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Internal structure and expansion dynamics of laser ablation plumes
into ambient gases
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The effect of ambient gas on the expansion dynamics of the plasma generated by laser ablation of
an aluminum target has been investigated using frequency doubled radiation f@swiched
Nd:YAG laser. The diagnostic tools include fast photography of overall visible plume emission
using a 2 ns gated intensified charged coupled device and space and time resolved emission
spectroscopy using a 50 cm monochromator/spectrograph and photomultiplier tube. The expansion
behavior of the plasma was studied with ambient air pressure ranging fromtd@00 Torr. Free
expansion, plume splitting and sharpening, hydrodynamic instability, and stagnation of the plume
were observed at different pressure levels. Space and time resolved emission spectroscopic studies
showed a twin peak distribution for Al and Alspecies at farther distances illustrating plume
splitting at pressures higher than 100 mTorr. Combining imaging together with time resolved
emission diagnostics, a triple structure of the plume was observed. The expansion of the plume front
was compared with various expansion models and found to be generally in good agreement.
© 2003 American Institute of Physic§DOI: 10.1063/1.1544070

I. INTRODUCTION tion, attenuation, thermalization of the ablated species, diffu-
sion, recombination, formation of shock waves, and

Laser'prOduced plasma is transient in nature with Charc|usteringz_l6'10124_27Recent measurements performed over a
acteristic parameters that evolve quickly and are strongly deyjde range of expansion durations have described a fairly
pendent on irradiation conditions such as incident laser incompncated gas dynamic picture of p|ume ambient gas in-
tensity and pulse duration, laser wavelength, irradiation spQeraction which is characterized by different propagation
size, ambient gas composition, and ambient presSiréhe  phases and is accompanied by plume oscillations arising at
different mechanisms involved during a laser ablation proyather high background pressur@282°In low gas pressure
cess, including laser absorption, evaporation, transient gafess than 100 mTorr), the plume expansion could be de-
dynamics, radiation transport, condensation, ionization, andcriped by Monte Carlo simulatioii:3* For high pressures,
recombination, are rather complex and require further invesmany numerical simulations were performed using com-
tigation. _ _ _ _pressible and nondissipative conservation equations

There are several diagnostic techniques for character|2(Eu|er)_32 However, for Euler modeling, all the simulated
Ing a Iaser—eggduced plasma including optical emissionypecies including the neutral atoms and ions have the same
spectroscop?lz, mass spectroascoﬁﬁl, laser induced yg|ocity, whereas experimental results indicate that excited
fluorespeqfé,_ Langmuir probé, phototherméall beam  neytral particles are characterized by slower velocity in com-
deflection, microwave and laser interferometry; *and Th- parison with ionized aton?.In moderate or high pressures,
omson scattgrmij.'Fast photography adds another dimen-g pjast wave model is found to accurately describe the plume
sion to ablation dlagnost!cs by providing tWO'd'me”_s'onalpropagation distance during the early expansion stages,
snap shots of the three-dimensional plume propagé&lo’ﬁ. whereas a shock layer model and an empirical drag model
This capability becomes essential for a hydrodynamic Underpredict the maximum plume length with considerable
standing of the plume propagation and reactive scattering. accuracy?®

The interaction of pulsed laser ablation plumes with a 16 "emission spectra, electron temperature, and density
background gas has received increased attention recently due, tound to be significantly influenced by the ambient
to its importance in laser depositiéhnanoparticle forma- atmospheré As discussed by several authors, the surround-
tion and growtt?? cluster productioﬁ,3 etc. In addition to ing atmosphere also affects the crater Qznd the amount
these .application's, these studies.are very impor'tant for thgf sample vaporized with the laser bedhiThe relative en-
mode]lng of various processes in space physics, p|as%ncement of an emitted line depends on the nature of the
chemistry, and hydrodynamics. Compared to the expansiog,s gas pressure, and the excitation energy of the electronic
into a vacuum, the interaction of the plume with an amb'emtransition responsible for the lifeThe two main mecha-
gas is a far more complex gas dynamic process due to thgsms invoked in the excitation are the particle collision ex-
rise of several physical processes involved such as decelergiation and the electron impact excitation. Although exten-

sive experimental and theoretical work have been done,
¥Electronic mail: harilal@fusion.ucsd.edu many effects of the laser beam interaction with a metallic
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Imaging Set-up Spectroscopy Set-up attenuated by a combination of wave plate and cube beam
@) splitter and focused onto the target surface at normal inci-
\‘:‘ dence using an antireflection-coated planoconvex lens. The

