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Observation of ion acceleration in nanosecond laser generated plasma
on a nickel thin film under rear ablation geometry
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In this article we report acceleration observed for the ions produced in a 50-nm-thick nickel film coated
on a quartz substrate, under nanosecond laser ablation, in the rear ablation geometry. A detailed study with
varying background pressure and laser energy is done. Spectroscopic study including spectroscopic time of flight
(STOF) measurements of ionic and other neutral transitions from the plasma has been undertaken. The STOF
spectra recorded for ionic transition clearly show an enhancement in the velocity of the slow component as the
background pressure increases. In addition, a large asymmetric spectral broadening in the 712.22-nm neutral line
is observed, which increases with background pressure. While these observations have similarity to some of the
reported studies on the acceleration of ionic species through double-layer formation, the electric fields calculated
from the measured acceleration appear to be anomalously higher, and a double-layer concept seems to be
inadequate. Moreover, the large asymmetry observed in the neutral line profile is indicative of microelectric fields
present inside the laser produced plasma plume, which may play a role in the continuous acceleration of the ions.
Interestingly, this asymmetry in spectral broadening exhibits temporal and spatial dependence, which indicates
that significant electric field is present in the plasma plume even for longer duration and larger distance from the
target. These spectroscopic observations of acceleration have also been complemented by triple Langmuir probe
measurements. To the best of our information, such observations regarding large ion acceleration for the rather
low laser intensities as used in this experiment have not been reported in literature so far.
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I. INTRODUCTION

Laser-matter interaction has been an attracting subject
because of its wide-ranging applications and fundamental
interests. Applications of laser-matter interactions are elab-
orately described in a number of books and articles [1–5].
Particle acceleration using high-power lasers is one of the
prominent applications of laser-matter interaction and an ex-
tensive study on laser-driven ion acceleration is available
in literature [1,6]. Rajeev et al. demonstrated acceleration
of neutrals to MeV energy for high intensity laser interac-
tion in nanoclusters [7]. Interaction of intense laser pulses
with ultra thin films resulting in acceleration of protons and
ions has been experimentally demonstrated and simulated
comprehensively by different groups [8–12]. Using high-
intensity subpicosecond laser pulse and thin foil, forward
ion acceleration due to electrostatic-field in nonequilibrium
plasma has been reported by Maksimchuk et al. [13]. Bulanov
et al. studied the use of intense proton beams produced by
a high-intensity laser pulse for proton therapy [14]. Inertial
confinement fusion [15] is a highly anticipated technological
breakthrough of laser-matter interaction [16].
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In laser-matter interaction, the kinetic energy acquired by
electrons in the material is proportional to the laser intensity,
and at higher intensities the energy transferred to the electrons
will be of the ponderomotive energy [17–19]. Further increase
in laser intensity produces relativistic electrons and can ionize
other atoms in the lattice. When high intensity laser interacts
with bulk samples, backward plasma acceleration (BPA) is ob-
served, which can result in high ion yield [20]. At intensities
above 1015 W/cm2 target normal sheath acceleration (TNSA)
is reported [21,22]. TNSA can produce ions of the energies
above MeV/charge state [22]. Unlike BPA, here the electric
field is produced at the rear side of the thin target due to
the escape of relativistic electrons. Another prominent accel-
eration mechanism is radiation pressure acceleration (RPA),
which can accelarate the ions in excess of 10 MeV/charge
state. However this requires an extremely high intensity of
1019 W/cm2 [23,24]. RPA is considered as the most effective
mechanism for coupling laser energy to the target [24].

In most of the cases, ion acceleration has been observed
in shorter pulse laser interaction with matter. Interaction of
nanosecond laser pulse with matter and the formation and
evolution of the plasma plume has been extensively studied by
a number of groups [25–31]. However, most of these studies
were centered at the plume expansion dynamics with different
background species and background pressures with an ob-
jective to understand the physics behind plume dynamics in
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FIG. 1. Schematic diagram of experimental setup showing the
arrangement of sample (thin film), triple Langmuir probe (TLP), and
laser system aligned to the vacuum vacuum system (VS). TMP is the
turbo molecular pump, L1 is the focusing lens, L2 and L3 are the
lens system to image the plasma plume to fiber array. F is the band
pass interference filter, Hr460 is the high-resolution spectrometer,
PMT is the fast photomultiplier Tube, DSO is the fast digital storage
oscilloscope, TCU is the trigger and control unit which synchronizes
the instruments with laser pulses, and the data are acquired on a
personal computer (PC)

pulsed laser deposition so that the film quality can be bettered
[29–31]. Bulgakova et al. [28] observed ion acceleration in
their experiment using ns laser pulses at a moderate laser flu-
ence (2–25 Jcm−2). This observation was explained by using
the concept of self consistent electric field or widely known
double-layer (DL) concept. In this work they concluded that
the background gas suppresses the DL effect. They observed
that the time-of-flight profile of the fast-ion peak gets mod-
ified with increasing background pressure depending on ion
scattering by the background molecules and ion acceleration
by the ambipolar electric field. Moreover, it was also found to
depend on the distance from the target.

In this article, we report nanosecond laser produced plasma
evolution in ambient N2 gas environment using optical emis-
sion spectroscopy (OES) and electrical probe, in rear ablation
geometry, for a nickel film of 50-nm thickness, for laser flu-
ences of 10 and 21 J cm−2. Time of flight profiles of OES
indicate that ions are accelerated. However, the estimated
electric field is anomalously higher and cannot be explained
by the simple DL concept. Moreover, spectral line profile of
the neutral nickel line (712.22 nm) exhibits asymmetry which
provides evidence towards the presence of microelectric fields
and their contribution to the overall acceleration mechanism.
In contrast to the reported observations of Bulgakova et al.
[28], in this case ion acceleration appears to increase with
background gases.

II. EXPERIMENTAL SETUP

The experimental set up is similar to that described in an
earlier work [32] and is shown in Fig. 1. Detailed description

of laser system, sample and diagnostics used in the study are
described in the following sections.

A. Laser system

The laser used for this experiment is 1064 nm Nd:YAG
laser with ≈8 ns pulse width, with Gaussian spatial profile
(Continuum Powerlite 9030). Two laser energies 100 and
50 mJ are used for the experiment. The laser energy is mea-
sured using laser power meter and the energy on the sample
is estimated after subtracting the reflection losses from the
optical components. The laser is focused at the sample with
a 50-cm plano convex lens and the spot size on the sample
is ≈1.1 mm, which is measured using a thermal burn paper
on the spot. This results to the maximum energy density of
≈21 Jcm−2 and ≈10 Jcm−2 for 100 and 50 mJ, respectively.
In rear ablation geometry, the laser is incident on the thin film
from the rear side of the film through the transparent quartz
substrate, and the plasma plume generated evolves in forward
direction (direction of laser) as can be seen in the figure. The
laser beam, sample manipulator, vacuum system, gas feed,
etc., are the same as described earlier [32].

