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Abstract The collisional effects of a background gas on

expanding ultrafast and short pulse laser ablation plumes

were investigated by varying background pressure from

vacuum to atmospheric pressure levels. For producing Cu

ablation plumes, either 40 fs, 800 nm pulses from a Ti:

Sapphire laser or 6 ns, 1,064 nm pulses from a Nd:YAG

laser were used. The role of background pressure on plume

hydrodynamics, spectral emission features, absolute line

intensities, signal to background ratios and ablation craters

was studied. Though the signal intensities were found to be

maximum near to atmospheric pressure levels, the opti-

mum signal to background ratios are observed

*20–50 Torr for both ns and fs laser ablation plumes. The

differences in laser–target and laser–plasma couplings

between ns and fs lasers were found to be more engraved in

the crater morphologies and plasma hydrodynamic expan-

sion features.

1 Introduction

Laser ablation (LA) is a technique of great interest in a

wide variety of fields. In analytical chemistry, LA is fre-

quently used as a sample introduction technique for mass

spectrometry (e.g., LA-ICP-MS), as well as being used to

perform laser-induced breakdown spectroscopy (LIBS) [1–

3]. LA has also been used in fields such as pulsed laser

deposition (PLD), nanoparticle production, and microma-

chining. However, excitation of laser pulse duration is a

very important consideration in these applications. The

mechanism of ablation varies greatly from ns to fs-LA. In

ns-LA, the front edge of the laser pulse heats the target,

causing melting and removal of material, forming the

plasma, while the rest of the plume simply serves to reheat

the plasma. Meanwhile, fs-LA mechanisms have not been

determined as thoroughly, but the two main ionization

mechanisms are collisional impact ionization and photo-

ionization [4, 5]. Material removal occurs through either

Coulomb explosion, phase explosion or thermal vaporiza-

tion [6]. An important factor in fs-LA is that the pulse

duration is considerably shorter than both the electron–ion

relaxation and the heat conduction times. These differences

make some laser pulse durations more advantageous than

others for certain applications. In LA-ICP-MS, fs-LA

produces better results than ns-LA due to the formation of

smaller particles and the reduction of heating effects [2]. In

LIBS, fs-LA produces lower continuum emission and an

atomic plume in comparison to ns-LA [7].

Most LA applications are performed in the presence of

an ambient gas. The function of the background gas varies

with respect to the application, for example: as a moderator

of particles or generating reactive species in PLD, emission

excitation agent in LIBS, nucleation and flushing purposes

in LA-ICP-MS, agent for nucleation in nanoparticle syn-

thesis, etc. The LA plumes expand freely and adiabatically

in vacuum. The entire hydrodynamics of plume expansion

becomes much more complex in the presence of an

ambient gas causing effects such as plume splitting,

sharpening, confinement, and the formation of internal

plume structures [8]. In the presence of moderate to high
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ambient pressures, a shock wave will be formed at the

interface between the plume and ambient medium at the

start of ablation and continue to expand until the back

pressure from the ambient gas matches the pressure of the

plasma plume [9]. Computational modeling of ns-LA

expansion in an ambient gas has been achieved and found

to match closely with experimental results [9]. However,

the complexity of fs plasma formation makes it difficult to

model in the presence of an ambient gas, and further

studies are necessary to fully understand the plasma

hydrodynamics.

Even though extensive research has been carried out on

the role of ambient pressure on dynamics of ns-LA [10,

11], its effect on fs-LA plume hydrodynamics has been

studied scarcely. In this article, we investigated the colli-

sional effects generated by changes in background gas

pressures for LA plumes with a special emphasis on the

differences in ns- and fs-generated plumes. We used a

multitude of diagnostic tools for identifying the various

differences in ns- and fs-LA plumes under varying air

background pressures.