. beam energy was monitored using an energy mghir,
Model 30A).
The plume imaging was accomplished using an intensi-

i fied charged coupled devid¢ICCD) Pl MAX, Model 512

RB] placed orthogonal to the plasma expansion direction. A
Oetlloscops Nikon lens was used to image the plume region onto the
Mostionalor camera to form a two-dimensional image of the plume inten-
sity. The visible radiation from the plasma was recorded in-
tegrally in the wavelength range of 350-900 nm. In order to
eliminate 532 nm stray photons from reaching the camera, a
magenta subtractive filter was used. A programmable timing
generator was used to control the delay time between the

FIG. 1. The schematic of the experimental setup used for imaging and timé&Ser pulse and the imaging system with overall temporal

resolved emission studie$PTG, programmable timing generator; PMT, resolution of 1 ns.

photomultiplier tube; WP, wave plate; R, reﬂector;_ BS, beam sampler; L, For space and time resolved spectroscopy, an optical sys-

lens; EM, energy meter; BD, beam dump; and F, filter tem was used to image the plasma plume onto the entrance

slit of the monochromator/spectrografkcton Pro, Spectra-
surface in the presence of ambient gas are still not satisfaé:a-ro 500i), s0 as to have one-to-ong corresponden_ce with the
torily explained®~4° sampled area of the pllume_and the image. The optical system
In this article, we present a detailed experimental analyyvas tra_nslated .to monitor d|ﬁe_rent parts of the plume. Spatial

sis of the laser ablation of aluminum by 2 ns gated photog-resolunon provided by our optical system was better thaf‘ 0'?

raphy and space and time resolved emission spectrosco m. The monochromator was equipped with three gfa“”gs-

Fast side-on views of the plume expansion are made by r 50 g/mm, 600 g/mm, and 2400 g/mm. One of the exit ports

cording overall visible emission from the plasma plume,Of the spect_rograph was co_upled to an ICCD camera that was

operated with vertical binning of the charge coupled device

which enable us to obtain information on the interaction of 0 obtai iral intensiti lenath. Th
the plasma with the ambient gas during earlier and latef'TeY fo obtain spectral intensiies versus wavelengin. The

stages of the process. Investigations are made on the stra?ﬁher exit port of the monochromator was coupled to a pho-

fication and stability of the geometry and shape of the alu_tomulupller tube (PMT). A diverter mirror was used for

minum plasma at different air pressures ranging from®1.0 svv;tck(;mgt; gpm F;MT tot_ICICD or vice _vetrsa. Ilior tm:ﬁ re-
to 100 Torr. We report plume splitting in the fast moving solved studies of a particuiar Species in the piume, the spe-

component of the plasma plume. The plume splitting behavgIfIC lines are selected by tuning the grating and imaging

ior appears only in a narrow region of press(eound 150 onto the slit of the PMT. For recording the temporal profiles,

mTorr). Spatially resolved time of flightTOF) emission the_tolutp#t ththe PBﬂT was_lfjllr(izctly C'(I)'lIJDpSIeSg 13 15%HSZ/
measurements are carried out at this pressure to infer th%gl al phosphor oscilloscop€Tektronix ' S

species local populations inside the plasma. Present resuffedximum real-ime Sa”_‘p'? rate). This s_etup prov@es d?"r’.‘y
as well as decay of emission of a constituent species within

indicate that the combination of fast photography and time | hich : tant ¢ lated t
resolved emission spectroscopic diagnostic techniques givéEe plasma which are very important parameters refated 1o
e evolution of laser-ablated materials in a direction normal

much more insight into the expansion behavior of a laser:
0 the target surface.