B. Sample

Nickel film (50 nm thick) used in the present experiment is
a commercially procured film coated by electron beam deposi-
tion method with roughly 5% variation in thickness. The film
is almost completely ablated with single laser pulse itself and
a precise high vacuum compatible sample manipulator is used
to position the sample for the next pulse. The experiments are
performed on single-shot basis and data from multiple shots
with fresh sample positions are used to minimize statistical
errors that may arise in the measurement.

C. Diagnostics

(1) Spectroscopic time of flight (STOF) measurement: In
this experiment, an imaging system with magnification 1 is
used to image the plasma plume into an optical fiber array with
10 branches of fibers having core diameter of 400 microns
each. The array is placed such that each individual fiber col-
lects emission from various spatial locations from the sample
along the axis of the laser beam. Any fiber from this array
can be coupled to a PMT so that recording of emission from
different positions within the plasma is possible on a shot-to-
shot basis. Narrow bandpass interference filters (F as shown in
figure) with pass band for prominent neutral nickel lines are
used to allow the desired line emission to reach the PMT. The
PMT coupled with a fast digital oscilloscope (DSO) records
the temporal emission of the respective neutral lines from
the respective locations. It is possible to couple any of the
remaining fibers from the fiber array to another spectrometer
(HR460), which is equipped with a PMT. This spectrometer
and PMT combine are used to detect ionic spectral lines from
the plasma. The spectral resolution of this spectrometer with
PMT is around 0.1 nm. The spectrometer is arranged with an
F number matching optics for the SMA fiber.

(2) Spectral line profile measurement: A 1-m spectrometer
is also coupled with another fiber array with 10 fibers using F
number matching optics to record the spectra of plasma. The
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TABLE I. Spectroscopic details of lines used in the present study [33].

Lambda Aij J Ej Ei
(nm) (107s−1) − (eV) (eV) Transition

361.94 Ni I 6.6 3 0.42 3.85 3d9(2D)4p → 3d9(2D)4s
362.68 Ni II – 5 0.19 3.60 3p63d8(4s) → 3p63D9

508.11 Ni I 5.70 7 3.85 6.29 3d9(2D3/2)4d → 3d9(2D)4p
712.22 Ni I 2.10 3 3.54 5.28 3d9(2D5/2 )5s → 3d9(2D)4p

fiber array is placed at the image plane of another imaging
system aligned diametrically opposite to the earlier mentioned
fiber array so that emission from the plasma along the prop-
agation axis can be imaged to the spectrometer. The slit of
the spectrometer is fixed at 50 microns so that an effective
spectral resolution of 0.12 nm is achieved. The spectrometer
with fiber array and ICCD enables acquiring spectra from
different locations of plasma plume simultaneously and for
different time delays on a shot to shot basis.

(3) Triple Langmuir Probe (TLP) measurement: In addi-
tion to the spectroscopic diagnostics, TLP is also used for
the measurement of floating potential and ion current. TLP
records the ion saturation current and floating potential at a
distance of 10 mm onwards. It can be noted here that the
emission spectra from ions and neutrals are recorded at the
locations closer to the sample whereas ion saturation current
and floating potential from 10 mm onwards as it is not possible
to put the probe closer to the target. The signals from PMT’s
and TLP are recorded using the DSO which is synchronised
with the timing control unit (TCU) and interfaced to the PC.

D. Spectral lines

Table I lists the transition details of different spectral lines
used for the present study. STOF studies for Ni II 362.68 nm
and neutral Ni I 361.94 nm, 508.11 nm and 712.22 nm nickel
lines are used to study the temporal evolution of the respective
species. Spectral line shape of the 712.22 nm Ni I line is also
studied, for which a large asymmetrical spectral broadening
is observed. None of the spectral lines used in the present
work involve ground state. Though the lower level of the
362.68 nm Ni II line is closer to the ground state (0.19 eV), the
present measurement can be considered free of self absorption
because of the low density of the species (neutrals/ions) in
plasma for the temperature and density range relevant for
100 ns delay from the laser pulse [32].

III. RESULTS AND DISCUSSION

The acceleration of ionic species is primarily observed in
the STOF data of the ions. Along with STOF, spectral line
shape of neutrals line (712.22 nm) and TLP data have been
used to explain the observed results. The section is further
divided in four subsections.

A. Acceleration of ions

In this section, STOF data of the ionic and neutral species
of nickel are discussed. A clear dependence of the temporal
evolution between ionic and neutral species on the ambient
pressure is observed.

Figure 2(a) shows the STOF emission recorded for the
ionic line 362.68 nm of nickel at 3 mm from the sample for
different background pressures, at a laser energy of 100 mJ.
The figure shows that the evolution of the slower peak be-
comes significant as the background pressure increases from
0.1 to 20 mbar. At 0.1 mbar, the slower peak is not evident as
can be seen from the figure. However, it appears with the same
intensity as that of the faster peak when the background pres-
sure reaches 5 mbar, and the intensity increases substantially
with further increase in pressure. Further, it can be noted that
the slower peak gradually advances in time as the background
pressure increases. A closer look at the faster peak shows an
interesting behavior. The faster peak appears at the same time
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FIG. 2. Evolution of STOF spectrum of ionic line (362.68 nm) at
3 mm from the sample for different background pressures for 10 ns,
1064 nm laser pulse at laser energies of (a) 100 mJ and (b) 50 mJ.
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FIG. 3. Peaking time of fast and slow peaks of STOF spectra of
ionic species and the delay between fast and slow peaks with varying
pressures for 1064 nm laser wavelength with 100 mJ of energy at
3 mm from sample.

up to a background pressure of 1.0 mbar. However, it slows
down marginally as the pressure increases further (Fig. 3). A
similar trend is seen in the STOF spectra of ionic species with
50 mJ laser energy, as shown in Fig. 2(b). The slowing down
of the faster peak can be understood as a consequence of col-
lisions between fast ions with the background gas molecules
as described in earlier studies [29–31]. It is interesting to see
that the temporal separation between the faster and the slower
peaks decreases from 195 ns at 1 mbar background pressure
to 120 ns at 20 mbar background pressure, when ablated with
100 mJ of laser energy (Fig. 3). In case of ablation with 50 mJ
laser energy, the separation changes from 220 to 150 ns in the
same range of background pressure. From STOF spectra it
can be noted that the intensity of the fast peak is not affected
much by the background pressure, while the slow peak shows
an enhanced intensity and increase in velocity. This obser-
vation can be used to rule out the possibility of splitting of
the faster peak due to multiple collisions with the background
gas as reported in some of the earlier studies [34,35]. The fast
peak is apparently due to the ions that penetrate the ambient
whereas slow peak due to the ions that are confined by it
[34,36]. In these studies it is clearly observed that the fast peak
is not much affected by the increase of background pressure
but the slow peak further slows down significantly as the back-
ground pressure increases [29,36,37]. The striking difference
observed between the present and earlier reported works is
probably because of the configuration of ablation (rear versus
front ablation geometries). It is interesting to note that at lower
laser energy (50 mJ), the slow peak of ionic emission is more
prominent at lower background pressure (0.1 mbar). In com-
parison, at higher laser energy (100 mJ) there is no significant
intensity for the slow peak.The intensity of ionic line is higher
for higher laser energy. On plume splitting, earlier works
[36] reported that the fast peak is not significantly retarded
with increase in background pressure. However,the emission

