split into two parts using a bi-prism and
focussed by a plano-convex lens (focal length = 25 cm)
onto the target surface. Aluminium, nickel and tungsten
(purity ∼99.9%) have been chosen as target materials
based on their varying atomic number and availability.
For the generation of multispecies plasma, a combined
Al, Ni and W solid plates (dimension: 60×20×1 mm3 )
was attached side by side and it has been used as target in pair. The combined target plate is placed inside
a stainless steel vacuum chamber by using a vacuum
compatible feed-through holder. The experiment has
been performed in single shot mode where the operating parameters of the laser source and a half-wave plate
placed before the beam splitter have been used to set the
desired laser fluence onto the target surfaces. The separation of two beams was controlled by changing the
reflecting angle of a mirror. The spot size of both beams
was set as 1 mm and beam separation was set as 2, 4 and
6 mm respectively. An ICCD camera (intensified charge
coupled device, 4 Picos, Stanford Computer Optics Inc.)
having a time resolution of ∼200 ps is used to record
the images of the expanding plume.
Temporal variation of the plasma plume is obtained by
varying the time delay between the trigger pulse and gate
opening time of the ICCD. Gate time of ICCD is set as
5 ns and 10 ns. In the present experiment, plume images
recorded with 5 ns integration time and images beyond
400 ns were not clear because of its weak intensity.
Therefore, in order to make qualitative comparison in
vacuum, plume images beyond 400 ns are recorded with
10 ns integration time. For all the other cases (except
for t > 400 ns in vacuum), integration time is fixed as
5 ns. A mesh-image of known dimension (5 × 5 mm2 )
is recorded to calibrate the plume images. To measure
the electron temperature and density of plasma, optical

An experimental investigation of laser-produced multispecies colliding plasma has been carried out in vacuum
(∼ 5×10−7 mbar) using solid target materials of different atomic masses. In this experiment, solid aluminium,
nickel and tungsten plates (in pair) have been chosen
to form the heterogeneous target. Effects of different
atomic masses on the characteristic features and dynamics of the laser-induced primary plasma plumes and the
following interaction zone are explored by analysing
two-dimensional images as a function of time. Detailed
studies of different plasma parameters, such as expansion dynamics, plasma electron temperature and density
of the interaction region of this heterogeneous plasma
have been performed. The following figures represent
the image sequence of laser-produced plasma (LPP)
plume by using solid targets in vacuum from 50 ns to
500 ns time delays. All images are pseudocoloured with
the same scaling. Every image represents the spectrally
integrated image within the wavelength range 350–700
nm. Incident laser energy is set to 100 mJ which gives
fluence of 12.7 J/cm2 . Figure 2 presents the aluminium
plasma plume produced by single laser beam of fluence 12.7 J/cm2 focussed at 1 mm spot size onto the
target. This figure shows that the plasma plume is spherically symmetric and its expansion in vacuum is free
and adiabatic in nature [4,22]. It expands at the speed
of ∼ 2.86 × 106 cm/s and the intensity of the plume
diminishes gradually with time.
Interaction region formed between two laser-produced
plasma plumes is an important phenomenon in terms
of its significance and application oriented study. Interaction region is formed by the transportation of fast
particles from the seed region to the interaction region.
The nature of the interaction region in two colliding
plasma plumes is described by collisionality parameter,
i.e. ζ = D/λii , where D is the separation between the
horizontal axis of the two seed plasma plumes and λii
is the ion–ion mean free path defined by eq. (1)
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Figure 1. Schematic diagram of the experimental set-up for the colliding plasma study.

Figure 2. Sequence of laser-produced single plasma plume images of the aluminium target of 100 mJ laser energy in vacuum
(∼ 5 × 10−7 mbar).

Figure 3. Colliding plasma plume images of the solid aluminium target with 4 mm beam separation in vacuum and 100 mJ
laser energy of both beams.