2 Experimental

The results presented in this article have been obtained

from ns and fs laser ablation plumes at varying pressure

environments in a vacuum chamber. Chamber pressure was

regulated using a combination of turbomolecular and

roughing-line pumps. Plasma generation of ns laser-pro-

duced plasma (LPP) was accomplished using an Nd:YAG

laser with a laser pulse duration of 6 ns at its fundamental

wavelength of 1064 nm. Ultrafast LA plumes were gen-

erated using a mode-locked Ti–Sapphire oscillator,

amplified using a chirped pulse amplifier. This combination

produces 40-fs pulses, measured using an autocorrelator, at

a wavelength centered at 800 nm. Due to a pulse duration

difference of approximately five orders of magnitude

between typical ns and fs laser systems, comparative laser

ablation studies using similar laser power densities are not

possible. For analytical applications, power density for fs

lasers is typically in the*1013 to 1014 W/cm2 range, while

for ns lasers this is often in the *109 to 1010 W/cm2 range.

For the present studies, we used laser intensities of 5 9 109

W/cm2 (100 mJ/pulse) and 3 9 1014 W/cm2 (4.5 mJ/pulse)

for ns- and fs-LA, respectively.

The diagnostic tools used in this study include optical

emission spectroscopy (OES), fast-gated imaging and cra-

ter morphology analysis. Visible light spectral emission

data have been captured using a triple grating 0.75-m focal

length spectrograph, and an intensified charge-coupled

device (ICCD) is used for recording the wavelength dis-

persed signal. Imaging of laser ablation plumes is

accomplished using an ICCD. Emission spectra and images

can be collected from the ICCD in either a time-resolved

(offering a minimum gate width of 2 ns) or time-integrated

manner by varying gate width with specified gate delays

after initial plasma formation. Gate width and gate delay

parameters are specified for each experimental data set

provided in this article. Ablation crater images are obtained

using a scanning electron microscope (SEM) after several

laser shots on the target.

3 Results and discussion

We used gated imaging techniques with the ICCD for

comparing expansion dynamics of ns and fs laser ablation

plumes under varying background pressures. Figure 1

gives the differences in plume expansion generated by ns

and fs lasers at various instants during its expansion and

at various pressure levels. All the images are spectrally

integrated in the visible region and normalized to its own

maximum intensity. Previous studies highlighted the dif-

ferences in expansion dynamics of ns and fs LPP in

vacuum [7]. It has been showed that fs-LA provided two

distinct components expansion features viz. plasma and

nanoparticle plumes, separated by the time of appearance

[12] [13]. The persistence of plasma and nanoparticle

plumes is *500 ns and *100 ls, respectively, propa-

gating with velocities differing by 25 times [12]. In the

present study, we concentrated the plume dynamics rather

than nanoparticle emission dynamics and hence the time

of studies is restricted up to a few ls. Instead of spherical

expansion noticed in ns LPP, fs LPP plumes are found to

expand with a much stronger forward bias in directions

normal to the target surface. Forward-directed expansion

of fs laser plumes can be understood by considering

pressure confinement due to strong overheating in the

laser impact zone and narrower angular distribution of

ions and evaporated mass in comparison with ns LPPs

[14]. Though both the plumes expand freely and rapidly

in the forward direction, the persistence is found to be

significantly higher for ns-LA plumes compared to fs-LA

plumes. This could be related to increased laser–plasma

coupling, rather than laser–target coupling, as seen in ns-

LA with high irradiances similar to this study the most of

the laser energy is used for heating the plasma rather than

coupling with the target [15, 16]. However, it has to be

mentioned here that a direct comparison between the self-

emission intensities is rather misleading considering the

vast differences in the laser energy and power densities

used in the present studies for ns- and fs-LA. Neverthe-

less, the present studies provide a comprehensive picture

of hydrodynamic expansion features of ns- and fs-LA
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under typically used laser intensity levels for most of their

applications.

The interaction between the plasma species and ambient

gas species is found to be similar to vacuum case until the

background gas pressure reaches 10 s of mTorr pressure

levels. The images given at 100 mTorr clearly show the

collisional effect indicated by enhanced emission at

extended regions of the plume. Enhanced emission can be

explained by increased collisions between plume species

with ambient gas species resulting in the excitation of

plume species. In this pressure range both ns- and fs-LA

plumes showed spherical geometry. However, the differ-

ences in the plume hydrodynamics are more distinct with

increasing pressure. For example, at 500 mTorr, the fs-LA

plumes are still maintaining the spherical shape while the

ns-LA plumes show sharpening effects. At 1–10 Torr

pressure levels, instabilities in the plume front are evident

for ns-LA while the reduction in aspect ratio is more

Fig. 1 Time-resolved and

spectrally integrated images of

ns (left) and fs (right) laser

ablation plumes at various air

background pressure levels. The

laser intensities used for

generating plumes are 5 9 109

and 3.5 9 1014 W/cm2 for ns-

and fs-LA plumes, respectively
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evident for fs-LA plumes. The instabilities at the interface