intensity decreases significantly with increase in pressure.
However, the slow peak is significantly retarded with increase
in background pressure. In our observation also the fast peak
is not retarded much with increase in background pressure.
However, a contradictory behavior is seen for the intensity
of fast peak, which increases with background pressure. An-
other important observation from the STOF spectra of ionic
species for various background pressures and laser energies is
that the velocity of the slow component gets increased with
background pressure and laser energy. For instance, the fast
peak gets slowed down whereas the slower peak becomes
faster with pressure as can be seen in Fig. 3. Though it is
not clear why the slow peak becomes faster, the slowing of
the fast peak can be attributed to enhanced collision with the
ambient, leading to a reduction of its momentum [29]. Further,
it is interesting to see that the fast peak has relatively higher
intensity for 50 mJ energy. Normally it is expected that more
charged species are present at higher energy. This anomalous
observation appears to be due to the screening of the ions and
hence decreased acceleration.

Akin to the ionic spectra, emission spectra of neutrals are
also recorded using the same configuration, by changing the
central wavelength of the spectrometer to three prominent
neutral nickel lines as listed in Table I. Figure 4 shows the
STOF emission of all the three neutral lines recorded at 3 mm
from the sample for both laser energies. As can be seen
from the figure, for particular laser energy and pressure, the
361.94 nm neutral line peaks faster than the other two lines
(slow peak). The neutral lines 508.11 and 712.22 nm show a
similar trend in peaking time for the slower peak. Both lines
have lower intensity. However, fast peak for 712.22 nm line
[Figs. 4(c) and 4(f)] has relatively higher intensity. As the
background pressure increases, the intensity of slower peak
increases significantly whereas the intensity of faster peak
decreases slightly. However, 361.94 nm neutral line does not
show any trace of fast peak for both laser energies at this
distance. The neutral lines show that the peaks get slightly
delayed with increase in the background pressure. For the
361.94 nm emission, as can be seen from Fig. 4(a), the
peak position does not change significantly as the pressure
increases from 5 to 20 mbar. However, for the other two
lines the peak position delays gradually with increase in back-
ground pressure [Fig. 4(b) and 4(c)]. The variation observed
in the dynamics of different neutral species is interesting and
it has to be noted that the intensity of a particular spectral
transition depends on recombination/excitation, and hence on
plasma parameters (density and temperature), as well as on
the properties of the specific transition.

From the observation of the STOF profile of ionic and
neutral lines of nickel at 3 mm in this experimental config-
uration, it is clear that the ionic species within the plasma
have significantly higher velocities in comparison to neutral
species. Also, the velocity of ionic species increases with
increase in background pressure which is worthwhile to note
because instead of getting slowed down due to resistive force
of the medium, ions get accelerated. This may probably be
due to increase in electron density and subsequent increase
in electric field, as will be discussed later. Figure 5 shows
the peaking time of the slower component for ionic emission
and for neutral lines for varying background pressures at
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FIG. 4. Evolution of STOF spectrum of neutral lines 3 mm away from the sample for different background pressures and laser energies
100 mJ (a)–(c) and 50 mJ (d)–(f) for10 ns, 1064 nm laser. The neutral lines are 361.94 nm (a), (d), 508.11nm (b), (e), and 712.22 nm (c), (f).

100 mJ laser energy at 3-mm distance. The peaking time and
its variation with background pressure are distinctly different
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FIG. 5. Comparison of peaking time of slow components of
STOF spectra of ionic and neutral species with varying background
pressure for 1064 nm laser wavelength with 100 mJ of energy at
3 mm from the sample.

for ions and neutrals. For ions, as the pressure increases, the
slow peak gets faster. However, this is not the case for neutral
lines. The 361.94-nm line shows that the pressure does not
affect the peaking time as background pressures increases
(from 5 mbar to 20 mbar the peaking time remains almost
constant as can be seen from the Fig. 5). However, the other
two neutral emission lines (508.11 and 712.22 nm) show that
the peaks slow down further as the pressure increases. As
the peaking time for ions as well as the neutrals is almost
same at lower pressures (Fig. 5), it can be assumed that the
neutrals are initially formed from the ionic species closer to
the sample. With increase in background pressure neutrals are
affected only by a small degree, whereas the velocity of the
ionic species increases with pressure. However, as the role of
background gas is same for the neutrals and ions, it has to be
assumed that the ions get some additional acceleration as the
pressure increases, so that they gain velocity. As mentioned
earlier, it can be assumed that part of the neutrals may be
formed from the recombination process in ionic species and
may continue with initial energy they acquire from the ion
until the gas pressure drags them and slows it down. Earlier
studies have demonstrated the effect of background pressure,
laser energy and dependence of spatial location on plasma
plume splitting in LPP (backward ablation) geometry. Some
studies show a completely different behavior as expected for
plume splitting and propagation. For instance, the dynamics
of carbon plume in helium background [35] has shown that
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FIG. 6. Temporal evolutions of neutral (361.94 nm) and ionic (362.68 nm) lines at 3 mm (a)–(c) and 7 mm (d)–(f) for different background
pressures for laser energy of 100 mJ. The background pressures used are 0.1 mbar (a), (d), 10 mbar (b), 9e), and 20 mbar (c), 9f).

the fast peak gets slowed down as the laser irradiance is
increased. It is also mentioned that the velocity of fast peak
increases and that of the slow peak decreases as the helium
pressure increases. The observation of decrease in the velocity
of the faster component with increase in laser irradiance has
been explained as a selective depletion of high velocity C2

species. The effect of background pressure on the velocity of
faster peak is explained using the inverse relation of pressure
and energy in the adiabatic expansion model [35]. We would
like to mention that the present results also exhibit a totally
unexpected nature in the behavior of the slow peak.