λii =

4
m i2 ν12
.
4π e4 Z 4 n i ln12

(1)

Here, m i is the atomic mass of the target element, ν12
is the transverse relative expansion velocity of the two
beams, e is the electronic charge, Z is the ionisation
level and n i is the ion density. Normally, ζ < 1 defines
the interpenetration of the plume species into each

other and ζ > 1 defines stagnation at the interaction
region. Figure 3 shows the colliding plasma between
two laser-produced aluminium plasmas separated by
4 mm distance. In this case, both beams have equal
energy (i.e. 100 mJ or 12.7 J/cm2 of each) focussed
at 1 mm spot size. It produces a well-defined interaction region between the horizontally uniform expanding
plasma plumes, which is prominent at later time delay.
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In this case, value of collisionality parameter which is
∼ 5.5, is estimated from the above equation, indicating
stagnation/interpenetration of the plume species at the
interaction region. The formation of interaction zone is
not clearly visible up to ∼50 ns time delay. Initially, after
the formation of the interaction zone, the seed plasma
plumes expand faster than the velocity of interaction
zone up to ∼100 ns delay. During 200–300 ns time delay,
both the seed plumes and interaction zone expand with
approximately the same velocity. However, the velocity
of interaction zone exceeds the velocity of seed plumes
after 300 ns. Careful observation reveals that in figure 2,
the single plasma plume expands leaving behind small
slower trailing components which are also visible in the
case of seed plumes (figure 3) of the colliding plasma.
It is also clear from figure 3 that the emissive lifetime
and luminosity of the interaction zone are higher than
the seed plasma plumes. These phenomena are studied
in detail and reported by several researchers [7,9,20,21].
However, controlling different properties and plasma
species at the interaction region in the colliding plasma
is an important aspect to study. We took a composite target of different solid materials, e.g. aluminium,
nickel and tungsten, depending on their well separated
atomic masses for producing heterogeneous plasma
plume at the interaction region. We have introduced
a nickel strip (figure 4) and a tungsten strip (figure 5) separately with an aluminium target and made
one composite target for producing multispecies colliding plasma plume. Here, two laser beams of 100
mJ energy are incident on the targets at 4 mm separation; one beam is incident on aluminium and the
other is incident on nickel or tungsten, respectively.
Temporally resolved images of the colliding plasma
plume with target combination aluminium–nickel (Al–
Ni) and aluminium–tungsten (Al–W), are presented in
figures 4 and 5. In both cases, the lower plume is of
aluminium target and the upper one is of nickel in figure 4 and tungsten in figure 5, respectively. These figures
show that two seed plumes in both the target combinations expand with non-uniform velocities due to their
different atomic masses. Estimated velocities of aluminium and nickel plasma plumes are 2.86 × 106 cm/s
and 1.04 × 106 cm/s respectively. Velocity of tungsten is very small and it is not resolvable within our
experimental limit. However, it can be seen from the
images in figure 5. These estimated values show that
there is a significant difference in expansion velocity
of the three different elements in the same experimental condition and laser energy. In both cases, plume
expansion velocity of the lighter element (i.e. Al) is
normally higher than the heavier elements (i.e. nickel
and tungsten). These differences are visible in these
figures and also are in agreement with the estimated
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parameters. This non-uniformity in expansion velocity
creates a pressure difference at the interaction region
as the fast moving plume will have higher pressure
than the slower one. This difference in pressure bends
the interaction region towards the slower moving seed
plume. This bending effect can be seen in both figures 4
and 5 for nickel and tungsten targets which are combined with aluminium separately. The bending strength
can be compared for different targets by estimating the
curvature of the interaction region. In the case of Al–
Ni target, interaction region is initiated around 100 ns
and it expands with time. However, in the case of Al–
W target, initially two seed plumes are separated and
clearly visible in figure 5 at 50 ns delay time. Both
the plumes evolve with time but no clear interaction
region is observed (figure 5) as it is seen in figures 3
and 4.
Generally, uniform plasma plumes for both single and
colliding cases are required almost in every application
and in the basic study of different plasma phenomena.
Therefore, we can say that target elements having large
atomic mass difference would not be a favourable choice
for the production of uniformly expanding multispecies
interaction region in the colliding plasma experiment.
We have chosen the composite target of Al–Ni for this
experimental study and optimised the laser energy on
these two elements to avoid curvature at the interaction
region and to get horizontally expanding plasma plume.
We have set the optimum energy for each beam by taking
several repeated shots and analysing the images. Laser
energy is set as 100 mJ (i.e. 12.7 J/cm2 ) on aluminium
and 170 mJ (21.6 J/cm2 ) on nickel targets respectively.
Temporally resolved image sequence of plasma plumes
and the interaction region is shown in figure 6. Now, this
combination of laser energy produces interaction region
which expands along the horizontal direction as shown
in this figure. Here, unlike the interaction region of the
single element (i.e. Al shown in figure 3), its expansion
is not fully symmetric in shape. The emission in the
visible wavelengths is more intense from the primary
plasma plume than from the interaction zone. However, this reverses after some time delay and emission
intensity of the colliding region increases up to a certain time and diminishes gradually. This phenomenon
is also supported by the calculation of electron temperatures of both the seed plasma plumes and interaction
region which is discussed later.
Figure 7 shows the results of optical time-of-flight
(OTOF) measurement in the seed (figures 7a and 7b) and
interaction region (figures 7c and 7d) for Al II 466.3 nm
and Ni II 499.2 nm transitions at spatial positions d =
3 and 5 mm away from the target surface. Comparing
the OTOF data of the seed and interaction zones for
both Al and Ni, significant differences are observed.
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Figure 4. Colliding plasma plume images of nickel (upper plane) and aluminium (lower plane) combined target with 4 mm
beam separation in vacuum and 100 mJ laser energy for both beams.

