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We investigated the expansion features of femtosecond laser generated tungsten nanoparticle

plumes in vacuum. Fast gated images showed distinct two components expansion features, viz.,

plasma and nanoparticle plumes, separated by time of appearance. The persistence of plasma and

nanoparticle plumes are �500 ns and �100 ls, respectively, and propagating with velocities

differed by 25 times. The estimated temperature of the nanoparticles showed a decreasing

trend with increasing time and space. Compared to low-Z materials (e.g., Si), ultrafast laser

ablation of high-Z materials like W provides significantly higher nanoparticle yield. A comparison

between the nanoparticle plumes generated by W and Si is also discussed along with other metals.
VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4833564]

I. INTRODUCTION

Nanoparticle production and application research is an

area of significant scientific interest essentially due to wide

variety of potential applications especially in the emerging

sectors such as bio and medical technology.1 Nanoparticles,

which act as a bridge between the atomic and molecular

structures and bulk materials, have numerous future energy

applications ranging from nano-photovoltaic to nano-

photonics.2,3 Metal nanoparticles with unique plasmonic

properties have extensive applications in the fields of medi-

cine and photonics.4,5 However, it has to be pointed out that

the performance of nanomaterials for various applications

depends on their distribution, size, and shape and hence pre-

cise control over their growth is essential. The fine control

over the formation of nanomaterial synthesis and repeatabil-

ity will lead to cost effectiveness as well as large scale manu-

facturing which are prerequisite from the technological

standpoint. Moreover, the nanoparticle production yield

should be higher for a cost effective way for various applica-

tions. Typical synthesis methods for nanoparticles are liquid,

gas, and vapor phases.

Laser ablation plumes are well known as a source of

nanoparticle generation and intense research is underway in

the last few years especially for identifying physical mecha-

nisms leading to nanoparticle production though it is still

unclear.6–16 In order to understand the processes leading to

nanoparticle formation, the mechanism of plasma plume

generation from the target material under laser irradiation

and the interaction of the resulting plume with the ambient

atmosphere in the plasma chamber should be studied in

detail.17,18 The properties of laser ablation depends on

numerous laser, target and environmental parameters and

hence there is a possibility of precise control over nanopar-

ticles size as well as their size distribution. However, this is

possible only through fundamental understanding of nano-

particle formation especially how, when, and where these

particles are formed in ablation plumes. Even though all nat-

ural and laboratory plasmas are a source of nanoparticles,

recent research showed that nano-meter size range nanopar-

ticles can be produced efficiently with the use of ultrafast

laser ablation.6,15,19,20 However, extensive research efforts

are necessary to develop clear understanding of physical

mechanisms leading to nanoparticle formation during ultra-

fast laser ablation.21 Previous studies showed that ultrafast

laser ablation leads to generation of nanoparticles which was

temporally separated from the atomic plume.9,22–24 Recent

results showed that nanoparticle generation during laser

ablation in the presence of a liquid is an efficient and unique

technique to produce large variety of nanoclusters in a scal-

able manner with certain properties.8,14 However, similar to

nanoparticle generation during laser ablation in vacuum, the

exact nanoparticle formation mechanism during and after

cavitation in liquid confinement is still not fully understood.

In this article, we investigated nanoparticle formation in

tungsten plasma generated using femtosecond laser. A multi-

tude of plume diagnostic tools were used for analyzing

plasma and nanoparticles. Our results highlight significantly

higher nanoparticle yield during ultrafast laser ablation of

high-Z material like W compared to low-Z material like Si.

II. EXPERIMENTAL DETAILS

The fs laser used for generating W plasma consists of a

mode-locked Ti-sapphire oscillator, stretcher, regenerative

amplifier, multi-pass amplifier and a compressor giving

10 Hz, 800 nm, 40 fs pulses with an energy �6 mJ. The

energy of the fs laser beam was controlled using a half-

waveplate and polarizer positioned before the compressor

optics.25 The laser beam was focused on targets of interest at

normal incidence with a spot size of �300 lm and with a

laser fluence of �8 J/cm2 (power density �2� 1014 W/cm2).