of two fluids (i.e., plasma and ambient gas) for ns-LA

plumes are probably caused by the Rayleigh–Taylor

instability [8]. At still higher pressures, both the plasmas

are confined and effective length is reduced to a few mm.

However, even at higher-pressure levels, the fs plumes

showed more cylindrical geometry compared to ns-LA

plumes. Compared to ns-LA, in fs-LA most of the ions, as

well as ablated mass, are ejected from the target surface in

a narrow cone angle with respect to the target normal [14].

This results in cylindrical geometry for fs-LA plumes at

high pressures due to less confinement in the plume

expansion direction in comparison to the axial direction.

Even though both plumes showed differences in internal

structures and changes in aspect ratios with respect to

background pressure levels, both plumes decelerate with

increasing pressure. Several reports exist on predicting

plume propagation at various pressure levels using shock

wave, drag and Predtechensky and Mayorov (PM) models

and these models describe plume expansion front position

with respect to time at different levels of background

pressure regardless of pulse duration of laser excitation

[17–22].

Figure 2 gives typical time-integrated spectra recorded

at various pressure levels. The spectra are recorded at a

distance of 1 mm from the target in a time-integrated

manner with 100-ns delay and 1-ls gate width. Typically,

significant continuum emission is observed for ns-LA at

early times (\100 ns) even at vacuum and this continuum

emission is significantly lower for fs-LA. The fs-LA

spectra are dominated by excited neutrals regardless of the

pressure levels, while significant variations in spectral

features are noticeable for ns-LA. In both cases, the

background was enhanced significantly with increasing

ambient pressure. For fs-LA, Coulomb explosion, phase

explosion, fragmentation and thermal vaporization are the

main mechanisms responsible for the ablation [6]. Thermal

vaporization is responsible for the generation of excited

neutral species within the plume, as these species appear

near to the vaporization temperature of the target material,

and hence produce a plume consisting largely of excited

neutral atomic species [4, 23, 24]. In the ns-LA spectra,

along with excited neutral lines, ionic and ambient gas

lines are also present. In ns LPP, the laser–plasma heating

is prevalent after the initial generation of the laser ablation

plume, which will enhance further ionization of the bulk

plasma, intense continuum generation, and background gas

ionization and plasma generation.

Figure 3 gives the intensity variation of a characteristic

Cu I line at 510.5 nm (4p2P3/2–4s2D5/2) at various ambient

air pressure levels. The measurement given in Fig. 3 cor-

responds to recorded line intensity at a distance 1 mm from

the target with an integration time of 1 ls. Considering

typical velocities of plasma species *5 9 105 to 5 9 106

cm/s [25], it has to be mentioned that the emission inten-

sities of all lines peak at a time \1 ls at 1 mm after the

onset of plasma formation. The line intensities are lower at

vacuum and at lower background pressure levels due to

large mean free paths and free expansion of the plume,

resulting in decreased collisions between species and lower

temperature. Both ns- and fs-LA plume intensities started

to increase rapidly from moderate pressure levels ([100

mTorr), where the ambient gas collisional effects between

the plume species and ambient gas species start to play a

significant role in excitation/de-excitation of species and

confinement of the plume [26]. This causes spectral line

intensities to grow with increasing pressure and attain a

maximum value near to atmospheric pressure levels, and

then decrease again at higher-pressure levels. The decrease

Fig. 2 Representative emission spectra from a fs-LA and b ns-LA

are given at various pressure levels. The spectra are recorded at a

distance 1 mm from the target in a time-integrated manner after

100-ns delay and with 1-ls gate width. The assigned lines are marked
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in intensity at higher pressures could be attributed to

decrease in temperature due to an increased recombination.