The behavior of the ionic (362.68 nm) and neutral
(361.94 nm) lines at 7-mm distance were also recorded by
using the optical fiber coupled to spectrometer and PMT. For
an easy comparison of the differences in STOF of neutral and
ionic lines at 3 and 7 mm, the STOF spectra with sufficient vis-
ibility are shown in Fig. 6 for 100 mJ energy. The figure shows
a single peak for neutral emission, but distinctly two or more
peaks for the ionic line (specifically at 3 mm). Hereafter the
peaks will be denoted as: (i) fast ion peak, (ii) slow ion peak,
and (iii) neutral peak for further discussion. The maximum
intensity of each emission line is normalized to 1 for ease in
comparison. Though the ionic and neutral lines (362.68 and
361.94 nm) are separated by 0.8 nm, the resolution of the
spectrometer is sufficient enough to resolve them. At 3 mm,
as can be seen from Fig. 6, single peak corresponding to ion is
observed at lower pressure. With increase in pressure, double

peak structure emerges with both fast and slow ion peaks.
However, for neutral emission a broad single peak is observed
which becomes sharper with increase in pressure. The results
indicate that the fast ionic peak should come from accelerated
ions whereas the slower peak may result from the drag exerted
by ambient pressure. As the neutral peak is delayed even with
respect to the slow ionic peak, it appears that neutral emission
indeed comes from the neutrals directly produced in the abla-
tion process. It can be noted that the fast neutral peak appears
with considerable intensity for other wavelengths [particularly
712.22 nm as shown in Fig. 4(c)] which is again interesting
that at 7 mm the scenario is changed completely. A single
peak corresponding to ion is observed which corresponds to
the slow ionic peak. However, the neutral emission profile
slightly differs from the ionic profile at low pressures but
completely matches with ionic profile at higher pressures.
This indicates that at this distance almost all the neutrals are
produced by the recombination process,which is enhanced at
higher background pressures. At longer distances as temper-
ature decreases, it will subsequently increase recombination.
It also shows that the neutral peak is broader than the ionic
peak, especially at lower background pressure. It is likely
that neutrals may originate from recombination process from
ion as well directly formed in the ablation process, This can
explain rather broad distribution of neutral STOF spectrum.
It can be noted that at lower fluence also, similar behavior in
the STOF of ionic and neutral species is observed. Figure 6
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FIG. 7. Temporal evolution of STOF spectra of ionic and neutral
lines (362.68 and 361.94 nm) for two background pressures for
1064-nm laser wavelength with 50 mJ of energy at 0.5 mm from
the sample.

shows that the ionic peaks get accelerated as the background
pressure increases.

The striking differences between ionic and neutral STOF
and their spatial dependence are quite interesting and prompt
to the analysis of data collected from even closer distances
from the film ≈1 mm. However, very close to the sample the
emission intensity of the ionic component (corresponding to
362.68 nm) is less and it becomes unobservable as the back-
ground pressure increases. Using the same spectrometer and
PMT set up, the ionic and neutral line behavior is recorded for
5 × 10−2 mbar and 5 × 10−1 mbar. For recording the emis-
sion behavior of neutral lines listed in Table I at a closer
distance, adjacent fibers separated by less than 1 mm are used.
The fiber closer to the sample is used with spectrometer and
PMT to record the signal within 1 mm from sample. Spectra
from the other fiber are recorded using interferencefilters for
respective neutral lines and PMT. The signals are recorded for
different background pressures and laser fluence. The plasma
plume is imaged using an imaging system and fiber array as
described earlier. In Fig. 7, the effect of background pres-
sure on ionic (362.68 nm) and neutral (361.94 nm) line for
background pressures of 5 × 10−2 mbar and 5 × 10−1 mbar is
shown. The intensity of ionic emission is low and hence higher
gain for the PMT is used. The STOF spectrum is normalized
with maximum intensity for each spectrum. As can be seen
from the figure, the ionic emission is faster than the neutral
emission for both the pressures. As the background pressure
increases from 0.05 to 0.5 mbar the neutral STOF shows slight
drag whereas the ionic line shows a double peak structure and
the fast peak of ion advances ahead of the ionic peak observed
at low pressure. The behavior of fast peak of ionic line is
similar to what is observed at 3 mm. At lower pressure fast
and slow components appear to be merged together which,
however, clearly separate at higher pressures. It may also be
noted from the figure that even the neutral spectra at 0.5 mbar
show an onset of a fast peak at around 120 ns, which is

prominent at higher pressures. As discussed earlier, fast ionic
peak comes from the acceleration process. Small hump in the
neutral STOF may be due to recombination of the fast ions.

Figure 8 shows the STOF spectra for three different neutral
lines (361.94, 508.11, and 712.22 nm) using the same optical
fiber and PMT for different background pressures. As can
be seen from Fig. 8(a), for all the three pressures, the STOF
spectra show two well-resolved peaks for 50 mJ energy. It can
be noted that the neutral emission spectra recorded by spec-
trometer (Fig. 7) do not show well resolved peaks as seen here
at the same energy, which may be due to smaller distance from
the target (less than 1 mm). Interestingly, the slower peak be-
comes faster (observed at shorter time) as marked in the figure
and the faster peak gets slightly slowed down as the pressure
increases from 0.1 mbar to 10 mbar, showing similar behavior
as that exhibited by the ionic line. The slower peak at 305 ns
for 0.1 mbar advances to 265 ns by increasing the background
pressure to 10 mbar. At the same time, the faster peak trails
from 140 ns to nearly 160 ns. Although this 20 ns variation
is rather small and may be argued as uncertainty, it should
be noted here that triggering of acquisition is done by a fast
photo diode of 1 ns rise time and every component used in this
experiment like PMT, filter, cables, and triggering mechanism
are exactly the same. Moreover, the emission earlier to the fast
peak due to laser line leak matches well and hence timing is
not a matter of concern. Figures 8(b) and 8(c) are the evolu-
tions of STOF spectra of 508.11 and 712.22 nm, respectively,
which show distinctly different temporal behavior, as com-
pared to 361.94 nm. The fast peak for 361.94-nm emission
shows enhancement with increase in pressure, for 508.11-nm
line there is no significant enhancement, and for 712.22-nm
line there is an appreciable decrease in intensity. However,
for the slower peak there is enhancement in the intensity for
all the three lines. The 508.11-nm emission has significantly
low intensity for the fast peak even at higher pressures in
comparison to the slow peak. However, the STOF spectrum
of 712.22 nm shows significant intensity for the fast peak for
all the three background pressures. From Fig. 8 it is evident
that the slower peak of 361.94 nm advances significantly with
pressure but the other two neutral lines do not show as much
variation as that in case of 361.94 nm. It is likely that the
governing atomic processes, e.g., recombination process for
these three transitions get modified distinctly for the different
transitions resulting in different behavior for the correspond-
ing neutral lines. It can be noted that transition probability
(Table I) for 712.22-nm line is lowest, but still it is prominent.
This clearly indicates that recombination process has highest
contribution for this line. Thus it can be understood that the
faster peak which is created by recombination process in the
ions shows up with highest intensity in case of 712.22-nm line.
This is also supported from the results of Fig. 4.