The target was posited on an x-y translator for providing

fresh surface and all experiments were performed in vacuum

with a base pressure �10�6 Torr. We used fast gated imaging

employing intensified CCD (ICCD), optical emission spec-

troscopy (OES), and time of flight (TOF) emission spectros-

copy for analyzing plasma plume.25 The ICCD camera was
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synchronized with arrival of laser beam using a timing gen-

erator. The plume emission images at the earliest times

(<100 ns) were obtained with 2 ns gate width and at later

times a 5% width of the gate delay was used for compensat-

ing reduction in plasma intensity. A 0.5 m triple grating spec-

trograph with an ICCD detector was used for recording the

emission features of the plasma while the TOF emission fea-

tures were captured using 2 ns rise time photomultiplier tube

(PMT) which was attached to one of the two exit ports of the

spectrograph. The particle size distribution analysis has been

carried out using witness plates in conjunction with atomic

force microscope (AFM).

III. RESULTS AND DISCUSSION

The laser-target interaction leads to the formation of a

bright plasma that emits profoundly in the visible region.

Among the various plasma diagnostic tools, fast photography

in the visible region is one of the simplest and it provides two-

dimensional snap shots of the three-dimensional plume propa-

gation with detailed information about expansion dynamics.

Typical ICCD images of the expanding W plume at different

times after the onset of plasma formation are given in

Figure 1. In fs LA, an ablation plume is generated at signifi-

cantly later times compared to laser pulse duration.26 This is

due to shorter duration of the laser pulse compared to charac-

teristic relaxation times, such as the electron-to-ion energy

transfer time, electron heat conduction time, and hence the

hydrodynamic or expansion time; all of which typically occur

on the order of several picoseconds after the laser absorption

by the target. The images given in Figure 1 showed distinct

emission features in the visible region with increasing time of

evolution. The duration of the intensification (exposure time)

was set at 2 ns for collecting images at early times (<100 ns),

while a 5% gate width with respect to the gate delay was used

for capturing plume self-emission at later times for compen-

sating the reduction in intensity and each image is obtained

from a single laser pulse. Timing jitter was less than 1 ns. All

images shown here have been normalized by the peak inten-

sity in that image for better viewpoint.

Regardless of the pulse width of the exciting laser,

plasma expansion into a vacuum environment is simply adia-

batic and can be fully predicted by theoretical models and

numerical gas dynamic simulations.27,28 The plume propaga-

tion in vacuum is governed by the initial pressure gradients

in the plume at the early times during its creation and the

spot size. Typically, fs LA plumes are found to be more cy-

lindrical compared to long-pulse ns LA due to rapid deposi-

tion of laser energy density and hence higher pressure

gradient.25,29 The plume images given in Figure 1 clearly

showed two components and their expansion features are

separated in time. A fast component appears at early time

moves with a high expansion velocity and finally disappears

after �400 ns (left column in Figure 1). However, the abla-

tion spot at the target is found to be more brighter with

increasing time and expand considerably slower compared to

the fast component noticed at early times which gives rise to

second plume component (right column in Figure 1). The

second component also persisted for an elongated time. The

multicomponent structure of femtosecond laser ablation

plumes separated in time have been observed previously by

several groups.9,22–24

The emission intensity as a function of distance along

the direction of plume expansion and position of the plume

front at different times during its evolution are shown in

Figures 2(a) and 2(b). The spatial dependence of emission in-

tensity is obtained from the ICCD images along the target

normal by averaging 3 pixel intensities orthogonal to plume

expansion axis and it provides useful information about the

internal structures in the plume. There are several interesting

features of these plots worth noting. At earliest times

(<70 ns), the emission intensity profiles showed single peak

distribution after the onset of plasma formation. However,

with time, the plasma detached from the core region showing

plume splitting (Figure 2(a)). The detached plasma emits

weakly at later times and almost disappears at times >400 ns.

The intense peak noticed at shorter distances evolves slowly

and its evolution history is given in Figure 2(b) at later times.