However, the optimum pressure conditions where the

maximum signal is observed are found to be slightly dif-

ferent for ns- and fs-LA plumes (*600 Torr for ns-LA and

*300 Torr for fs-LA). Both plasmas are spatially confined

by the background gas medium under these pressure con-

ditions based on ICCD imaging results. The plasma exci-

tation caused by confinement will enhance with increasing

pressure, however at higher-pressure levels, energy dissi-

pation of plume can also be caused by non-radiative means.

It has to be specified that the optimal signal conditions will

be highly dependent on laser parameters as well as emis-

sion collection system and will vary for different

conditions.

Though the signal intensity achieved its peak value at

background pressure levels of *300 to 600 Torr for ns-

and fs-LA plumes, it is not necessarily true that these are

the best conditions for analytical applications like LIBS,

considering differences in background continuum emission

for short (ns) and ultrashort (fs) LA. The background

continuum is significantly higher for ns-LA compared to fs-

LA even at vacuum conditions due to the laser–plasma

coupling and increased plume ionization that occurs during

ns-LA and is absent during fs-LA. Because there is only

laser–target coupling in fs-LA, energetic ionized species

and electrons produced through the Coulomb explosion

mechanism escape from the target at very early times and

are not present within the bulk plasma plume that contains

mostly excited neutral species produced primarily through

thermal vaporization. The calculated signal to background

ratios (S/B) at different pressure levels are given in Fig. 4.

According to Fig. 4, the S/B increases with the reduction of

pressure from atmospheric level and is maximized in

pressure range *20 to 50 Torr for both ns- and fs-LA

plumes. The observation of optimum analytical merits at

pressure levels *20 to 50 Torr could be due to an interplay

between improved signal intensity because of collisional

and confinement effects at these pressures coupled with

limited background continuum emission, while background

emission increases substantially at higher-pressure levels.

For optical collection parameters investigated in this arti-

cle, the fs-LA plumes are found to provide relatively higher

S/B from vacuum conditions to pressure *200 Torr

because of reduced continuum emission compared to ns-

LA. However, at higher-pressure levels (*[200 Torr), the

S/B from the ns-LA supersedes the fs-LA, most likely due

to increasing absolute signal intensity with a dispropor-

tionate increase in background emission as pressure levels

continue to increase. Our recent results showed that we can

obtain significantly higher S/B even for ns-LA at atmo-

spheric conditions with the use of longer collection delays

(*1 ls) after the onset of plasma formation, allowing for

decay of background continuum emission [27].

The absolute signal intensities and S/B showed optimum

conditions at different pressure levels, however both occur

at relatively moderate to higher-pressure levels. At these

pressure levels, both the ns- and fs-LA plumes are confined

considerably because of ambient gas pressure, and hence

the changes in signal intensity and background level could

be related to changes in plasma temperature with respect to

pressure. Therefore, we estimated the excitation tempera-

ture in the plasma using the Boltzmann method, employing

Fig. 3 The variation of absolute intensity of Cu I 510.5 nm line from

ns and fs laser ablation plumes at various pressure levels. The

measurements were done at a distance 1 mm from the target and with

an integration time of 1 ls and a delay of 100 ns. Maximum error

corresponds to 10 % of the measured value

Fig. 4 The S/B as a function of background air pressure for Cu I

emission line at 510.5 nm for ns and fs Cu laser ablation plume. The

measurements were performed at a distance 1 mm from the target

surface with an integration time of 1 ls and a delay of 100 ns
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427, 465, 510, 515, and 521 nm Cu I emission lines and