We recorded the STOF spectra for these lines at higher
energy of 100 mJ also, which is shown in Fig. 9. For this laser
energy, in the case of 361.94-nm emission, the slow and fast
peaks appear merged together as can be seen in Fig. 9(a). The
peak position advances significantly to 210 ns for 10.0 mbar
background pressure. This again indicates that the fast peak
gets slowed down and the slower peak gets accelerated. As
a result the peaks appear merged. From a closer look at the
figure, it can be inferred, though distinctly, that for 1.0 mbar a
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FIG. 8. Temporal evolution of neutral lines 361.94 nm (a), 508.11 nm (b), and 712.22 nm (c) of nickel at very close (1 mm) to the sample
for 1064-nm laser ablation using 50 mJ energy. F.P is for fast peak and S.P for slow peak.

slower peak appears at a later time nearly 260 ns. Figures 9(b)
and 9(c) show STOF spectra of 508.11 and 712.22 nm, respec-
tively, where no significant deviation in evolution pattern or
peak position is observed in comparison to the STOF spectra
observed at 50 mJ (Fig. 8). However, the emission intensity is
increased significantly for both these lines as compared to the
50 mJ excitation.

As mentioned earlier the dynamics of emission spectra
of different transitions are slightly different, but it shows a
consistent double peak structure for all the transitions. The
361.94-nm neutral emission shows a trend similar to the ionic
spectra recorded for different pressures, i.e. as the background
pressure increases, the second peak advances. Hence, the as-
sumption of evolution of neutrals from the ions appears to be
quite reasonable. These observations also highlight the role of
particular atomic transition for observing the fast peak using
optical time of flight measurements.

B. Loss of electrons from plasma at initial stage charge
separation in plasma plume similar to double layer formation

The neutral and ionic emissions observed at different loca-
tions clearly show an enhancement in the velocity of slower

component of ions and some specific neutral species up to a
certain distance. To extract more information we have used
TLP to observe behavior of ions as well as the evolution
of potential inside the plasma. However, it is not feasible to
make any measurements close to the sample considering the
rather high plasma density and temperature [38,39]. Hence,
for ascertaining the dynamics of the ions, TLP measurements
have been used beyond 10-mm distance from the target.

Figure 10 shows the evolution of ion saturation current
recorded using TLP at 10 mm from the sample for differ-
ent background pressures for both the laser energies. It is
interesting to monitor the evolution of ion saturation cur-
rent considering the observation of STOF spectra of ionic
species, where the slower component advances in time with
background pressure. However, no such observation is seen
in the evolution of the ion saturation current at 10 mm from
the sample. Instead, it slows down with background pressure.
The ion saturation current shows that there may be multiple
components of ionic species present as distinct peaks. As the
ion saturation current is measured at a longer distance from
the target, variation from STOF results is expected.

It can be noted that the position of the first peak of ion
saturation current for low background pressure (0.1 mbar) is
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FIG. 9. Temporal evolution of neutral lines 361.94 nm (a), 508.11 nm (b), and 712.22 nm (c) of nickel at very close (1 mm) to the sample
for 1064-nm laser ablation using 100 mJ energy. F.P is for fast peak and S.P for slow peak.
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FIG. 10. Temporal evolution of ion saturation current at 10 mm
from the sample for different background pressures and laser ener-
gies of (a) 100 mJ and (b) 50 mJ.

not largely different for both the energies. For instance, at
0.1 mbar, the ion saturation current peaks at 452 and 490 ns
for 100 and 50 mJ, respectively. The second peak of ion
saturation current is observed at 584 and 616 ns, respectively.
At 1.0 mbar the first peak is observed at 730 and 770 ns for
100 and 50 mJ, respectively. However, at 10 mbar, first peak
for 100 mJ ablation is significantly faster (1120 ns) compared
to the peak (1510 ns) for 50 mJ. A straightforward comparison
among other peaks is difficult as the peaks are not distinctly
visible at many instances. At this stage, it is interesting to
point out that at low pressure (0.1 mbar), the velocity of
the fast peak (at 135 ns Fig. 3) for ionic line at 3 mm can
be correlated with that of the fast peak [which is not well
separated at 435 ns, Fig. 10(a)] observed for ion saturation
current at 10 mm. However, the velocity corresponding to
the ionic emission at 7 mm (at 600 ns) does not match these
velocities. Instead, it is comparable to the slowest peak (at
950 ns) observed for ion saturation current. Hence, at lower
pressure the optical STOF measurement and the TLP mea-
surements are reasonably correlated. The first and last peaks
of ion saturation current at 10 mm from the sample and at
background pressure of 0.1 mbar and laser energy of 100 mJ
[Fig. 10(a)] match with the STOF recorded for ionic species
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FIG. 11. Temporal evolution of floating potential at 10 mm from
the sample for different background pressures and laser energies of
(a) 100 mJ and (b) 50 mJ.

at 3 and 7 mm. This correlation between two measurements
is interesting and confirms that ionic species do not undergo
any significant drag at lower background pressures. Here it
has to be noted that the fast peak of neutrals and ions show
a slight drag at higher background pressure, in contrast to
the slow peak, which advances significantly with increase in
background pressure. This may be due to an interplay be-
tween the drag offered by the background and the acceleration
obtained from plasma. The initial enhancement in velocity of
fast ionic peak, which subsequently becomes slower as the
pressure increases confirms the possibility of such interplay.

Figure 11 shows the temporal evolution of floating poten-
tial recorded at 10 mm from the sample along with the ion
saturation current using the TLP. Here, the floating potential
shows immediate response to the laser interaction with the
sample (within 10–20 ns of laser incidence) which shows a
fast rise in floating potential at a time where the fast negative
current is observed in ion saturation current. The floating
potential in the plasma can provide insight into the electron
temperature at the particular location. However, it should be
noticed that in this case the TLP is at a distance of 10 mm from
the sample. It is possible to rule out the plasma generated on
the sample (thin film) by the laser pulse reaching the probe
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FIG. 12. Zoomed section of the floating potential (a) and ion
saturation current (b) recorded at 10 mm away from sample at early
stages of plasma plume for 50 mJ energy, showing the traces of
oscillations.

location within 10 ns. Hence, the potential recorded on the
TLP appears to be due to some other mechanism. Zoomed
views of floating potential and ion current at the early stages
of plasma are given in Fig. 12. The figure shows well-defined
damping oscillations in floating potential as well as some non-
periodic negative peaks in ion saturation current at early stages
(10 to 25 ns) of the plume evolution. Negative value of ion
saturation current shows that the contribution to the current is
due to electrons. Moreover, the peaking time of the negative
peak is not affected by the background gas pressure unlike
ion saturation peak, which significantly gets delayed as the
background pressure increases. Here it has to be mentioned
that the probes are biased over −20 V for measuring the
ion saturation current and electrons with energy higher than
20 eV is reaching the probe to record the negative current.
These electrons interact with the background gas and ionize
it, as seen from earlier studies [36]. The negative values of
ion saturation current and the detection of potential by TLP
shows the ejection of electrons from the initial plasma formed
from the sample. The possible cause of generation of hot/fast
electrons will be discussed later. However, at this instant, the
reason for oscillations observed on the floating potential does
not have a clear-cut explanation. Oscillations in ion saturation

current for laser-plasma were also reported earlier [40], which
are usually explained by plasma double-layer effects. Gurlui
et al. [40] further analyzed these oscillations and concluded
that it might be due to the self structuring of the interface of
double layers coupled with temperature fluctuations.