produced plasma into an ambient atmosphere. We also ES{I-
mated the ion stopping distance using the popular Mont
Carlo Simulation modé&t#? (srim code)and compared with
our experimental data. An adiabatic expansion model is use
to describe the plume length of the laser created aluminum Since the laser intensity exceeds the ablation threshold
plasma at different ambient pressures. of the target, the laser beam evaporates and ionizes material,
creating a plasma plume above the material surface. Initially,
the atoms, molecules, and ions undergo collisions in the
high-density region near the target forming the so-called
The schematic of the experimental setup is given in FigKnudsen layer, leading to a highly directional expansion per-
1. Pulses from a frequency doubled Nd:YAG lag8rns pendicular to the target. The expansion dynamics of the
pulse width, maximum energy 700 jindere used to create laser-produced plasma plume have been described elsewhere
aluminum plasma in a stainless-steel vacuum chamber. Thesing semiquantitative mode$** In the initial stage, the
chamber was pumped using a high-speed turbomoleculanteraction of the laser beam with the bulk target results in
pump and a maximum base pressurel0 8 Torr was the evaporation of the surface layer. Following this, the in-
achieved. The aluminum target in the form of a disk wasteraction of the laser beam with the evaporating material
rotated about an axis parallel to the laser beam. This avoidgads to the formation of an isothermally expanding plasma
errors due to local heating and drilling. The laser beam wasnd this persists until the termination of the laser pulse. The

Vacuum Chamber PTG

icc!

Nd:YAG laser

?II. PHYSICAL DESCRIPTION OF LASER-PLASMA
Ic_:iXPANSION

Il. EXPERIMENT DESCRIPTION
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vapor particles are pushed forward and in the lateral direc
tion solely by high pressure emanating from the target sur
face when the ejected plume is considered transparent to t
incident laser beam. Strong laser—plasma interaction create
an additional high-pressure kinetic energy region fueling a
further expansion of the plume. After the termination of the
laser pulse, no particles are ejected from the target surface
An adiabatic expansion of the plasma occurs where the tem
peratures can be related to the dimensions of the plasmg
Singh and Naraydn have found that the forward directed
nature of the laser evaporation process results from aniso
tropic expansion velocities of different species, which are
mainly controlled by the initial dimensions of the expanding
plasma. The thermal energy is rapidly converted into kinetic
energy, with the plasma attaining extremely high expansio
velocities. During the initial stages of plasma expansion
when the particle density is high<(10'*° cm™3), the mean-
free path of the particles is short-(wm) and the plasma
behaves as a continuum fluid. As the plasma expands, th
temperature drops very rapidlyvithin 100 ns time), how- ) ) o o )

ever the drop is smaller at later times- 100 1) because 10,2 The tme evalulon of visbie enision fom an s plme

energy is regained in the recombination of ions. power density used was 3 GW & and background pressure was 1
The plasma expands freely in a vacuum or low back-x107° Torr. The timings in the images represent the time after the onset of

ground pressures. As the background pressure increaseS, mma formation. A” of_thg images are norm_alized to their maximum in-
plume behavior is characterized by strong interpenetration df"S'b: Plume behavior indicates free expansion.

the laser plasma and ambient low-density gas. The expansion

dynamics of the plume in this pressure regime is determine

by the properties of the plasma as well as the backgroun%
gas. In this regime, collisional effects start to play a role. At
still higher background pressures, the expansion dynamics %1;0

pecies. They are not necessary representative of the total
ux because a part of the plume is nonluminous.

Figures 2 and 3 represent the plume expansion at
~6 Torr and 2< 10 2 Torr respectively. From Figs. 2 and

the plasma are fully governed by the nature and pressure it is clear that there is not much influence of the ambient

the ambient gas usédin general, an increase in background _; . .
air pressure on the expansion of the plasma when we in-

ressure results in the following effectd) an increase in . " .
b . 9 ) o crease air pressures from 10to 2x 10 2 Torr. In this re-
fluorescence from all species due to enhanced collisions on

the expansion front and subsequent interplume collisi@ins, gion, the plasma expands freely. Plasma expansion into a
shock front formation, andiii) slowing of the plume com-

pared to propagation in vacuum resulting in spatial confine- S
ment of the plasma. The presence of ambient gas durin|RCIEEILE VIS
expansion may also lead to reactive scattering, thermaliza
tion of the plume, enhanced condensation leading to cluste
and nanoparticle formation, etc.