FIG. 1. ICCD images of W plasma and nanoparticles plumes generated

using 40 fs, 800 nm ultrafast laser in vacuum. The laser beam was focused

on the target at normal incidence and the spectrally integrated light emission

was collected orthogonally using a fast gated camera. The ICCD gating was

set at 5% of gate width and each image was normalized to its maximum in-

tensity for better view.
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Unlike the fast component, where the peak of the emission

moves to farther distances with time, the intensity peak of the

slower component is found to be maximum near the target

surface. The second plume component moves with much

slower velocity and its intensity drops with increasing dis-

tance from the target. The position–time (R-t) plot obtained

from the images is shown in Figures 2(c) and 2(d) for both

fast and slow components of the plume. Since all measure-

ments were performed in vacuum, shock wave generation at

the plume boundary is absent which is seen routinely in the

presence of moderate to higher ambient gas pressures.30

Hence for obtaining plume front positions 10% of the maxi-

mum intensity is considered and these plots approximately

provide expansion velocities for the faster and slower plumes.

Both plume components followed free expansion in vacuum

indicated by linear line fits. The estimated velocities are

8� 105 cm/s and 3� 104 cm/s for faster and slower compo-

nents, respectively. The two components plume structure

with varying expansion dynamics have been observed previ-

ously for Si, Cu, and Au targets.6

The spectral features obtained from the fast and slow

components are given in Figure 3. We utilized OES for

examining emission features of plasma at various times after

the onset of plasma formation. Both the spectra were

recorded at a distance 1 mm from the target and at different

times (a) 200 ns and (b) 2 ls. At early times and close to the

target, intense continuum emission dominates along with

line emission. The continuum radiation, or bremsstrahlung,

occurs when a free electron collides with another particle

and makes a transition to another free state of lower energy,

with the emission of photons. The line emission features

from the faster component are predominantly dominated by

excited W neutrals. Previous reports showed that the fs laser

ablation plumes profoundly emit atomic species compared to

ns laser excitation where laser-plasma heating ionization is

prevalent at early times.29,31 In fs LA, the electron impact

ionization and strong electric field ionization (photoioniza-

tion) are the major processes for free electron generation,

while the Coulomb explosion (gentle ablation) and thermal

vaporization (strong ablation) are the two major competing

mechanisms resulting in material removal and ablation.32

However, the relaxation of the material excited by an intense

femtosecond laser pulse has been quite complex which is

also characterized by phase explosion and fragmentation

processes.33–37 According to Perez and Lewis,35 spallation,

homogeneous nucleation, fragmentation, and vaporization

can occur simultaneously in the different regions of the tar-

get after fs laser excitation. Thermal vaporization produces

mostly atomic plume, as temperatures of the emitted species

are near the vaporization point of the bulk. The spectral

features noticed for the slower component followed a broad-

band, incandescent-like emission and it is given by nanopar-

ticles. Hence, two component emission structure noticed for

fs LA are emission from excited atoms which constitute

faster component and nanoparticle plume which is always

attached to the target with a longer persistence. Noel et al.6

reported that the ablation efficiency of fs laser is related

strongly to generation of nanoparticles. At early times, the

atomization is larger due to high temperature near the target

surface and ablation efficiency is lower as the heat diffusion

towards the bulk is larger. Because of heat diffusion to the

bulk and at lower temperatures, the deeper layers are not

fully atomized, instead they are ejected in the form of a mix-

ture of gas and liquid (nanoparticles).

FIG. 2. Emission intensity counts

obtained from the ICCD images along

the plume expansion direction are

given for various times after evolution

of the plasma. The emission intensity

counts at earlier times are highlighted

in (a) and in (b) the intensity counts for

slower component are given. (c) and

(d) show the approximate plume front

position for faster and slower compo-

nents, respectively. The plume front

position is obtained by considering the

respective position corresponds to 10%

of the maximum intensity. In (a), the

intensity of the faster peak (plasma

plume) is showed as saturated for high-

lighting the evolution of nanoparticle

plume.
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The nanoparticles emitted during fs LA of W showed