For some other instances, the occurrence of such fast
response on probes is attributed to prompt electrons due
to photoionization by the stray laser photons (reflections
from the sample) on the probes. However, in this case, the
photon energy is significantly low for photoionization to
occur. In addition to this, due to the configuration (rear
ablation geometry) of the experiment laser photons cannot
reach the probe as the film is opaque. The assumption of
opaqueness of the film during the entire laser duration may
have some fall outs considering the fact that the trailing part
of laser pulse sees nickel plasma rather than the film itself.
For 1064 nm, estimated critical density (nc) comes out to be
≈8.8 × 1020 cm−3(nc = ω2meε0

e2 ), where ω, me, ε0, e are the
laser frequency, mass of electron, permittivity of free space,
and the charge of electron, respectively). As the nickel density
is of the order of 1023 atoms/cm3, even a small percentage
(2%) of ionisation can results in the density to be beyond
critical density. As mentioned earlier, IB is likely to happen in
the initial stages of the plasma when density is expected to be
greater than the critical density hence for the trailing portion
of laser, it becomes opaque. Hence, leaking of laser photons
can be ruled out. Further, it can also be noted that the ambient
pressure dependence which is observed in the early stages
of TLP signals (Fig. 12) also confirms that the cause of this
should not be the laser radiation or the light emission from
the nascent plasma (not likely to affect the probe as it is not
intense enough). The onset of negative peaks and oscillations
in the ion saturation current and floating potential may be
assumed due to the interaction of fast electrons generated
from the laser interaction with nickel film. The decrease in
the influx of electrons at higher pressures may be due to
increased number of collisions with the background gas. It is
well known that the electron-neutral collision rate is a function
of the number density of the background gas molecules and
the temperature (velocity) of the electrons. For instance, for
electrons with velocity equivalent to 3 eV at a background
gas pressure of 0.1 mbar, the collision rate is estimated of the
order of 1012 s−1, which increases by two orders of magnitude
when background pressure increases to 10.0 mbar.

The observation regarding large number of electrons (re-
sulting in a current of a few hundred mA) is very important
due to the fact that plasma plume loses a large number of elec-
trons at its initial stages, creating a charge imbalance within
the plasma plume. The spectroscopic observation of the accel-
eration of ions near the sample can be explained in the light
of this observation. However, prior to attempt an explanation,
we shall look into the density and temperature near the sample
where the acceleration of ions is observed. As described in
earlier article [32], estimation of density of plasma plume at
early times is performed using a high resolution spectrograph
(1 m with 0.07-nm resolution) and ICCD. The spectra of
neutral nickel lines were recorded and the Stark broadening
parameters for these lines were estimated using the width
of Hα recorded for the same laser energy and background
pressure [32]. The estimated density and temperature of the
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TABLE II. Peaking time and respective velocities of various components at 3 mm from the sample at different background pressures and
laser energy of 50 mJ.

Ion or Neutral Pressure (0.1 mbar) Pressure (10 mbar) Pressure (20 mbar)

Fast ion peak time 135 ns 145 ns 150 ns
Fast ion velocity 2.2 × 106 cms−1 2.1 × 106 cms−1 2.0 × 106 cms−1

Fast ion energy 148 eV 135 eV 122 eV

Slow ion peak time 400 ns 350 ns 315 ns
Slow ion velocity 7.5 × 105 cms−1 8.6 × 105 cms−1 9.5 × 105 cms−1

Slow ion energy 17.2 eV 22.6 eV 27.6 eV

Neutral peak time 375 ns 450 ns 405 ns
Neutral velocity 8 × 105 cms−1 6.6 × 105 cms−1 7.4 × 105 cms−1

Neutral peak energy 19.6 eV ns 13.3 eV 16.7 eV

plasma parameter at early stage of plume evolution (200 ns)
were Ne = 1 × 1018/cc and temperature of 2–3 eV as reported
earlier [32].

As commonly adopted, the observation of enhancement in
the speed of ionic species as well as that of neutrals can be
explained using the concept of double-layer (DL) or multi-
layer formation in the plasma, as discussed in a few earlier
experimental and theoretical works [28,41]. It is noticed that
due to the presence of relativistic electrons produced in laser-
plasma interaction, significant charge separation occurs within
the plasma. Due to the property of shielding, this charge sepa-
ration is possible within a few Debye lengths, which is known
as the thickness of the double layer. It is assumed that within
the plasma, at a very small distance (few times the Debye
length) [41], a large electric field is generated. This electric
field can accelerate/decelerate the ions/electrons based on the
polarity. Plasma will try to restore the charge neutrality by
reorganizing the charged species [28]. Due to the escape of
fast electrons, a region is formed within the plasma where
quasi-neutrality is broken as the ions trail the electrons. In
this scenario the ions from the core region of plasma can be
accelerated to establish quasineutrality. Due to the large mass
of accelerated ions, the core region can have less number of
ions and an inverse process of deceleration is also possible.

For a plasma with density of the order of 1018/cc and
temperature of 2–3 eV, Debye length is estimated to be around
10 nm, and the possible thickness for DL can be assumed to of
the order of few Debye lengths (say, 100 to 1000 nm). From
the negative peak observed for ion saturation current and the
oscillations on floating potential, it can be assumed that the
electrons escape from the plasma with moderate to high ve-
locity (minimum 108 cm/s it is expected that certain minimum
time is required to get the hot electrons generation as the laser
pulse is of 10 ns duration and the hot electrons generated have
to get through the film which is in the process of melting).
In addition to the hot electrons, we also have to consider the
possibility of thermal electrons generated from the ablation
of the film which escape. At the same time, it can also be
noted that the laser intensity may not be sufficient to generate
relativistic electrons as reported in Refs. [8,9,13] with the
experiments using ultrafast lasers. In earlier experiments with
comparable laser fluences at ns pulse width, the acceleration
of ions is observed at longer distances using charge collector
diagnostics at relatively higher pressures (6.8 × 10−2 mbar)
[28]. In our experiment the maximum fluence used is 21Jcm−2

(100 mJ) and a background pressure of 20 mbar and have
observed acceleration of ionic species as well as neutral even
at closer distance (up to 3 mm). The present experimental
configuration (rear ablation geometry of thin film) is expected
to be helpful in generating higher plasma density and also
the generation of fast electrons from the plasma as observed
in the TLP. The rigid thin film at the front side and glass
substrate on the rear side confines the initial nickel plumes
until the duration of complete melting of the film (few tens
of nanoseconds). During this time, the high density plasma
plume absorbs energy from laser light through IB, which heats
up the plume and positively contributes to the generation of
fast electrons by TBR and IB as discussed in Sec. III C.