IV. IMAGING RESULTS AND ANALYSES

Plasma emission begins on the target surface soon aftegess
the laser photons reach the surface. Images of the time evcgg
lution of the expanding aluminum plasma were taken at dif- g
ferent air pressures ranging from 10to 100 Torr. Typical :
ICCD images of the expanding plume at different times after
the onset of plasma are given in Figs. 2—7 at different airjg
pressures. These images were recorded at a laser irradian
of 3 GW cm 2. The duration of the intensificatio@exposure  §
time) is 2 ns and each image is obtained from a single lasel
pulse. Timing jitter is less than 1 ns. All of the images given &
in Figs. 2—7 are normalized to the maximum intensity in that

image. It should be remembered that each image represerﬁ@ 3. ICCD photogfgphs of visible emlss_lon from Iaser-produceq alumi-
num plasma at X 10 “ Torr background air pressure. The experimental

the s_pectrally inte_grgted plume in the_ region 350_900_ NMbarameters are the same as described in Fig. 2. All of the images are nor-
that is due to emission from the excited states of variousnalized to their maximum intensity. Plume behavior shows free expansion.
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FIG. 6. ICCD photographs of visible emission from laser-produced alumi-
num plasma at 10 Torr background air pressure. The experimental param-
ters are the same as described in Fig. 2. All of the images are normalized to
heir maximum intensity.

FIG. 4. ICCD photographs of visible emission from laser-produced alumi-
num plasma at 150 mTorr background air pressure. The experimental p
rameters are the same as described in Fig. 2. All of the images are normg
ized to their maximum intensity. Plume spliting and sharpening are
observed in this pressure regime.

This stationary emission region close to the target surface
vacuum environment is simply adiabatic and can be fullyhas been reported by oth&tsnd may resuit from gas colli-
predicted by theoretical models and numerical gas dynami&ions between the plume ejecta in the high-pressure region of
simulations™ If the particles are released and the number ofthe initial expansion, resulting in a Knudsen layer with
collisions among them are not too high, the Knudsen Iaye?t‘)pped and/or backward moving mateffal.
feeds an unstable adiabatic equilibrigtAE).*>*¢The UAE When the pressure is increased to 10orr, the plume

may evolve in a steady adiabatic flow, which terminates du@reaks away from the target surface 70 ns after the onset of
to falling density with time. The light emission from the the plasma, forming a faster moving component and a slow

plume very close to the target surface exists even afjes.1 moving/stationary component near the target surface. Coin-
cidentally, this pressure range falls within the transition from

1500ns °

FIG. 5. ICCD photographs of visible emission from laser-produced alumi-

num plasma at 1.3 Torr background air pressure. The experimental paraniG. 7. ICCD photographs of visible emission from laser-produced alumi-
eters are the same as described in Fig. 2. All of the images are normalized tum plasma at 100 Torr background air pressure. The experimental param-
their maximum intensity. In this pressure regime, an instability appeared asters are the same as described in Fig. 2. All of the images are normalized to
plasma expands into background gas. their maximum intensity.
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collisionless to collisional interaction of the plume species  We made an estimate of the density of the background
with the gas. This is supported by the fact that at these pregras where the RT instability can form in the present experi-
sure levels, the intensity of radiation is enhanced especialljnental conditions. The RT instability would grow exponen-

after 100 ns. Here, the plume behavior is characterized btially with time, ~e”, at a raté’

strong interpenetration of the laser plasma and ambient low- _
density gas, where a contact boundary is formed between nzzkaM'
plasma and a shock wave in the gas. During interpenetration, (Pptpp)

the transfer of kinetic energy from laser plasma to the baCkwherepp and p,, are the density of the plasma and back-
ground gas takes place, and energy and momentum exchanggyund gas respectivelg,= dv/dt, with v being the velocity
occurs because of ion—ion Coulomb scattering, ion—neutradf the plasma front ané as a perturbation wave number.
collisions, charge exchange interactions, etc. The emission ofhe plasma boundary is stable whef>0 (pp>pp), While

this component exists until 1500 ns from the beginning ofthe arrangement becomes unstable whgr:0 (Pp<pb).-

the expansion process. The time evolution of the plume at &he instability growth occurs in the maximum acceleration
background pressure of 150 mTorr is given in Fig. 4. At earlyregion that can be derived from the derivative of momentum
times, the plume front is spherical in nature, but as timeconservation equation