broadband emission. Figure 4 shows the emission features of

W nanoparticle plume recoded at different time delays with

respect to the laser pulse and recorded at 2 mm from the

target surface. The continuum emission spectra given in

Figure 4 are not corrected for spectral response curve of the

detection system. The broadband spectral features given in

Figure 4 can be used for estimating particle temperature by

assuming Plank’s radiation spectrum. According to Ref. 19,

for smaller particles with 2pa/k< 3 (where a is the particle

radius and k is the emission wavelength), the nanoparticle

emissivity e(a,k) will be proportional to a3/k and with hc/k
� KBT, the recorded emission intensity I(a,k) is approxi-

mately following:

I a; kð Þ / k�5exp � hc

kKBT

� �
; (1)

where T is particle temperature, h and KB are Planck and

Boltzmann constants, and c is velocity of light. The tempera-

ture of the nanoparticles can be estimated from the slope

of semi log plots of Ik5 against 1/k. Typical semi log

plot obtained from spectral response corrected broadband

spectrum recorded at 2 mm from the target at a delay time of

5 ls is given in Figure 5(a) which shows correlation coeffi-

cient R2> 0.99. The estimated particle temperatures at dif-

ferent times after the evolution of W plume is given in

Figure 5(b). Similar reduction in temperature with space and

time was also observed for Si nanoparticles during ultrafast

laser ablation of Si.19 The particle temperatures estimated at

increasing time delays with respect to laser pulse showed a

t�1 dependence indicating the rapid cooling of the nanopar-

ticle during vacuum expansion. It has to be pointed out that

the nanoparticle temperature decay given in Fig. 5(b) was

obtained from the blackbody radiation curves which were

collected from a specific observation point in the plume and

hence do not represent the temperature decay of an ensemble

of particle. The recorded temperature variation can be related

to different groups of nanoparticles come from the relaxation

of different material parts located at different depths into the

pristine target starting at different temperatures.38 The melt-

ing and evaporation temperatures of W are 3422 �C and

5555 �C, respectively, and the recorded particle temperature

at earliest times (<2 ls) is found to be higher than that of the

melting temperature. It implies that the measured spectral

features at early times are not solely due to W nanoparticles

alone. Plasma produced from high-Z materials like W emits

broad continuum emission for a prolonged time. The spectral

features observed at 1 ls evidently shifted to shorter wave-

length �350 nm (Figure 4) with an appearance of weak

nanoparticle thermal peak at �550 nm. However, typically,

the continuum emission from fs laser ablated plasmas are

significantly lower compared to ns laser ablated plasma.29

Hence, the appearance of broad peak at shorter wavelength

can be contributed by cluster and molecular emission.39 It is

also possible that the higher particle temperature observed at

early times could also be due to hot droplet splashing from

molten material.

The ICCD images showed intense emission from nano-

particles at delayed times. We have also examined the opti-

cal time of flight (OTOF) of nanoparticle emission. For this

FIG. 3. Emission spectral features from (a) fast and (b) slow components are

given. Both the spectra were recorded at 1 mm from the target and at times

200 ns and 2 ls delay times, respectively, for fast and slow components with

gate widths 10 ns and 1 ls.

FIG. 4. Emission spectra of W plume recorded at different times after its

generation. A 10% gate width of delay time was used for spectral measure-

ment and all spectra were obtained at a distance 2 mm from the target sur-

face. The given spectra are not calibrated for spectral response curve for

spectrograph optics and detector response.
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purpose, we collected the temporal profile of the incandes-

cent emission at 327 nm and it is given in Figure 6. The

measurements were made at 2 mm away from the target sur-

face. The temporal profile shows sharp W ion peak emitting

at 327 nm followed by a delayed peak which persists for a

very long time. At 2 mm, the delay time for peak emission of

Wþ and nanoparticles are 175 ns and 4.5 ls which corre-

spond to a velocity of 11.4� 105 cm/s and 4� 104 cm/s,

respectively. The measured velocity of plasma plume species

and nanoparticles using OTOF agrees reasonably well with

the estimated velocity from the ICCD images. We also eval-

uated the size distribution of W nanoparticles using a witness

plate positioned 3 cm away from the target surface and per-

formed post analysis using an AFM and results showed that

the size distribution peaked �30 nm.