The DL formation mechanism by the loss of fast electrons
has been reported by Bulgakova et al. [28]. At this stage
pictorial explanation (Fig. 8 of Ref. [28]) of formation of DL
or multilayer appears to be a plausible model to explain the
observation of fast ions and neutrals we observed. Figure 6
shows the acceleration of ionic peaks as the background pres-
sure increases from 0.1 to 10 mbar and 20 mbar for 100 mJ
energy. Tables II and III list the peaking times of these peaks
for different background pressures for 50 and 100 mJ exci-
tation. In addition to the peaking time, the average velocities
and the corresponding energies are also listed in these tables.
However, it has to be noted that the expansion of plasma
species into the background gas involves interaction of plume
with background gas molecules and hence free expansion can
not take place. Even, at lowest pressure (0.1 mbar) used in
the present work, free expansion of the plume is not likely
occur. Hence, the actual instantaneous velocity could be much
higher than what is listed in these tables. The objective of this
table is limited to highlight the change in velocity for different
species with ambient gas pressure and hence to provide the
estimate of an approximate value of electric field responsible
for this increase in velocity. The striking difference between
our results and that reported in reference [28] is the way the
background effect the evolution of ionic species. In their case,
the ion acceleration was slowed whereas we found that back-
ground gas increases it. As will be discussed, the probable
reason for this could be the presence of microfields.

The peak timing values for slow ions and neutrals at
0.1 mbar and 100 mJ are almost the same (410 ns Table III),
which corresponds to a velocity of 7.3 × 105 cms−1. Assum-
ing no significant acceleration or deceleration for this slow
peak, the velocity of ions and neutrals can be assumed to
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TABLE III. Peaking time and respective velocities of various components at 3 mm from sample at different background pressures and laser
energy of 100 mJ.

Ion or neutral Pressure (0.1 mbar) Pressure (10 mbar) Pressure (20 mbar)

Fast ion peak time 145 ns 145 ns 155 ns
Fast ion velocity 2.1 × 106 cms−1 2.1 × 106 cms−1 1.9 × 106 cms−1

Fast ion energy 135 eV 135 eV 110 eV

Slow ion peak time 410 ns 315 ns 280 ns
Slow ion velocity 7.3 × 105 cms−1 9.5 × 105 cms−1 10.7 × 105 cms−1

Slow ion energy 16.3 eV 27.6 eV 35.0 eV

Neutral peak time 410 ns 390 ns 380 ns
Neutral velocity 7.3 × 105 cms−1 7.7 × 105 cms−1 7.9 × 105 cms−1

Neutral peak energy 16.3 eV ns 18.1 eV 19.1 eV

be the same as the initial velocity. At 20 mbar, the slow
ion peak advances to 280 ns corresponding to a velocity of
10.7 × 105 cms−1. Here it should be noted from Table III that
the velocity of neutrals also increases with pressure for 100 mJ
excitation. However, the drag of background gas can be seen
for lower energy where the velocity of neutrals decreases. The
change in velocity of neutrals or ions can be attributed to the
combined effect of acceleration attained from the DL and the
drag force of the background medium throughout the distance
it travels. here for the ease of estimation of acceleration gained
by the nickel ions, the drag force is ignored. The estimation of
the electric field produced within the DL and the acceleration
it generates is estimated as described by Eliezer et al. [42].
Taking the velocity of slow neutrals at 0.1 mbar as the initial
velocity (not accelerated), and 1000 nm (10–100 × λD) as
the DL thickness, the acceleration of ions responsible for
increasing the velocity of the slow peak to 10.7 × 105 cms−1

at 20 mbar( where maximum acceleration is seen) is esti-
mated as 3 × 1015 cms−2. To attain this acceleration for singly
charged nickel ion, the electric field required is estimated as
1.8 × 109 Vcm−1. A similar estimation performed for other
energies and background pressures also gets a value of electric
field within one order of magnitude lower than the highest ob-
served field. In this work, the observed values of electric field
generated within the plume are rather high considering the
fluence range we are using. The earlier reported [13,43] values
of DL fields also are of this order, though, at a much higher
laser energy. This anomalous behavior will be discussed in the
Sec. III D considering the effect of microfields produced in the
plume.

C. Recombination process and generation of fast electrons

The formation of DL in plasma is explained with the
concept of formation of hot electrons, by getting additional
energy from the plasma plume. The major processes responsi-
ble for this can be three-body recombination (TBR) [44] and
IB absorption [45]. In TBR, the electron is recombined to an
ion to some excited level and can transfer the excess energy to
another electron. Harilal et al. [46] observed that TBR dom-
inates radiative recombination for higher density and lower
temperatures. In our case the temperature is not very high. It
is likely that TBR increases the electron energy at a longer
distance. TBR (which has a rate proportional to T −9/2) is
more prominent at lower temperature and higher densities.

The radiative recombination (which has a rate proportional
T −3/4) is also to be dominating at lower temperatures but less
as compered to TBR [44,46,47]. As estimated in Ref. [46]
the three-body recombination dominates if the density Ne �
3×1019T 15/4

e
Z m−3 where Te expressed in eV and Z is the charge

state. In the present scenario, where the density is measured
as 2 × 1018 cm−3 (for higher pressure and close to the sample
and at a delay of 200–300 ns) and the temperature estimated
is in the range of 2–3 eV, three-body recombination will be
the dominant mechanism for recombination. The absorption
of energy from the incident laser through IB is also expected
to have hot electrons generated. In fact, laser of 1064 nm with
longer pulse width is a favorable case for IB heating.