Figure 5. Laser-produced colliding plasma plume of solid tungsten (upper plane) and aluminium (lower plane) composite
target with 100 mJ laser energy for each beam in vacuum.

Figure 6. Laser-produced colliding plasma plume of solid aluminium (upper plane) and nickel (lower plane) composite target
with 100 and 170 mJ laser energy for each beam in vacuum.

Figure 7. Optical time-of-flight of Al II 466.3 nm and Ni II 499.2 nm in seed (figures 7a and 7b) and interaction regions
(figures 7c and 7d) at 3 and 5 mm away, respectively.
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Figure 8. Optical time-of-flight of Al I 396.15 nm in both
seed and interaction regions.

At d = 3 mm, irrespective of the atomic mass of the
ablating target, both Al and Ni species reach nearly at
the same time with very slight difference in both the
seed and interaction regions. This is attributed to the
high expansion velocity of the plume at the initial time,
as the pressure gradient is very high leading to high
expansion velocity.
The OTOF signal shows a peak at around ∼ 80 ns
giving rise to an expansion velocity of
∼ 1.25×106 cm “/” s. The shift in peak is not observable
at smaller distance as it can be seen for 3 mm distance.
However, it is clear when d = 5 mm in both the seed and
interaction region. The peaks of aluminium and nickel
reveal that ionic aluminium expands with higher velocity than nickel. This is obvious as nickel is heavier than
aluminium. It also reveals that the component at the
interaction region is faster than the seed plasma. Therefore, the peak of Ni II 499.2 nm appears sooner in the
case of interaction region than the nickel seed plasma.
It shows that the velocity distribution of nickel is higher
than aluminium in both the cases. This difference in the
velocity distribution arises due to the thermophysical
parameters (viz. heat conductivity, absorption coefficient etc.) of the materials and differences in the kinetic
energy.
Figure 8 shows the OTOF of Al I 396.15 nm in both
seed and interaction regions. This shows the presence of
both slow and fast neutrals in the seed region, leading
to plume splitting in single plasma. However, such difference is not observed in the case of interaction region
and it shows a uniform velocity distribution of the neutral particles.
Plasma electron temperature has been calculated from
emission intensities of two aluminum ionic lines (i.e. Al
II 466.3 and Al II 559.3 nm) by using the Boltzmann
equation [23,24],

(2)

Here, I represents line intensity of transition between
two energy levels, υ is the spectral line frequency, A is
Einstein’s coefficient, g represents statistical weight of
the energy level, E is the energy of the particular label,
kB is the Boltzmann constant, Te is the electron temperature, the subscripts i, j, k and l indicate the different
energy levels. In the present experiment, this relation is
valid in local thermal equilibrium (LTE) conditions only.
Therefore, to ensure its validation for the LTE condition, we have confirmed the McWhirter criterion which
defines the required minimum density by the equation
given below [25].
1/2

n e ≥ 1.4 × 1014 Te (E) cm−3 ,

(3)

where Te (eV) is the electron temperature and E
(eV) is the energy difference between the two states.
In this experiment, for the maximum electron temperature of 2.6 eV and the largest energy gap (2.65 eV)
of the selected transition (Al II 466.3 nm), this criterion predicts a lower limit of n e ≤ 5.9 × 1014 cm−3 .
Therefore, it shows that LTE condition is satisfied successfully. The temporal profile of electron temperature
is shown in figure 9. Electron temperature in the interaction region shows a decreasing trend with time. This
can be attributed to the adiabatic expansion of the plume
in vacuum. Electron density at the interaction region is
estimated from Stark-broadened aluminium transition.
This broadening arises mainly because of the Coulomb
interaction among electrons and ions. Ion–ion interactions are neglected due to the low temperature regime.
The temporal profile of electron density (figure 9) also
shows a decreasing trend with time.