The spectral features of W plume showed intense nano-

particle emission at later times. Comparing the emission

features of W nanoparticles with Si particles reported in

Ref. 19, the nanoparticle plume emission as well as broad-

band spectral emission from W seems to be very intense.

However, a direct comparison between the W and Si nano-

particle plume intensity is difficult considering nearly an

order of magnitude differences in the laser fluence used in

Ref. 19 and present study. We, therefore, compared the fea-

tures of Si nanoparticles under similar experimental condi-

tions used for W ultrafast ablation. The ICCD images of Si

nanoparticles and broadband emission features recorded dur-

ing ultrafast laser ablation of Si are given in Figure 7. ICCD

images were obtained using a gate width of 10% of gate

delay. The broadband spectral features of Si nanoparticle

plume and temperature estimate of the particles at different

moments after plasma generation are given in Figure 8.

Compared to W nanoparticle plume emission, the emission

from Si nanoparticles is found to be significantly less intense

and persistence is limited to 10’s of microseconds rather

100’s of microseconds noticed in the case of W nanopar-

ticles. In the case of Si target, the estimated particle tempera-

ture at 1 ls is greater than evaporation temperature. The

estimated particle temperature at any instant after the fs laser

ablation is found to be higher for W compared to Si. The par-

ticle temperature with time followed t�0.9 dependence for Si

nanoparticle plumes. The temperature estimate also showed

W particles are consistently higher at any time moment com-

pared to Si particles. The melting and evaporation tempera-

tures for Si and Ware (1414 �C, 2900 �C) and (3422 �C,

5555 �C), respectively. Hence considering nanoparticle emis-

sion is coming directly from the bulk, the temperatures of

ablation region will be considerably higher for W compared

to Si. So higher melting temperatures of W may be the rea-

son of observed higher particle temperatures compared to Si

(Figs. 5 and 7).

The significantly enhanced broadband emission from W

compared to Si target could be related to nanoparticle genera-

tion and yield. The ablation crater depth and volume is the

byproduct of both plasma species and nanoparticle ejection.

Hence, the ablation efficiency of a target material is related to

both atom and nanoparticle emission. Regardless of the target

material, at early times the atomization is larger due to high

temperature near the target surface and ablation efficiency

from atomic emission is lower as the heat diffusion towards

the bulk is larger. Because of heat diffusion to the bulk and

the resulting lower temperatures, the deeper layers are not

fully atomized, instead they are ejected in the form of
FIG. 6. OTOF profiles recorded at 327 nm wavelength. The Wþ emission is

seen at the earliest time (inset) followed by a broad nanoparticle emission.

FIG. 5. (a) Typical example of semilogarithmic plot of Ik5 vs k�1 for parti-

cle temperature estimate is given in (a). The data are obtained from spectral

response corrected broadband emission features recorded at 2 mm from the

target and at a delay time of 5 ls. In (b), the estimated particle temperatures

are given for different times.
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nanoparticles.6 Compared to ns or ps pulse duration, the

pulses in the fs regime typically provide higher ablation effi-

ciency because of lack of laser-plasma interaction and energy

loss. This is because, in fs LA, the laser pulse terminates

before the plasma generation.40 Hence, the fs absorbed

energy will heat the target to solid density plasma state with

high temperature and density above the critical point.19 Since

similar laser ablation conditions are used for W and Si, the

observation of brighter nanoparticle plume for W compared

to Si could be related to material properties. So it has to be

highlighted that under ultrafast laser irradiation conditions,

the ablation processes are strongly dependent on the material

nature. The absorption processes as well as ablation physics

are different for metal, semiconductor, and dielectric materi-

als.21 In metals, free electrons in the conduction band absorb

energy through inverse Bremsstrahlung process. For semicon-

ductor, valence band electrons absorb photons and move to

conduction band through multi-photon absorption. If they do

not have enough energy to reach the next energy level in the

conduction band, the electrons generally decay to their initial

state and reemit the photon. The reported ablation threshold

for Si and metal targets using ultrafast lasers are in the range

�0.2–0.5 J/cm2.21,41 Hence, considering both the experiments

are performed at significantly higher energy fluence (8 J/cm2)