evolves, the plume front becomes sharpened. Plume sharp-
ening behavior suggests that higher kinetic energy particles i
are emitted closer to the target surface normal. It has been dt
reported that ions of the highest ionization state dominate i

the.dlrect|on of maximum emission, and that their CONCENYom the target surface. The growth of instability corresponds
tration falls sharply away from the nornfdl.Along with to maximum acceleration region and from Ea)

sharpening, the faster moving component of the expanding
plume front splits again into two clouds indicating plume 3Mg
splitting. These peculiar plume splitting and sharpening phe- :(
nomena are observed only in a particular pressure range ) 0 . ]
(around 150 mTorr). Several authors have reported plum&©llowing Nget al.’” the mass ablated in the pgesent experi-
splitting in a laser-produced plasma using an ion pribe, Mental conditions is estimated to be 110"~ g. Using
TOF mass spectroscopy,optical emission spectroscofy, Our €xperimental parameters, V'i:): 13 cm. the calculated
laser induced fluorescent®etc. On the contrary, we ob- Packground density is 1.8710> gcm * which corre-
served plume splitting in the faster moving component inSponds to a pressure of 1.22 Tdwonsidering nitrogen

imaging studies. Here, the fast component of the plume ha‘é’h'Ch is in good agreement with the experimental observa-

penetrated into ambient gas and a part of it may be decele]"—on' : .
ated because of interaction with background gas As the pressure increases, plasma deceleration starts

As we increase the pressure front #0Torr, the mutual more rapidly because of confinement of plume. The plume

) : . expansion behavior at 10 and 100 Torr are given in Figs. 6

penetration of the laser—plasma ions and the ambient gas .

decrease and an interface is formed. In this regime alonand 7, respectively. At these pressure levels, the plasma de-
' gime, Eeleration starts very early. The expansion front is slowed

with deceleration, turbulence also appears in the expandinlg1Ore rapidly and coalesces with the slower components. As
plume._ The time evolutpn of t_he IMmages of the plume at L3he pressure of the ambient gas increases, a greater confine-
Torr air pressure are given in F|g._5. Here, algo the fastyent of the plasma takes place and the effective length of the
component of the plume penetrates into the ambient gas angme is reduced to a few millimeters. The lifetime of the
the instability is observed mostly in the slower component.p|asma plume is found to be much higher in this pressure
We expect that near the contact boundary instabilities such F8gime because of the formation of different molecules like

Rayleigh—Taylor(RT) set in the plasma. Baranet aI:35 ad-  A|0, AN, etc5! that have much higher decay time compared
dressed the instability of a laser produced expanding plasmg neutral and ionic species.

in a background gas. According to them, due to RT instabil- | order to have a better understanding of the plasma
ity, the expanding plume front tends to become unstable angxpansion and evolution, we used the imaging data to create
the interface between the plasma and ambient gas becomgssition—time plots of the luminous front at several back-
perturbed. The turbulence stage was enhanced at a pressiigund air pressures shown in Fig. 8. The symbols in Fig. 8
range around 1 Torr where we can see a number of intensifyepresent experimental data points and the curves represent
peaks. This turbulence appeared after 200 ns after the evoldifferent expansion models. At low pressuresl0 2 Torr),

tion of the plume(for a background pressure of 1.3 Toand  the plume front behaves linearly with tinfthe straight-line

the instability was manifested by the breaking up of radiait in the graph corresponds ®et). This indicates free ex-
tion. We also confirmed that the occurrence of heated spotsansion of the plume into a vacuum. The expansion veloci-
in the plume is not merely due to reactive processes insidées of the plasmas are measured from the slopes of the
the plume(e.g., formation of AIN or AlQ by introducing He  displacement—time graph. The estimated expansion veloci-
and Ar as background gases. We still observe the instabilityies of the plasma in this pressure region~40’ cms !
during plume expansion into Ar and He background gasesyhich is the same as the free expansion velocity. Plume ex-
but at different pressure levels. pansion in the early stage<(40 ns) is almost linear irrespec-

@

=0, 2

4 s
Mo+§’7TR pPp |V

Where M, is the laser—plasma mass aRdis the distance

1/3
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FIG. 8. Position—time R—t) plots of the luminous front of the aluminum  F|G. 9. Plume length vs pressure curves. The solid curve represents the
plume produced at different background air pressures measured from gatefume length estimated for different pressures using adiabatic expansion
ICCD plume images. The symbols represent experimental data points anglodel. The dotted curve shows the projected ion stopping distance at dif-
curves represent different expansion models. The solid line represents thgrent pressure levels estimated using Monte Carlo simulation. The symbols
free expansionR«t). The dotted curve represents the shock wave modelrepresent the experimental points.