4. Conclusion
Colliding plasma produced from different solid targets
and the interaction zone has been studied experimentally
by analysing fast imaging and spectroscopic methods.
Plasma produced from various target materials having
different atomic masses shows significant differences
in shape, size, expansion velocity and other characteristic parameters. Image data show these differences in
the interaction region also. Interaction region formed of
different seeds have non-uniform velocity in the axial
direction and it bends towards the plume with heavier
atomic mass. This curvature in the interaction region
has been eliminated by the energy imbalance of two
incident laser beams. Optical time-of-flight data show
that the velocity of ionic nickel is slower in both the
seed and interaction regions than in the ionic aluminium.
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Figure 9. Electron temperature (left vertical axis) and density (right vertical axis) at the interaction region of Al–Al plasma.

It also shows that neutral aluminium has higher velocity at the interaction region than at the seed region.
These experimental observations can be useful in producing multicomponent plasma plume via the formation
of interaction region in the colliding plasma and to control its characteristic parameters.
References
[1] S A Ramsden and W E R Davies, Phys. Rev. Lett. 13,
227 (1964)
[2] H Opower and E Burfinger, Phys. Lett. 16, 37 (1965)
[3] A W Ehler, J. Appl. Phys. 37, 4962 (1966)
[4] R B Hall, J. Appl. Phys. 40, 1941 (1969)
[5] S Amoruso, G Ausanio, A C Barone, R Bruzzese, L
Gragnaniello, M Vitiello and X Wang, J. Phys. B 38,
L329 (2005)
[6] R K Singh and J Narayan, Phys. Rev. B 41, 8843 (1990)
[7] B Kumar, R K Singh, S Sengupta, P K Kaw and A
Kumar, Phys. Plasmas 21, 083510 (2014)
[8] F J Adrian, J Bohandy, B F Kim, A N Jette and P Thompson, J. Vacuum Sci. Technol. B: Microelectron. Process.
Phenomena 5, 1490 (1987)
[9] P T Rumsby, J Paul and M Masoud, Plasma Phys. 16,
969 (1974)
[10] A Matsumoto, A Tamura, K Fukami, Y H Ogata and T
Sakka, J. Appl. Phys. 113, 053302 (2013)
[11] X Zeng, X L Mao, R Greif and R E Russo, Appl. Phys.
A 80, 237 (2005)

[12] P Yeates, C Fallon, E T Kennedy and J T Costello, Phys.
Plasmas 18, 103104 (2011)
[13] S V Bulanov, T Z Esirkepov, F F Kamenets, Y Kato, A
V Kuznetsov, K Nishihara, F Pegoraro, T Tajima and V
S Khoroshkov, Plasma Phys. Rep. 28, 975 (2002)
[14] G Cristoforetti, S Legnaioli, V Palleschi, A Salvetti
and E Tognoni, Appl. Phys. B: Lasers Opt. 80, 559
(2005)
[15] R K Thareja, H Saxena and V Narayanan, J. Appl. Phys.
98, 034908 (2005)
[16] B Kumar and R K Thareja, J. Appl. Phys. 108, 064906
(2010)
[17] S Amoruso, R Bruzzese and X Wang, Appl. Phys. Lett.
95, 251501 (2009)
[18] J Hermann, C B Leborgne and D Hong, J. Appl. Phys.
83, 691 (1998)
[19] S Mehrabian, M Aghaei and S H Tavassoli, Phys. Plasmas 17, 043301 (2010)
[20] P K Pandey, R K Thareja and J T Costello, Phys. Plasmas
23, 103516 (2016)
[21] X Li, Z Yang, J Wu, J Han, W Wei, S Jia and A Qiu, J.
Appl. Phys. 119, 133301 (2016)
[22] K F Al-Shboul, S S Harilal, A Hassanein and M Polek,
J. Appl. Phys. 109, 053302 (2011)
[23] S Mukasa, S Nomura, H Toyota, T Maehara, F Abe and
A Kawashima, J. Appl. Phys. 106, 113302 (2009)
[24] H R Griem, Spectral line broadening in plasmas (Academic Press, New York, 1974)
[25] G Bekefi, Principles of laser plasmas (WileyInterscience, New York, 1976)