results are given in Fig. 5. This measurement was done at

1 mm from the target with an integration time of 1 ls and a

delay of 100 ns for both ns and fs plumes. At a distance

1 mm from the target, collisional effects will dominate

over radiative processes at low or high ambient pressure

levels which imply that LTE conditions are valid. The

temperature variation trend approximately follows the

absolute signal intensity curve with respect to pressure

given in Fig. 3. At lower pressure levels, the estimated

excitation temperature of fs-LA is found to be higher

compared to ns-LA. However, the changes in temperature

of the fs-LA plume are marginal compared to ns-LA, where

the excitation temperature values are increased more than

29 when the pressure increased from vacuum to near

atmospheric conditions. At pressures [30 Torr, the time-

averaged temperatures of ns-LA are found to be higher

than fs-LA. Along with temperature increase, the ambient

gas confinement will lead to electron density enhancement

[27–29] which in turn enhances the laser–plasma coupling

(reheating) through inverse Bremsstrahlung, which has a

dependence of Ne
2. The ambient gas plays a more signifi-

cant role in laser–target and laser–plasma coupling in the

case of ns-LA, while in fs-LA, the role of ambient gas is

limited to collisional excitation. This is also evidenced in

the crater images where the presence of ambient gas made

a less significant effect on the crater morphology in fs-LA

plumes compared to ns-LA plumes (Fig. 6).

Comparing the crater morphologies given in Fig. 6, the

ns-LA craters showed drastic differences in images

Fig. 5 The role of background air pressure on excitation temperature

of Cu plasma

Fig. 6 The SEM images of the

ns- and fs-LA crater images

after 100 laser shots obtained in

vacuum (left) and atmospheric

air (right) conditions
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obtained in vacuum and atmosphere conditions. The

common features at atmosphere and in vacuum are the re-

solidification of molten material. In the presence of back-

ground gas, plasma shielding becomes dominant, which not

only reduces the mass ablation, but also absorbs the energy

from the incoming laser, resulting in higher temperature

plasma in front of the target surface (Fig. 5). This hot

plasma may enhance the pressure on the molten surface,

which may cause splashing, and enhances the material

movement from center to periphery of the treated area.

Nanosecond LA at vacuum results in smooth crater mor-

phology with maximum ablation at the center due to

Gaussian beam profile. In the presence of the ambient gas,

ripple formation occurs due to interaction of the melt sur-

face with ambient. In addition, reduced ablation at the

center of the crater is observed due to plasma shielding

effects at higher pressures. Crater morphology for ns-LA

has been studied and it has been shown that vaporization

plasma recoil pressure and thermo-capillary convection

forces (Marangoni flow) drive the flow of the molten

material on the surface, leading to formation of wave-like

structures moving away from the craters [30]. Non-linear

hydrodynamic instabilities present in plume expansion are

also exhibited in crater morphology [30].

The crater morphologies for fs-LA under vacuum and

ambient gas cases are similar; however, re-deposited small

particles can be seen around the crater in the presence of

background gas because of the plasma confinement effect.

Ambient pressure and presence of shockwave plays a

crucial role in crater morphology as it is the plasma pres-

sure, which dictates the movement of the melt fluid [31–

34]. The structures observed in the center of the fs-LA

crater, present in both vacuum as well as atmospheric

pressure case, have also been observed previously by

Bonse et al. [35]. Depending on the laser fluence and

number of laser pulses, various morphological structures

can be obtained which are determined by various processes

including amorphization, annealing and ablation [35].

4 Conclusions

We investigated the background gas pressure effects on

expanding ns- and fs-LA plumes. ICCD images highlighted

the differences in plume morphologies in the presence of

varying ambient pressures which included enhanced

emission, plume splitting and sharpening, shockwave for-

mation, confinement, etc. Though the spectral studies

showed significant enhancement for all species in the

plume and optimum conditions for maximum emission are

found to be at *300 and *600 Torr, respectively, for fs-

and ns-LA, the best S/B was observed at *20 to 50 Torr

levels for both plumes because of disproportional

continuum emission at higher-pressure levels. The emis-

sion spectra content showed significant differences for ns-

LA with increasing pressure in the presence of additional

ionic and ambient gas lines, while for fs-LA only incre-

mental increase in spectral intensity and continuum was

seen. This can be understood considering large differences

in excitation temperature with pressure for ns-LA in

comparison with fs-LA. The crater morphologies also

showed that the ambient gas pressure levels had less

influence on the fs laser-generated craters as compared to

ns-LA craters. In summary, the pressure of the ambient gas

impacts the ns plume more significantly than the fs-LA

plume. In fs-LA, the ambient gas affects only collisional

excitation and confinement, while for ns-LA, the back-

ground pressure affects the laser–target and laser–plasma

couplings as well as the plume excitation and confinement

mechanisms.
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