(R=t%%. The dashed curves show the drag model fit. The c(olash-dot-
dot) corresponding to 150 mTorr data is the best ft<¢%449.

whereA is the geometrical factor related to the shape of the
laser spot at the target surfaceis the specific heat ratid;

tive of the background gas pressure. The plume expansion the laser energyP, is the ambient gas pressuié,is the

bmygggzrate pressures is represented by a shock model 9iveliial volume of the plasma is given BY=uv o7, (Where
v is the initial species velocity; ..e,iS the laser pulse width,
R=&(Eo/po) Y225, (4) andw is the spot size at the target surface). The factor

where¢, is a constant which depends enthe specific heat de_zpends on the_ expansion geometry and for a conical plume
V\?th an expansion anglé (circular spot),

capacity. The shock model describes the explosive release 0
energy E, through a background gas of densjty. The 3tand
shock model, which neglects viscosity, gives a prediction of m+2m7tand

complete propagation. As shown in Fig. 8, the plume front L . o .
position with time for 1.3 Torr agrees well with the shock Considering experimental parameters with 30°, the esti-
model mated values of plume length at different pressures along

At later stages the plume expansion is described by gv_ith experimental_maximum range of the p'“me are given _in
P Fig. 9 which are in fairly good agreement with the experi-
drag model, which is given by .
mentally observed plume lengtftaken from ICCD images).

1/3

A=(1+ 7)

tané

R=Ro[1—exp(—pt)], (5)  Both the experiment and the model reveal that the ambient
whereR, is the stopping distance of the plume afids the 925 slows QOwn the expansion of the ablation plume.
slowing coefficient Ry8=v,). The drag model predicts that The estimate of the mean projected length of Adns at

the plume will eventually come to rest due to resistance fronflifférent ambient pressures of air iS4P?25€d on the popular
collisions with the background gas. The plume front positionMonte Carlo simulation progransrim.™"* The calculated
at later stages$500 ns) is well described by the drag model results are also given in Fig. 9. The estimated stopping dis-

(Fig. 8). The plume front position of the plasma at 150 mTorrt@nce is in good agreement with the experimentally observed
showed a%445 dependence. value of plume length at low pressu¢around 150 mTorr).

The calculations did not follow experimental values at high
pressures, where the plume length is found to be much
V. PLUME LENGTH higher compared to the calculated’Alon range. The com-

We tried to estimate the length of the plume at differentparison shows that the Monte Carlo simulation model is
(?od for low pressures only.

ambient gas pressures using an adiabatic expansion mod&
and the range of Al ions using a Monte Carlo simulation
program. According to the adiabatic expansion mddéle  VI. SPECTROSCOPIC RESULTS AND PLUME
ablated species pushes the background gas species until tBELITTING

plasma and gas pressure equilibrate. Then, the length of the

S To gain more insight, we performed space and time re-
plasma is given by

solved spectral emission studies of different species in the
L=A[(y—1)E]Y3rp~Y3ryr—13r, (6) expanding plasma in the background pressure levels de-
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FIG. 10. Intensity variation of spectral emission with time for Al species FIG. 11. Position—time graphs for two peaks observed with time resolved
(396 nm)recorded at 18 mm from the target surface. The laser power denemission studies of Al species at 396.1 nm. Pkl and Pk2 represent the faster
sity used was 3 GW cn? and the background air pressure was 150 mTorr and slower component, respectively. The solid line corresponds to linear fit
for these measurements. The solid lines represent the SMB fit. The fasténd the dotted curve is the fit f&ot%44%

peak is fitted with simple Maxwell-Boltzmann distribution using

=650 eV. The fitting parameters for SMB distribution for the slow peaks

areT=28eV andT=7 eV respectively. T . . .
P Y distribution is observed only beyond a certain distance from

the target. TheR—t plots drawn for Al and Al species are
given in Figs. 10 and 11, respectively. It is interesting to note

scribed herein. Measurements of the temporal locations ahat the faster peak for excited Al and ‘Alspecies propa-
the maximum intensity as a function of distance give angates without much attenuation. The estimated expansion ve-
estimate of the velocity component perpendicular to the tarlocities of fast moving Al and Al species are 7.6XF and
get surface. 6.5x10° cms 1, respectively, which correspond to a kinetic