As mentioned, the density close to the sample at a delay of
200 ns is measured as 2 × 1018 cm−3 using Stark width and
the temperature at 10 mm is measured using TLP as 1.5 eV.
If interpolating these values with existing understanding and
the observations elsewhere, then it can be assumed that the
plasma at an early stage will have higher density and tem-
perature than the measured values at later times and longer
distances. Hence, with the help of NIST data base [33] we can
estimate the extent of ionization. At a density of 1018 cm−3

and a temperature of 3 eV, as in the case of initial state of the
plume, the plasma will be completely ionized and will have
negligible neutral contribution (3.5 × 10−3%). However, as
the temperature and density fall down to 1017 cm−3 and 1 eV,
respectively, as happens the case of expanding plasma plume,
there will be significant amount of neutrals (6.5%) present
in the plasma. This information is helpful in assuming that
the observed neutrals at early stages of plasma evolution are
formed by the recombination of ions and hence have almost
the same velocity profile as that of ions. For the recombi-
nation process, the density and temperature range of initial
plasma plume will be favorable for TBR, fast electrons will be
generated which may leave the plasma plume and generate a
charge imbalance resulting in the electric field as discussed in
Sec. III B.

D. Asymmetry in spectral emission—Presence
of microelectric field

The spectral shape of 712.22 nm line [3d9(2D5/2)4p →
3d9(2D)4p] of neutral nickel recorded using high-resolution
spectrometer in the range of few 100 ns appears to show
a large asymmetric broadening as the background pressure
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FIG. 13. Asymmetric broadening of 712.22 nm neutral line of nickel at nearer points for delay times of (a) 200 ns, (b) 300 ns, and (c) 500 ns
for different background pressures and laser energy of 100 mJ.

increases. Figure 13 shows the spectral shape of this line at
different background pressures and for three spatial positions
for three different delay times (200, 300, and 500 ns). Fig-
ure shows that the spectral line is broadened asymmetrically
towards the red and asymmetry increases with pressure. The
NIST database shows that there is no other strong emission
line present for nickel (even for ions) near the red region
with significant transition probability. Hence, the asymmetric

broadening can be interpreted considering some perturbation
in atomic levels for this specific transition.

Interestingly other neutral lines recorded in the present
work with different upper energy levels do not exhibit
such asymmetry. As a particular transition involves differ-
ent emitting levels and some are likely to be perturbed
significantly in the presence of field and hence may be
reflected by certain lines. A detailed study pertaining to
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different atomic transitions will be attempted in future for
asymmetric broadening. However, present results clearly
demonstrate that 712.22-nm line exhibits significant asym-
metric broadening.

As can be seen from the figure, asymmetry is strongly
correlated with the spatial position and plume evolution time.
For instance, at 200 ns for almost all the background pres-
sures, asymmetry appears identical at a distance very close
to the sample 1.0 mm. However, as the distance increases
a significant variation in asymmetry is observed with in-
crease in background pressure. Figure 13(a) shows evolution
of asymmetry with background pressure at 2.5 mm, where
no significant asymmetry in spectral shape is seen for 0.1
mbar of background pressure. However, a large asymmetrical
broadening can be seen at 20 mbar of background pressure.
As the time increases to 500 ns [Fig. 13(c)], the spectral
broadening is smallest and no significant asymmetry is ob-
served. Considering these facts we can rule out the collisional
broadening with increase in pressure.

The asymmetry (As) of spectral broadening at a width of
�λ can be expressed using a simple formula [48],

As(�λ) = IR − IB

IR + IB
, (1)

where IR and IB are the line intensities at wavelength sepa-
ration of �λ and −�λ from the line center, respectively. A
positive value of As is indicative of an asymmetry towards
the red wavelength and a negative value corresponds to the
asymmetry towards blue region. Figure 14 shows the calcu-
lated As [Fig. 14(a)] and the respective FWHM [Fig. 14(b)]
for three distances at delay time of 200 ns for a laser energy
of 100 mJ [spectra shown in Fig. 13(a)]. As can be seen
from Fig. 14(a), the asymmetry is increase with background
pressure and maximum asymmetry is observed at 4.0 mm
from the sample. From Fig. 14(b), at 4 mm the FWHM of
the spectral line also higher as compared to other locations,
an observation seen in earlier reports [32] for the emission of
other nickel lines as well.

The experimental observations indicate the role of plasma
density for spectral asymmetry as the rest of parameters like
laser fluence, pulse width and wavelength, etc. remain the
same in this experiment. The variation in background pressure
in the range of few mbar is also not expected significantly
influence the spectral shape due to pressure broadening. As
already reported [32], with increase in background pres-
sure the plasma density also increases substantially due to
the confinement of plasma plume considering the drag na-
ture of background medium, which peaks around 4–6 mm.
Hence, the asymmetry observed in this experiment can be
correlated with enhanced density of plasma and the spec-
troscopic properties of the particular line which shows
asymmetry.

Such asymmetry in spectral line shape has been reported
in literature [49–51], however with, very limited experimental
data and the cause of the asymmetry has been attributed to
the “generated microelectromagnetic fields” (ion microfield).
In the present scenario where we observe a significantly
large acceleration for the ionic species and resulting neu-
tral species generated due to recombination, observation of
asymmetry of this neutral line is further underlining the pos-
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FIG. 14. Asymmetry of 712.22 nm neutral line of nickel esti-
mated as per Eq. (1) and the FWHM of the same line for 200 ns
delay for different background pressures and distance up to 4.5 mm
for laser energy of 100 mJ.

sibility of the presence of significant electric field. Assuming
the ion microfield (possibly due to density and temperature
gradients) is the origin of asymmetry of the neutral line pro-
file, the observed asymmetry suggests the existence of such
fields. Hence, the acceleration observed for the plasma species
(ions and neutrals) with increase in background pressure, ap-
pears to be a continuous process, and hence the assumption
of acceleration occurring only in the DL (of width having
a few times λD) may not be a valid assumption. We be-
lieve that simultaneous observation of ion acceleration and
asymmetric broadening seen in the present work of neutral
line is interesting and to some extent explains the observed
acceleration.

IV. SUMMARY

In conclusion, the present study bring out some new inter-
esting features in the optical time of flight spectra of neutral
and ionic nickel. The results clearly demonstrate that ions
are accelerated considerably. A double layer concept for ion
acceleration seems to be inadequate as the retrieved electric
field is anomalously higher. The results indicate the presence
of microelectric fields which may result in large acceleration.
Moreover, the background pressure substantially modifies the
microelectric fields. The observed behavior in ion acceleration
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coupled with the fact that there is large asymmetry in a partic-
ular neutral line (712.22 nm) which varies with distance and
time points towards the evolution of microelectric fields inside
plasma plume. The effect of acceleration observed on ion
species also reflects in neutral emission also confirming that
the neutrals are formed by the recombination process. The for-
mation of fast neutrals due to recombination is also confirmed
by the fact that it is prominent in one of the observed neutral

lines (712.22 nm). We believe these observations have not
been reported in laser produced plasma experiments within
the intensity range of present experiment.

Although, finer detailed experiments and modeling may
shed more light on the observed acceleration of ionic species
in this configuration, the present study brings out interesting
features of ionic and neutral dynamics in rear ablation of
nickel plasma plume in the rear ablation geometry.
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