than the ablation threshold, the laser energy coupling to the

target will be similar and hence the ablation threshold differ-

ences may not explain the differences noticed in nanoparticle

emission features between W and Si. Ultrafast laser energy

transport to the target (electrons) is extremely fast and hap-

pens during the laser pulse. The electrons will eventually

transfer energy to lattice/ions and time scales of these events

are represented by characteristic relaxation times. Typically

the electron-ion relaxation time (sei) depends on the heavi-

ness of ions (for example, Wsei� Si sei).

We compared the craters generated by ultrafast laser

ablation of W and Si under similar conditions and results

showed deeper craters for Si compared to W (images not

given). Previous studies highlighted that the ablation effi-

ciency is higher for metals with lower melting point and

hardness.40 Noel et al.6 compared the intensity of atomiza-

tion (Iatoms) and nanoparticle (Inps) ejection from Cu and Au

targets and found that atomization is higher for Cu while

nanoparticle ejection is higher for Au and attributed this to

high electron-lattice coupling coefficient (G) values of Cu

compared to Au (Gcu¼ 1� 1017 Wm�3K�1, GAu¼ 2.1

� 1016 Wm�3K�1). However, a close comparison between

FIG. 8. (a) Typical broadband spectral emission from Si nanoparticle

recorded 5 ls after the onset of plasma generation is shown and in (b) the

particle temperature estimate at 1 mm from the spectral response corrected

broadband emission is provided.

FIG. 7. Images of Si nanoparticle plume obtained using ICCD at various

times after the onset of plasma plume generation. The plume was generated

using 40 fs, 800 nm ultrafast laser in vacuum. The ICCD gating was set at

5% of gate width and each image was normalized to its maximum intensity

for better view.
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the material properties of W and Si do not yield the reasoning

for higher nanoparticle plume emission from W, we con-

ducted similar studies in other low-Z and high-Z metals

which included Al, Cu, Mo, and Ta. Comparing the nanopar-

ticle broadband emission features studied among the target

materials, W and Ta provided most intense emission features

followed by Mo, while Cu and Al showed significantly lower

nanoparticle emission intensity which was similar to Si target.

This trend is approximately similar to melting and evapora-

tion temperatures of various materials studied; higher nano-

particle plume intensity noticed for targets with higher

melting or evaporation temperatures. However, further studies

are necessary to explain the role of each physical and thermal

properties on nanoparticle yield. Apart from melting

and evaporation temperatures, the role of other parameters,

e.g., target density, electron-lattice coupling coefficient,

electron-ion relaxation times, etc., may affect the nanoparticle

ejection and hence further detailed research studies are essen-

tial to elucidate the role of each physical and thermal parame-

ters on nanoparticle yield from fs laser ablation plumes.

IV. CONCLUSIONS

We investigated the expansion features of ultrafast laser

generated nanoparticle plumes in vacuum. The ICCD fast-

gated images showed two distinct features of component

expansion generated by W plasma and nanoparticle plumes,

separated in time. The ICCD images also showed that the

emission from atomic plume persisted �400 ns while the

nanoparticle plumes persisted for a prolonged time which was

about �100 ls. The expansion velocity estimate showed that

the nanoparticle plume moved at a significantly lower velocity

compared to plasma plume and the expansion velocities were

differed by �25 times. The temperature of the nanoparticles

generated showed that a decreasing trend with increasing time

and space. A comparison with Si nanoparticle plume showed

that under similar experimental conditions, ultrafast laser abla-

tion of high-Z materials like W provided significant higher

nanoparticle yield. The differences in nanoparticle yield could

be related to evaporation and melting temperature, however,

further research efforts are necessary to explain the role of

other material parameters on nanoparticle yield.
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