Our spectroscopic studies show that most of the speciesnergy of 800 and 650 eV, respectively. It is expected that
emitted by laser-produced aluminum plasma in the preserfast electrons and ions travel at the leading edge of the
experimental conditions are excited neutral Al species alonglume. The ions can scatter the ambient gas, so that the fol-
with Al* and AI" " Time resolved studies were made for Al lowing neutral particles propagate through a more rarefied
(396.1 nm, 3%('S)3p-3s%(!S)4s) and Al" (358.6 nm, ambient medium. The faster peak moves with a velocity very
3s3d-3s4f) species in the plasma at different distancesclose to the free expansion velocity and the slower one fol-
from the target surface. lows at®4*>dependence that exactly matches with the plume

The expansion velocities of the kinetic peaks arefront position corresponding to 150 mTorr as given in Fig. 8.
strongly affected by the background gas pressure. Gas phase Our measurements also show tliaigs. 11 and 12jhe
collisions can transform the initial temporal distributions into higher the ionization state, the greater the kinetic tempera-
a very different final distribution. With increasing pressure,ture. This is probably due to enhanced absorption of laser
due to the enhanced collision with the background gas spdight by the plasma. After the laser action ceases, the charge
cies, the slowdown process is very rapid. Thus, the ambiertomposition of the plasma is governed by three-body recom-
gas acts as a retarding media, slowing the plume develogsination, which dominates over radiative and/or dielectronic
ment, and the bringing the ion energy closer to the energy obnes due to the rapid drop in electron temperature as the
excited neutral atomic species in the plasma. At low presplasma expands. The ions located at the front of the plasma
sures, the temporal profiles of the different emitting speciescquire the largest energy during hydrodynamic acceleration
are described by single peak distribution. But, as the pressui@nd the interaction time for recombination is very much re-
increases, we find that the temporal distribution of excited Alduced. This small group of high-energy ions transports a sig-
and Al" is changed to a twin peak distribution. In this sec- nificant fraction of absorbed energy. The ions located in the
tion, we particularly emphasize the double peak observatiomner plume layers are accelerated much less due to hydro-
in the temporal profiles of Al and Al species at 150 mTorr dynamic expansion. They remain much longer in the denser
pressure, where the plume splitting appeared during latestate, which is being subjected to strong recombination,
stages of the plasma expansion. which in turn enhances the emission from these regions.

The time evolution of the spectral emission profiles ob-  The position of the plume front recorded using ICCD
tained in the present work clearly reveals that the speciesnaging at 150 mTorr moves much slower than the free ex-
ejected by the Al plume exhibit twin peaks for the TOF dis- pansion model. The slow moving component in the TOF
tribution. Figure 10 shows the typical TOF profile of Al at species matches well with the plume front position recorded
396.1 nm recorded at a distance 18 mm from the target suusing ICCD imaging. However, we see almost no signal cor-
face at a background pressure of 150 mTorr. The twin-peakesponding to the faster profile in the TOF species using
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T j T ) T j T ) VIl. CONCLUSIONS
Al" (358.6 nm) T ) )
The expansion dynamics of laser produced Al plasma

has been studied using fast photography and space and time
.’ resolved emission diagnostic techniques. The time evolution
@ Pk2 of 2 ns gated photography employing an ICCD camera al-
o 1 lowed a precise description of the aluminum plume evolu-
@ tion. The expansion behavior of the plasma at different am-
bient air pressures ranging from 10 to 100 Torr was

) 1 studied. The results show several interesting effects.

e At low ambient pressure levels<(10~2 Torr), the

aF . plasma expands freely. The addition of ambient gas leads to
more efficient electron impact excitation and plasma recom-
bination which enhances the emission from different species
0 : L . L . L . L . in the plasma. As pressure increases above 100 mTorr, the
¢ & 40 =0 e L plume is characterized by strong interpenetration of the
plasma species and background gas that leads to plume split-
FIG. 12. Position—time plots for fastéPk1) and slower(Pk2) component  tiNg and sharpening. During this stage of mutual penetration
in the temporal profiles of emission from Akpecies at 358.6 nm. The solid Of laser plasma and ambient gas, a considerable fraction of
line corresponds t&=t (free expansionand the dotted curve represents the kinetic energy was converted into heat which in turn in-
best fit R+, creases the temperature of the gas and radiation. At pressure
levels around 1 Torr, turbulence is observed in the decelerat-
ing plume front. A further increase in pressure resulted in the

ICCD imaging studies. The TOF profiles indicate that thecontraction of the mutual penetration zone and the plasma
yield or concentration of the higher kinetic energy peak isfront becomes compressed.
rather low compared to the slow moving component, which ~ Itis also noted that in the earlier stage 40 ns), plasma
leads us to believe that the dynamic range of the ICCD is nogxpansion is almost linear irrespective of the background
high enough to expose these photons. pressure. At moderate pressures and at tiri®90 ns, the
Since we observe plume splitting with imaging studiesPlasma expansion is characterized by a spherical shock wave
for the low kinetic energy component in the TOF profile, we Mmodel. For time>500 ns, the velocity of the plume is low
conclude that there exists a triple plume structure with onélué to numerous collisions with the background gas mol-
component traveling near vacuum speed and two othefcules. The drag model is a good approximation in this re-
slower components. The estimated temporal separation at#me. The results obtained with TOF emission studies
specific spatial pointconsidering the image at 610 nis) showed a twin-peak distribution for Al and Alspecies in-
plasma between the two slow layers observed with the imdicating plume splitting. Here, the faster component of the
aging studies is~60 ns. The TOF distribution of the slow species moves with the free expansion velocity whereas the
component is rather broadened and, hence, we do not cIear?OWGd component has characteristics which are strongly in-
see the splitting of the delayed TOF distribution as observeflueénced by the pressure of the background gas.
with the imaging studies. Only through the combination of ~ Combining both the diagnostic tools, a triple structure of
imaging and TOF spectroscopy do we determine the fulfhe plume is deduced. Highly energetic ions moving with the
plume structure. free expansion velocity are not observed with fast imaging
In order to gain more insight into the kinetic properties Studies, probably overlooked because of the bright plume
of the plume species, a shifted Maxwell-Boltzma&MB) luminescence of the slow component. The temporal evolu-
distribution is used to fit the TOF profile of Al species. The tion of the slower component follows the plume front posi-

SMB fit function is given by® tion recorded by fast photography.
An estimate of the plume and ion range is made for
s m(v—vg)? different ambient gas pressures using adiabatic expansion
f(v)=Av~exp — T 2kT ) (8 and Monte Carlo Simulation models. The plume length esti-
mate using the adiabatic expansion model is in good agree-
whereA is the normalization parameter,is the velocity of  ment with observed plume length. The calculated ion range
the speciesy, is the flow velocity, T is the translational using the Monte Carlo simulation model shows good agree-
temperature, anan is the mass of the species. Figure 12ment with plume length measurements at moderate pres-
gives the best curve fit for the faster and slower kineticsures, but considerable deviation is found at high pressures.
peaks. There is a mismatch observed with the fitted SMB
distribution for the slower peak. We expect that the second:y, gjatov, L. Xu, and I. Schechter, Anal. Che6B, 2966(1996).
peak is a convolution of TOF profiles of the same species?A. v. Bulgakov and N. M. Bulgakova, J. Phys. 8, 1710(1995).
having different velocities. So we attempted to fit two SMB >J. J. Chang and B. E. Warner, Appl. Phys. Lé8, 473 (1996).
distributons in the slower peak and the superposition of,?£.DISE A % sna P Ko Ao P Lt 56 (50,
these two fits is in relatively good agreement with the experi-es, s Harilal, C. V. Bindhu, V. P. N. Nampoori, and C. P. G. Vallabhan,
mentally observed TOF curve. Appl. Phys. Lett.72, 167 (1998).
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